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a b s t r a c t

The chemokine BRAK/CXCL14 (BRAK) is expressed in normal squamous epithelium, but is not expressed
or is expressed at negligible levels in head and neck squamous cell carcinoma. Malignant cells are known
to be dedifferentiated compared with normal epithelial cells, suggesting a role for differentiation cues in
the expression of BRAK. Thus, we examined the relationship between BRAK expression and stages of dif-
ferentiation level in epithelial cells. Immunohistochemical analysis showed that BRAK protein was
expressed in cells above the spinous cell layer in normal epithelia. In HSC-3 cells in culture, expression
of BRAK mRNA was significantly upregulated by cell contact in a cell density-dependent manner, and
mRNA expression of cell differentiation markers such as involucrin, cystatin-A, TGM1, TGM3, and
TGM5 was concomitantly augmented. Furthermore, the upregulation of BRAK induced by cell contact
was suppressed by chlorpromazine, a specific inhibitor of calmodulin. We previously reported that GC
boxes and a TATA-like sequence in the BRAK promoter region are associated with the expression of BRAK.
Using a promoter assay and ChIP, we demonstrated that binding of the stimulating protein-1 (SP1) tran-
scription factor to a GC box upstream of the BRAK transcription start site was necessary for cell density-
dependent upregulation of BRAK. These results indicated that upregulation of BRAK was accompanied by
differentiation of epithelial cells induced by calcium/calmodulin signaling, and that SP1 binding to the
BRAK promoter region played an important role in this signaling.

� 2012 Elsevier Inc. All rights reserved.
1. Introduction

Stratification of squamous epithelia is maintained by self-
renewing cells in the basal layer [1,2]. These cells give rise to epi-
thelial cells, which undergo differentiation as they migrate towards
the surface of the epithelium [3]. In epithelial cells, cell–cell con-
tact causes release of calcium ion from the endoplasmic reticulum
and promotes cell differentiation through calcium/calmodulin (Ca/
CaM) signaling. Differentiation is accompanied by upregulation of
epithelial cell differentiation markers, including involucrin and
transglutaminase [4]. Differentiation of skin epithelial cells is thus
induced by cell–cell contact, enabling formation of the cornified
envelope [5,6].

The chemokine BRAK/CXCL14 suppresses oral carcinoma tumor
progression [7]. BRAK was first reported to have chemoattractant
activity in B cells, monocytes, and dendritic cells [8–10], and it
inhibits angiogenesis during tumor growth [11]. Histochemical
analysis revealed that head and neck squamous cell carcinoma
ll rights reserved.
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(HNSCC), derived from oral epithelial cells, expresses BRAK at a
very low level, or not at all compared to normal epithelium [12].
Understanding this discrepancy between normal and malignant
cells in terms of BRAK mRNA expression is likely to shed light on
the role of BRAK in normal epithelial cells.

Recently, we reported that a TATA-like sequence located �65 to
�60 bp upstream of the transcription start site in the BRAK gene
plays a crucial role in the transcriptional activity of BRAK. In addi-
tion, the BRAK promoter region contains 4 GC boxes, 2 of which
(located �14 to �9 bp and �10 to �5 bp upstream of the transcrip-
tion start site) are important for BRAK mRNA expression [13]. Fur-
thermore, we found that BRAK mRNA expression was undetectable
in 10 of 18 HNSCC cell lines (56%) [14]. The BRAK promoter was
inactivated by methylation in 59% of lung cancer cell lines [15],
and targets of methylation in promoters are thought to include
GC boxes but not TATA-like sequences. Taken together, these se-
quences seem to play an important role in the regulation of BRAK
mRNA expression.

SP1 is a ubiquitously expressed transcription factor that inter-
acts with GC/GT boxes in the promoter or enhancer regions of
many constitutively expressed housekeeping genes and in many
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inducible genes. It may prevent methylation of CpG islands in the
genome to keep genes activated, and may participate in remodeling
of the chromatin structures. This transcription factor is believed to
be especially important in modulation of early developmental genes
in undifferentiated cells and in regulation of cell cycle-associated
genes [16]. Recently, SP1 protein level and binding activity was also
reported to be increased with cell density [17]. This evidence sug-
gests that SP1 is important for BRAK mRNA expression via Ca/CaM
signaling induced by cell–cell contact.

In the present study, we examined how BRAK gene expression
is influenced by cell–cell contact stimulation in epithelial cells,
and elucidated the role of the SP1 transcription factor in BRAK
expression.
2. Materials and methods

2.1. Immunohistochemical staining

We used preprocessed head and neck cancer tissues (CB-A219
(II), Cosmobio, Tokyo, Japan), which included normal tissues, for
immunohistochemical staining. After deparaffinization and dehy-
dration, the slides were treated with proteinase K (TAKARA BIO,
Shiga, Japan) for antigen retrieval, incubated with 0.3% H2O2 in
absolute methanol for 30 min to block endogenous peroxidase
activity, then incubated with Protein Block (DAKO, Glostrup, Den-
mark) for 10 min at room temperature. The Avidin/Biotin Blocking
Kit (Vector Laboratories, Burlingame, CA, USA) was used according
to the manufacturer’s protocol. Staining was performed using rab-
bit anti -Cxcl14/BRAK antibody (Abcam, Cambridge, UK) at 1:500
dilution. Rabbit immunoglobulin fraction (DAKO) was used as a
negative control. Biotin-conjugated swine anti-rabbit IgG (DAKO)
was used as a secondary antibody. The sections were reacted with
diaminobenzidine after incubation with avidin-peroxidase.

2.2. Cell culture

Squamous cell line HSC-3, derived from the tongue of a male
patient, was provided by the Japanese Collection of Research Biore-
sources (JCRB) Cell Bank (#JCRB0623). These cells were cultured in
Dulbecco’s modified Eagle’s medium (DMEM, Sigma–Aldrich, St.
Louis, MO, USA) containing gentamicin sulfate (50 mg/l) (WAKO
Pure Chemical Industries, Osaka, Japan) and Fungizone (250 lg/l)
(Invitrogen, Carlsbad, CA, USA) but no serum. This medium is re-
ferred to as DMEM-0. Medium supplemented with 10% fetal bovine
serum (Thermo Electron, Melbourne, Australia) is called DMEM-10.
Cultures were grown at 37 �C in an atmosphere of 95% air and 5%
CO2. Cell numbers were counted with a Coulter Counter (Beckman
Coulter, Fullerton, CA, USA) and seeded according cell numbers
(0.38, 0.75, 1.5, 3.0, and 6.0 � 105 cells/cm2) with or without chlor-
promazine (WAKO).

2.3. Reverse transcription and real-time quantitative PCR (qPCR)
analyses

Total RNA extracted by using TRIzol� Reagent (Invitrogen), was
reverse-transcribed with SuperScript First-strand Synthesis System
(Invitrogen) and amplified with ExTaq DNA polymerase (TAKARA
BIO). For qPCR analysis, we used Brilliant SYBR Green qPCR Master
Mix (Stratagene, Cedar Creek, TX, USA). The following primer sets
were used: for RT-PCR of BRAK, 50-AATGAAGCCAAAGTACCCGC-30

(forward) and 50-AGTCCTTTGCACAAGTCTCC-30 (reverse), which
yielded a 232-bp product; for b-actin, 50-AAAGACCTGTACGCCAA-
CAC-30 (forward) and 50-CTCGTCATACTCCTGCTTGG-30 (reverse),
which yielded a 224-bp product; for involucrin, 50-CACTGGCTCCACT-
TATTTCG-30 (forward) and 50-CTCACTCACCTGAGGTTGGGATTG-30
(reverse), which yielded a 158-bp product; for TGM1, 50-GATCGC-
ATCACCCTTGAGTTAC-30 (forward) and 50-CGCAGGTTCAGATTCTGCC-30

(reverse), which yielded a 143-bp product; for TGM3, 50-TGGCAA-
TACTCTGACTATCAGCA-30 (forward) and 50-CACATTCAGCCAGGG-
GTTAAA-30 (reverse), which yielded a 148-bp product; for TGM5,
50-ATGGCCCAAGGGCTAGAAGT-30 (forward) and 50-AGCTCCGGT-
TCCTGAAGTACA-30 (reverse), which yielded a 148-bp product; for
cystatin-A, 50-AACCCGCCACTCCAGAAATC-30 (forward) and 50-CAC-
CTGCTCGTACCTTAATGTAG-30 (reverse), which yielded a 153-bp
product. qPCR thermal cycle conditions were as follows: denatur-
ation at 94 �C for 30 s, annealing at 58 �C for 30 s, and extension at
72 �C for 30 s.

2.4. Construction of luciferase reporter gene vectors and BRAK
promoter assays

We typically added a trinucleotide for stabilization and a KpnI or an
XhoI site for cloning to the 50 end of each primer as follows: 50-
GCGGGTACCCAAAGCAAAAAGAGGAT-30 (forward) and 50-GCGCTCGA-
GCAGGGAAATGGGGAGG-30 (reverse), which amplified 2000 bp
upstream from the transcription start point. For a reverse primer, the
anti-codon sequence of the translational start site was mutated to
AAT from CAT. The amplified products were then cloned into the
pGL4.10 firefly luciferase reporter vector (luc2, Promega, Madison,
WI, USA). DNA sequences of the constructs were confirmed by
sequencing with a CEQ2000 DNA analysis system and Genome Lab™
DTCS-Quick Start Kit (Beckman Coulter). The empty pGL4.10 firefly
luciferase reporter vector was used as a blank, and the sea pansy lucif-
erase vector pGL4.73 (hRluc/SV40, Promega) was used for normaliza-
tion of transfection efficiency in all experiments. Vectors with a
mutated sequence were produced using the Quick Change� II Site-Di-
rected Mutagenesis Kit (Stratagene); sequences were mutated from G
to A, A to G, T to C, or C to T. Mutations were verified by DNA sequenc-
ing. Cells were transfected using FuGENE� 6 (Roche Diagnostics K.K.,
Tokyo, Japan) and plated according to cell number (0.38 or
6.0� 105 cells/cm2) with or without chlorpromazine after 24 h. Lucif-
erase activities were determined using the Dual-Glo Luciferase As-
say System (Promega) according to the manufacturer’s protocol.

2.5. Chromatin immunoprecipitation assay

Cells were plated (0.38 or 6.0 � 105 cells/cm2) with or without
chlorpromazine. After 24 h of incubation, we performed chromatin
immunoprecipitation (ChIP) assays using the MAGnify™ Chroma-
tin Immunoprecipitation System according to the manufacturer’s
protocol. Primers used were as follows: for PCR amplification of
BRAK promoter region, 50-TCCCCTCACCACATTGAG-30 (forward)
and 50-CGCTCTCTCCACAGCATCC-30 (reverse), yielding a 125-bp
product. PCR products were analyzed by agarose gel electrophore-
sis and 0.01% ethidium bromide staining for 20 min. Anti-SP1 anti-
body (Abcam) was used in this assay.

2.6. Statistical analysis

Student’s t-test was used for comparisons between 2 groups, with
P < 0.001 being considered statistically significant. Relationships be-
tween mRNA expression and cell density were analyzed through corre-
lation, and R > 0.9 was considered a significant correlation.
3. Results

3.1. Localization of BRAK in squamous epithelial tissue

Epithelial cells are immature in the basal layer and differentiate
during migration toward the upper layer. Involucrin, cystatin-A,
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TGM1, TGM3, and TGM5, known as differentiation markers for epi-
thelial cells, are expressed in the spinous and granular layers but
not in the basal layer. We examined localization of BRAK protein
in squamous epithelia using immunohistochemistry to determine
the relationship between the expression of BRAK and the differen-
tiation state of epithelial cells. Whereas control specimens were
unstained by anti-Cxcl14/BRAK antibody as shown in Fig. 1A, BRAK
protein was detected in the spinous and granular layers but not in
the basal layer (Fig. 1B).

3.2. Regulation of BRAK mRNA expression by cell density

Cell–cell contact is known to induce differentiation of epithelial
cells. We determined whether cell–cell contact induced the
expression of BRAK mRNA in HSC-3 cells, a model for immature
epithelial cells. HSC-3 cells were plated at specific densities (0.38,
0.75, 1.5, 3.0, and 6.0 � 105 cells/cm2) for 24 h (Fig. 2A). Cell–cell
contact was confirmed in cultures at densities over
1.5 � 105 cells/cm2 at 24 h. After 24 h, expression of BRAK mRNA
was dramatically upregulated in a cell density-dependent manner
(Fig. 2B), and expression of the differentiation markers involucrin,
cystatin-A, TGM1, TGM3, and TGM5 increased in parallel with
BRAK (Fig. 2C–G).

3.3. Regulation of BRAK mRNA expression through Ca/CaM signaling in
a cell density-dependent manner

Because cell–cell contact induces calcium release from endo-
plasmic reticulum, we investigated whether chlorpromazine inhib-
its cell density-dependent upregulation of BRAK mRNA expression.
As previously described, expression of BRAK mRNA was upregu-
lated with an increase in cell density. This upregulation was sup-
pressed by chlorpromazine treatment (Fig. 3A); a similar effect of
chlorpromazine was observed for the various differentiation mark-
ers (Fig. 3B–F).

3.4. Analysis of BRAK promoter activity induced by cell contact

Previously, we reported that GC boxes play a crucial role in the
BRAK promoter [13]. Therefore, we asked whether these promoter
elements are associated with the upregulation of BRAK mRNA
expression by increased cell density. BRAK promoter activity was
upregulated 9-fold by cell density stimulation. In contrast, upregu-
lation of BRAK promoter activity by cell density stimulation was
suppressed in a mutated vector lacking the tandem GC boxes
�14 to �5 bp upstream of the transcription start site (Fig. 4A). Fur-
thermore, chlorpromazine suppressed the upregulation of BRAK
promoter activity induced by cell density stimulation (Fig. 4B). Be-
cause SP1 was reported to be activated in a cell density-dependent
manner [17], we examined the binding activity of SP1 to BRAK pro-
moter region using a ChIP assay. The binding activity of SP1 to the
Fig. 1. Immunohistochemical localization of BRAK in normal gingival tissues. Staining is
rabbit anti-Cxcl14/BRAK antibody at 1:500 (B). Scale bar = 200 lm.
BRAK promoter region was upregulated 9-fold by cell density stim-
ulation. Furthermore, the upregulation of this binding activity was
suppressed by chlorpromazine (Fig. 4C and D).
4. Discussion

BRAK is a chemokine that is expressed in many normal cells and
tissues but is absent from or is expressed at very low levels in
transformed cells and cancerous tissues, including HNSCC [12]. A
better understanding of the regulation of BRAK gene expression
might thus be very important to understand the function of this
chemokine in tumor progression as well as in other physiological
and pathological processes [8,12,18,19].

We hypothesized that BRAK expression is altered in association
with differentiation of epithelial cells. In immunohistochemical
analysis of normal epithelium, we found that BRAK protein was de-
tected in the spinous and granular layers, but not in the basal layer
of the epithelium, which is the least differentiated layer. These data
suggested that BRAK is expressed concomitantly with differentia-
tion of epithelial cells. Using an in vitro model system, we first con-
firmed that augmentation of BRAK mRNA expression synchronized
with the expression of various differentiation markers of normal
epithelial cells. BRAK expression was further upregulated as cell
density increased. This suggests that the frequency of cell–cell con-
tact affects the transcriptional level of the BRAK gene. We also
found that cell adhesion stimuli induced the Ca/CaM signaling
pathway, initiating binding of the transcription factor SP1 to the
BRAK promoter region.

The widely used in vitro keratinocyte differentiation model em-
ploys keratinocytes in a low-Ca2+ solution. These cells morpholog-
ically resemble basal cells of squamous epithelia, and keratinocytes
incubated in high-Ca2+ solution differentiate morphologically and
express various differentiation markers [4]. It was reported that
cell–cell contact may induce differentiation of epithelial cells via
release of calcium from the endoplasmic reticulum, and adequate
concentration of extracellular calcium is necessary for the differen-
tiation of epithelial cells. Ca2+ concentrations above 1.2 mM were
reported to be sufficient to induce differentiation of epithelial cells
[20]. Concentration of Ca2+ in our experiments was set to 1.8 mM,
which was sufficient for epithelial cell differentiation. In our cur-
rent experiments, BRAK was significantly upregulated at a cell den-
sity ranging from 1.5 to 6.0 � 105 cells/cm2, where cell–cell contact
could be easily established.

It was reported that cell–cell contact initiates formation of a
molecular complex consisting of E-cadherin, p120-catenin, and b-
catenin at the plasma membrane [21]. Subsequent events include
induction of phospholipase C2 and phosphoinositide metabolism,
followed by increase in inositol 1,4,5-triphosphate level, after for-
mation of the complex triggers release of calcium from the endo-
plasmic reticulum [21]. This leads to activation of calcium-sensitive
shown with rabbit immunoglobulin fraction as the negative control (A), and with



Fig. 2. Cell density-dependent BRAK mRNA expression. (A) HSC-3 cells cultured in DMEM-10 at different densities (0.38, 0.75, 1.5, 3.0, and 6.0 � 105 cells/cm2) for 24 h. Total
RNA was extracted and mRNA level for (B) BRAK, (C) involucrin, (D) cystatin-A, (E) TGM1, (F) TGM3, and (G) TGM5 were determined by real-time quantitative PCR. Relative
intensity normalized to b-actin. ⁄P < 0.001 (Student’s t-test); values are presented as mean ± SD (n = 3). Relationship between BRAK mRNA expression and cell density was
indicated by correlation coefficients, and R > 0.9 was considered a significant correlation. Expression levels and cell density were significantly correlated for all genes
analyzed, with R values of 0.987 (BRAK), 0.985 (involucrin), 0.976 (cystatin-A), 0.997 (TGM1), 0.924 (TGM3), and 0.969 (TGM5).
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kinases such as protein kinase C, which in turn phosphorylate pro-
teins that activate a series of signaling events triggering cellular re-
sponses. The released calcium binds to calmodulin, and this cell
activation step upregulates mRNA expression of keratinocyte dif-
ferentiation markers including involucrin, cystatin-A, and TGM in
epithelial cells. We also found that this Ca/CaM signaling pathway
is associated with the upregulation of BRAK mRNA in a cell den-
sity-dependent manner. Chlorpromazine, a calmodulin antagonist,
suppressed this cell density-dependent augmentation of BRAK
mRNA expression. Thus, cell–cell adhesion signaling might trigger
Ca2+ influx into the cytoplasm or release of Ca2+ from the endoplas-
mic reticulum to further induce transcription of the BRAK gene in
epithelial cells.

Chemokine expression is regulated through inducible transcrip-
tion factors such as NF-kB and activator protein (AP-1) [22–24].
The promoters that control chemokine expression may differ
depending on cell type or on the various stimuli that influence tar-
get cells. It was reported that BRAK is overexpressed in breast [25]
and prostate [26] cancers but not in lung [15] and oral cancers
[8,12,18]. In most cancer cells, the BRAK promoter region is amena-
ble to methylation, and this epigenetic change reduces BRAK
expression and influences tumor cell growth in vivo. Although sev-
eral cytokine promoters have a common NF-kB-binding site, each
individual promoter also binds to other transactivators as well as
repressors that interact with NF-kB to direct transcription. The
binding sites for the transcription factors AP-1 and nuclear factor
activated by interleukin 6, for example, are present in the promot-
ers for CXCL8, IL-6, and CCL5 genes, where positive cooperation be-
tween these transcription factors and NF-kB enhances
transcription [22–24].

The transcription factor AP-1 binds to DNA sequences located
�87 to �81 bp upstream of the BRAK transcriptional start site
[13]. AP-1 augmented BRAK mRNA expression in breast cancer
[27]. We previously reported that BRAK mRNA expression was
not detected in 10 of 18 HNSCC cell lines (56%) [14]. In this context,
it is noteworthy that the BRAK promoter was inactivated by meth-
ylation in lung cancer [15]. This kind of aberrant DNA methylation
has been established as one of the major mechanisms by which tu-
mor suppressor genes are silenced in cancer. In the present exper-
iments, we showed that GC boxes, known as targets of
methyltransferase, play a crucial role in cell density-induced
upregulation of BRAK mRNA expression. The BRAK promoter re-
gion contains 4 GC boxes, 2 of which regulate BRAK mRNA expres-
sion [13].

Another transcription factor known for the effects on cytokine
gene expression is SP1 [17]. Here we show that SP1, a transcription



Fig. 3. mRNA levels in HSC-3 cells at various densities (0.38, 0.75, 1.5, 3.0, and 6.0 � 105 cells/cm2) in the presence (closed column) or absence (open column) of
chlorpromazine (10 nM). Total RNA was extracted 24 h after addition of chlorpromazine, and mRNA levels for (B) BRAK, (C) involucrin, (D) cystatin-A, (E) TGM1, (F) TGM3,
and (G) TGM5 were determined by qPCR. Relative intensity normalized to b-actin. ⁄P < 0.001 (Student’s t-test); values are presented as the mean ± SD (n = 3). Expression
levels and cell density were significantly correlated for all genes analyzed, with R values of 0.987 (BRAK), 0.985 (involucrin), 0.976 (cystatin-A), 0.997 (TGM1), 0.924 (TGM3),
and 0.969 (TGM5).

Fig. 4. Upregulation of BRAK promoter activity by binding SP1 to the promoter region. (A and B) Relative promoter activity of reporter gene constructs containing the 50

region of the human BRAK/CXCL14. Cells at 2 densities (0.38 and 6.0 � 105 cells/cm2) were transfected with the BRAK promoter vector and incubated with or without
chlorpromazine after 24 h. Cells transfected with the wild-type (WT) promoter vector showed 9 times higher promoter activity with increasing cell density. The GC box-
mutated BRAK promoter did not show augmented promoter activity (A), and chlorpromazine (10 nM) treatment of cells expressing the WT BRAK promoter inhibits promoter
activity (B). (C and D) SP1 binding to the BRAK promoter, analyzed by ChIP. Cells were plated as above and incubated with or without chlorpromazine for 24 h. PCR products
were visualized by ethidium bromide staining after agarose gel electrophoresis (C). Relative SP1 binding level was quantified by Image Quant 5.0 (D).
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factor that interacts with GC/GT boxes in the promoter or enhancer
regions of many housekeeping and inducible genes, binds to the
BRAK promoter region when Ca/CaM signaling was induced by
cell–cell contact in epithelial cells. The HSC-3 neoplastic cell line
used in this experiment constitutively expressed BRAK mRNA,
establishing the line as an appropriate model for normal epithelial
cells in terms of transcriptional regulation of BRAK gene. Such tran-
scriptional regulation may differ between cell types. Recently, the
mitogen-activated protein kinase p38, which exists in 4 isoforms,
p38a, p38b, p38c, and p38d, was reported to influence the differ-
entiation of keratinocytes [28]. We found that BRAK expression in-
duced by ultraviolet (UV) stress was specifically upregulated by
p38d in HSC-3 cells [29]. This may indicate that BRAK expression
in epithelial cells is differentially controlled even by the type of
stimuli. Induced BRAK expression in epithelial cells after UV irradi-
ation may contribute to recovery from UV damage.

We have shown that BRAK gene transcription occurred concom-
itantly with the differentiation of squamous epithelial cells via the
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Ca/CaM signaling pathway. Furthermore, we confirmed that SP1
binding to the BRAK promoter region upregulated BRAK expres-
sion. Thus, the differential activation of inducible transcription fac-
tors and their accessibility to the BRAK promoter may explain the
cell type-specific and stimulus-specific expression of BRAK, and
these results may further clarify BRAK function in normal epithelial
cells.
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a b s t r a c t

Lysine- and arginine-specific methyltransferases have been shown to act as either direct or secondary
transcriptional co-activator of the estrogen receptor (ERa). However, little is known about the role of pro-
tein L-isoaspartyl O-methyltransferase (PIMT) on transcriptional regulation. Here, we show that PIMT acts
as a co-activator for ERa-mediated transcription. Activation of the estrogen response element (ERE) pro-
moter by b-estradiol (E2) was suppressed by knockdown of PIMT, and enhanced by overexpression of
wild-type PIMT. However, the ERE promoter activity was resistant to E2 stimulation in cells overexpress-
ing a catalytically inactive PIMT mutant, G88A. Consistent with these results, the expression of the
endogenous ERa response gene trefoil factor 1 (TFF1) by E2 was completely abrogated by PIMT depletion
and decreased to approximately 50% when PIMT mutant G88A was expressed. In addition, over-expres-
sion of PIMT significantly increased the levels of TFF1 mRNA in the presence or absence of E2. Interest-
ingly, PIMT interacted with ERa and was distributed to the cytosol and the nucleus. The chromatin
immunoprecipitation analysis revealed that PIMT was recruited to the promoter of TFF1 gene together
with ERa in an E2-dependent manner, which was accompanied by uploading of RNA polymerase II on
the promoter. Taken together, the results suggest that PIMT may act as a co-activator in ERa-mediated
transcription through its recruitment to the promoter via interacting with ERa.

� 2012 Elsevier Inc. All rights reserved.
1. Introduction

Nuclear receptors (NRs) play an important role in endocrine
processes, differentiation, and responses to extracellular stimuli
through regulating the expression of specific target genes, and con-
stitute a large superfamily of DNA binding transcriptional regula-
tors [1–3]. The majority of NRs share common functional
domains. The DNA binding domain maps near the central portion
of the polypeptide chain and has a repeat of the C4 zinc-finger mo-
tif. The hormone binding domain, located at the C-terminal end,
contains a hormone-dependent activation domain. In addition, all
the NRs have a unique N-terminal region of variable length that
contains a constitutively active trans-activation region (AF-1) and
several autonomous trans-activation domains [4].

Hormone-dependent activation of transcription, which is med-
iated by NRs, is a complex, multistep process [5]. Once NRs bind to
specific enhancer elements in the promoter region, NRs activate
ll rights reserved.

.H. Kwon), +82 31 290 7796
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the gene by recruiting the transcriptional initiation complex to
the promoter and by inducing local remodeling of chromatin. The
NRs bound to specific enhancer elements recruit co-activators of
the p160 family (SRC-1, GRIP1, ACTR) [5]. These co-activators re-
cruit secondary co-activators including histone acetylases (p300,
CBP) and arginine-specific protein methyltransferases (CARM1,
PRMT1) which modulates chromatin remodeling through histone
modification [6,7]. In the presence of a p160 co-activator, for
example, CARM1 and p300 function together to yield a higher level
of activation than can be achieved by factor alone. The same is true
for CARM1 and PRMT1 [8]. The acetylation of multiple lysine resi-
dues within the core histones by p300 may act cooperatively with
the methylation of specific arginine residues in H3 by CARM1 [6].
Such cooperation appears to be the case for PRMT1. Recent study
shows that menin, an integral component of MLL1/MLL2 histone
methyltransferase complexes specific for Lys-4 of histone H3
(H3K4), is a transcriptional co-activator of the NR for estrogen
and vitamin D [9]. In addition, G9a acts as repressor for specific
transcription factors through inducing methylation of Lys-9 of his-
tone H3. Also, G9a functions as a co-activator for NRs, cooperating
synergistically with NR co-activators GRIP1, CARM1, and p300 [10],
suggesting an important role of arginine- and lysine-specific meth-
yltransferases in transcriptional regulation by NRs.

http://dx.doi.org/10.1016/j.bbrc.2012.02.072
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Besides arginine- and lysine-specific methyltransferases, pro-
tein-carboxyl-O-methyltransferasemethylates the free carboxyl
groups of glutamyl or aspartyl residues. Protein L-isoaspartyl O-
methyltransferase (PIMT), a subclass of protein-carboxyl-O-meth-
yltransferase, catalyzes the methylation of L-isoaspartyl, and to a
lesser extent D-aspartyl residues that arise from the spontaneous
deamidation and isomerization of protein asparaginyl and aspartyl
residues [11]. Methylation of isoaspartate containing peptides and
various proteins in vitro initiates conversion of the atypical
b-linkage to a normal a-linkage, suggesting that PIMT may serve
as a repair function in vivo [12,13]. Interestingly, recent studies
have shown that histone H2B is a major endogenous substrate
for PIMT in the nucleus of cultured rat PC12 cells and PIMT knock-
out mouse cells [13,14]. In chicken nucleosomes, isoaspartate
accumulates mainly in histone H2A and can be methylated by
PIMT [15]. Thus, the observation that methylation of isoaspartate
occurs in histone H2A and H2B raises the possibility that PIMT
plays an important role in transcriptional regulation.

In this study, we report the first evidence that PIMT can act as a
co-activator for ERa-mediated transcription. We also find that
PIMT is recruited into the promoter region of the estrogen-regu-
lated trefoil factor 1 (TFF1) gene in an E2 (b-estradiol)-dependent
manner and its activity is essential for transcriptional activation
of the TFF1 gene. These results provide a molecular mechanism
for E2-dependent transcriptional regulation by PIMT.

2. Materials and methods

2.1. Plasmids and mutagenesis

For the expression of recombinant human PIMT in Escherichia
coli and mammalian cell lines, PIMT cDNA was PCR-amplified from
the pool of MCF7 cDNA using a 50 primer (50-ccgGAATTCcgcctg-
gaaatccggcggc) and a 30 primer (50- ccgCTCGAGcttccacctggac-
cactgct), which included EcoRI and XhoI sites at the 50 and 30

ends, respectively. The amplified gene, after digestion with EcoRI
and XhoI, was inserted into the same sites of pGEX-4T-3 (GE
Healthcare Life Sciences) and PCMV-Flag (BD biosciences) plas-
mids. All mutations were confirmed by DNA sequencing. The ER
mammalian expression vector for ER was the pHE0 plasmid encod-
ing human ERa. The luciferase-expressing reporter gene construct
was MMTV-ERE-Luc [16]. Mutagenesis was performed by PCR with
pGEX-4T-3-PIMT and PCMV-Flag-PIMT as a template. The site cho-
sen was within motif I (PDVGSGSGILY), one of the three conserved
motifs of protein methyltransferases and S-adenosyl-L-methionine
binding sites reported [17].

2.2. Luciferase reporter gene assay

293T cells were plated at 1 � 105 cells/well in 12-well plates
and transiently transfected with plasmids using Lipofectamine
2000 (Invitrogen). After 24 h of transfection, cells were incubated
for an additional 24 h in phenol red-free 5% FBS-DMEM treated
with dextran-coated charcoal (Gemini Bioproducts), 20 mM Na-
HEPES (pH 7.2), penicillin and streptomycin, with or without
50 nM E2. The luciferase activity of cell lysates was measured using
the Firefly Luciferase� Reporter Assay System according to the
manufacturer’s instructions (Promega). The results from five inde-
pendent experiments are presented as the relative luciferase unit
per milligram protein (mean ± standard deviation).

2.3. RNA extraction and RT-PCR

Total RNA was extracted using the easy-BLUE™ total RNA
extraction kit (iNtRON Biotechnology). RNA integrity was checked
by agarose gel electrophoresis and ethidium bromide staining. The
primers used in RT-PCR reactions were as follows: TFF1, 50-AAAG
AATTAGCTTAGGCCTAGACG-30 (forward) and 50-GGATTTGCTGATA
GACAG- AGACGA-30 (reverse); GAPDH, 50-TGATGACATCAAG
AAGGTGGTGAAG-30 (forward) and 50-TCCTTGGAGGCCATGTAG GC-
CAT-30 (reverse). PCR products were analyzed by 1.5% agarose gel
electrophoresis.

2.4. Chromatin immunoprecipitation (ChIP) assay

MCF7 cells were grown in phenol red-free 5% FBS-DMEM trea-
ted with dextran-coated charcoal in 150 mm dishes for 3 days, and
then treated with or without 50 nM E2 for 30 min. The cross-linked,
sheared chromatin was used for immunoprecipitation with
anti-PIMT, anti-ERa, anti-Pol II, or rabbit/mouse normal IgG, and
protein A agarose with rotation at overnight at 4 �C. Immunopre-
cipitated DNA was purified by phenol-chloroform extraction,
precipitated by ethanol, and resuspended in 20 ll of TE buffer.
PCR amplifications were performed with 0.01–5 ll DNA using
30–35 cycles. The following primers were used: TFF1 (�353/
�31), 50-GGCCATCTCTCACTATGAATCACTTCTGC-30 (forward) and
50-GGCAGGCTCTGTTTGCTTAAAGAGCG-30 (reverse), PCR products
were run on 1.8% agarose gels and analyzed by ethidium bromide
staining.

2.5. RNA interference

Stealth™RNAi (Invitrogen) oligonucleotides for PIMT were de-
signed to target PIMT mRNA, and annealed as follows: siPIMT, 50-
AACAUGCAGUAAG- GAUUCCACUUCC-30 (sense) and 50-
GGAAGUGGAAUCCUUACUGCAUGUU-30 (antisense); scrambled
siRNA (negative control siRNA duplexes, 12935-300, Invitrogen).
For transfection of siRNA, MCF7 cells were plated into 6-well
plates, grown until reaching 70–80% confluence, and transfected
with 40 or 80 pmole of siRNA duplex using Lipofectamine 2000
(Invitrogen) following the manufacturer’s instructions.

2.6. Immunoprecipitationand western blot

Cell lysates were cleared with protein A beads (Santa Cruz
Biotechnology) for 1 h at 4 �C. 1 lg anti-PIMT (BD biosciences),
anti-ERa (Santa Cruz Biotechnology) or normal rabbit/mouse IgG
(Santa Cruz Biotechnology) was added to the cell lysates and incu-
bated at overnight at 4 �C on a rotator. 30 ll protein A beads were
added and incubated for another 3 h. Beads were washed three
times with PBS and subjected to SDS-PAGE. Blots were probed with
anti-PIMT (BD biosciences) or anti-ERa (Santa Cruz Biotechnology)
at 1 lg/20 ml blocking buffer (5% non-fat milk in TBS-T: 150 mM
NaCl, 10 mM Tris–HCl, pH 8.0%, and 0.1% Tween-20). HRP-conju-
gated secondary antibodies (Santa Cruz Biotechnology) were used
at 1 lg/10 ml blocking buffer and ECL reagents (Amersham Biosci-
ences) were used for detection.

2.7. Cytosolic and nuclear extract preparation

The cells were washed with cold 1x phosphate-buffered saline
(PBS, pH 7.2) and suspended in 500 ll of Buffer A (10 mM HEPES
(pH 7.9) containing 1.5 mM MgCl2, 10 mM KCl, 1 mM EDTA, 1
mMdithiothreitol, 0.5 lg/ml leupeptin, 1 mM phenylmethylsulfo-
nylfluoride (PMSF), 1 lM pepstatin A, and 0.05% Nonidet P-40)
and left on ice for 10 min. The nuclei were separated from the cyto-
solic fraction by centrifuge at 4 �C at 3000 rpm for 10 min. The nu-
clear pellet was resuspended and sonicated in 400 ll of Buffer B
(20 mM HEPES (pH 7.9) containing 1.5 mM MgCl2, 420 mMKCl,
25% glycerol, 0.2 mM EDTA, 1 mMdithiothreitol, 0.5 lg/ml
leupeptin, 1 mM PMSF, and 1 lM pepstatin A), and left on ice for
30 min. Nuclear extracts were separated by centrifugation at 4 �C
at 15,000 rpm for 20 min.



Fig. 1. Co-activator function of PIMT in ERa-dependent transcription, (A) Description of the TFF1 50-flanking proximal promoter region and the luciferase reporter plasmids
containing ERE-promoter. (B) 293T cells in 12-well plates were transiently transfected with MMTV-ERE reporter gene together with ERa expression vector, and PIMT siRNA or
scrambled siRNA (as a control) prior to treatment with 50 nM E2 or ethanol (vehicle). (C and D) 293T cells in 12-well plates were transiently transfected with MMTV-ERE
reporter gene together with ERexpression vector, and with Flag-tagged PIMT (Flag-PIMT), its catalytic dead mutant (Flag-G88A) or empty vector (EV), and followed by
treatment with 50 nM E2 or ethanol (vehicle). PIMT expression levels were determined by Western blot analysis. The data from five independent experiments are shown as
the relative luciferase unit per milligram protein (mean ± SD).
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3. Results

3.1. PIMT functions as a co-activator in ERa-mediated transcription

To explore the functional role of PIMT in transcriptional regula-
tion by the ERa, we first tested whether PIMT can enhance or inhi-
bit transcriptional activation of reporter plasmids by ERa. 293T
cells were transfected with expression vectors for ERa and a lucif-
erase reporter gene containing the estrogen response element
(ERE) (Fig. 1A). In addition, siRNA against PIMT or expression vec-
tors for PIMT and a catalytically inactive PIMT mutant, G88A, were
transfected and their effect on the expression of an ERa-regulated
reporter plasmid was measured. E2 stimulation dramatically in-
creased the ERE promoter activity. However, the depletion of PIMT



Fig. 2. Involvement of PIMT in activation of the ERa target gene TFF1, MCF7 cells
were transfected with (A) PIMT siRNA or scrambled siRNA; (B) Flag-PIMT or EV; (C)
Flag-G88A or EV. After 72 h, cells were stimulated with or without 50 nM E2 for
30 min. Changes in TFF1 mRNA levels were determined as described in Experi-
mental Procedures. Values are normalized to GAPDH levels and the representative
from three independent experiments. Density values were analyzed by NIH Image J
software.

Fig. 3. Interaction of PIMT with ERa and localization of PIMT in the nucleus, (A)
MCF7 cell extracts were immunoprecipitated with anti-PIMT, anti-ERa or normal
rabbit/mouse IgG. The immunoprecipitates were Western-blotted with indicated
antibodies. (B) MCF7 cells were rinsed twice with ice-cold PBS, and cytoplasmic and
nuclear extracts were prepared as described in Experimental Procedures. The
cellular localization of PIMT and ERa was detected with anti-PIMT, anti-ERa, anti-
Pol II (nuclear fraction standard), or anti-a-tubulin antibodies (cytosolic fraction
standard).
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resulted in an 87% reduction in E2-mediated stimulation of the pro-
moter activity, when compared with scrambled siRNA-transfected
control cells (Fig. 1B). Furthermore, over-expression of PIMT in-
duced approximately two-fold stimulation of the promoter activity
in response to E2, while overexpression of a catalytically inactive
PIMT mutant, G88A, was resistant to E2 stimulation (Fig. 1C and
D). Collectively, these findings demonstrate that the methylation
activity of PIMT is specifically required for ERa-mediated tran-
scriptional activation.

3.2. PIMT mediates E2-induced transcription of TFF1

Since PIMT was essential for the activation of the ERE promoter
by E2 (Fig. 1), we next tried to confirm the role of PIMT in the tran-
scription of TFF1, an endogenous estrogen-response gene, contain-
ing an imperfect ERE within its promoter [18–20]. After E2

stimulation for 30 min, the levels of TFF1 expression in PIMT siR-
NA-transfected cells were completely reduced (Fig. 2A). In the ab-
sence of E2, depletion of PIMT also resulted in a decrease (<70%) in
TFF1 mRNA levels. In contrast, PIMT over-expression markedly in-
creased the levels of TFF1 mRNA in the absence or presence of E2

(Fig. 2B). To examine whether the methytransferase activity of
PIMT is essential for TFF1 mRNA induction, we next analyzed
changes of TFF1 mRNA level in cells expressing G88A mutant
(Fig. 2C). The expression of mutant PIMT reduced TFF1 mRNA
level in E2-stimulated cells (<40%), compared with those in vector
control cells. These findings indicate that PIMT is a critical co-
activator of E2-mediated TFF1 transcription.

3.3. PIMT interacts with ERa and is distributed to the cytosol and the
nucleus

To examine the interaction of PIMT with ERain MCF7 cells, we
performed immunoprecipitation using antibodies against PIMT
and ERa. PIMT was co-immunoprecipitated with anti-ERa, but
not with IgG (Fig. 3A). Similarly, ERawas also detected in immuno-
precipitates with anti-PIMT. However, the interaction of PIMT with
ERa was not affected by E2 treatment (data not shown).

PIMT is known to methylate various nuclear protein in vitro and
in vivo including histone H2A, H2B, and non-chromosomal nuclear
proteins, indicating that PIMT may be localized to the nucleus [21].
To test this, MCF7 cells were subjected to sub-cellular fraction-
ation. Although the PIMT was mainly detected in the cytosol frac-
tion, the nuclear fractions also contained small, but significant
amount of PIMT (Fig. 3B). Taken together, these results indicate
that PIMT is capable of interacting with ER and localized both in
the cytosol and the nucleus.

3.4. PIMT is recruited to the TFF1 promoter by E2 treatment

To further characterize the mechanisms by which PIMT regu-
lates the expression of TFF1, we first examined whether PIMT is re-
cruited into the promoter. To analyze the occupancy of PIMT at the
TFF1 promoter, we designed primer sets which covered ERa bind-
ing site (Fig. 4A). E2 treatment induced the recruitment of PIMT to
the promoter, while PIMT was marginally recruited to the pro-
moter in the absence of E2 (Fig. 4B). Moreover, in the PIMT-de-
pleted cells, PIMT recruitment by E2 was completely suppressed
(Fig. 4C). ERa recruitment by E2 was marginally affected by PIMT
as shown by a slight decrease in ERa recruitment in PIMT-depleted
cells (Fig. 4C). To further investigate the relationship between PIMT
recruitment and transcriptional initiation, we examined the
recruitment of Pol II to the regulatory elements of the TFF1 gene.
E2 treatment caused a two-fold increase in the recruitment of
Pol II to the promoter. However depletion of PIMT reduced
the recruitment of Pol II by E2 treatment. In the absence of E2,



Fig. 4. Recruitment of PIMT, ERa and Pol II to the TFF1 promoter byE2 stimulation. (A) Description of the TFF1 gene. Arrows, location of primers in the TFF1 promoter. (B–D)
MCF7 cells were transfected with PIMT siRNA or scrambled siRNA. After 72 h, cells were treated with or without 50 nM E2 for 30 min. Changes in recruitment of PIMT (B), ERa
(C) and Pol II (D) into TFF1 promoter following treatment with E2 were determined by ChIP analysis.
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depletion of PIMT also further decreased the recruitment of Pol II
below those observed in scrambled siRNA-transfected untreated
control cells (Fig. 4D). These results suggest that PIMT might be
involved in the transcriptional initiation of TFF1 gene via regulat-
ing ERa recruitment into the promoter.
4. Discussion

PIMT has been shown to function as a protein repair enzyme,
which can restore loss of activity associated with isoaspartate for-
mation through catalyzing the conversion of b–linked isopeptide
bonds back to the conventional a–liked form [22]. However, in
the case of asparagine deamidation, PIMT cannot restore the nor-
mal asparagine side chain. Therefore, it has been hypothesized that
methylation of isoaspartate may regulate protein activity beyond
damage and repair. In this study, we report the first evidence that
PIMT can act as a direct co-activator for ERa-mediated transcrip-
tion. PIMT interacted with ERa and was localized both in the cyto-
sol and the nucleus. PIMT was recruited to the promoter region of
the estrogen-regulated TFF1 gene along with ERa in an E2-depen-
dent manner. Depletion of PIMT by RNA silencing decreased the
recruitment of ERa to the promoter (about 30%), leading to sup-
pression of Pol II uploading to the promoter as well as the expres-
sion of TFF1 mRNA. In addition, over-expression of the catalytically
inactive PIMT mutant, G88A, caused the ERE promoter activity and
endogenous TFF1 gene transcription to be resistant to E2 stimula-
tion, indicating that the methylation activity of PIMT is specifically
required for E2-mediated transcriptional activation.

The transcriptional activation by ERa requires the recruitment
of various co-regulators onto its target gene promoters in response
to E2 [23,24]. Currently, the function of these co-regulators has
been explained by two mechanistic models. First, the co-regulators
transmit the signal of a ligand-induced ERa conformational change
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to the basal transcription machinery [25]. Second, the co-regula-
tors recruited to the promoter via their complex formation with
ERa induce chromatin remodeling, leading to changes in accessi-
bility of Pol II to the promoter [26]. Here, we demonstrate that
PIMT may play a role as a co-activator in ERa-mediated transcrip-
tion. PIMT bound ERa and was recruited to the promoter (Fig. 4B).
The LXXLL motifs have been shown to mediate binding of tran-
scriptional co-activators to ligand-bound NRs [27]. PIMT contains
one LXXLL-like motif in the region between amino acid 71 and
76. Thus, the interaction of PIMT with ERa may be mediated via
the LXXLL-like motif in PIMT. In part, the binding of PIMT to ERa
seems to increase the DNA binding affinity of ERa, because deple-
tion of PIMT led to a 30% reduction of ERa recruitment to the pro-
moter (Fig. 4B). Interestingly, ERa contains an aspartyl (Asp)
residue at position 351, which is important for trans-activation
and obtaining an active conformation as a nuclear receptor [28].
Asp351 is located within the ligand binding domain of ERa and
replacement of Asp351 with lysine completely abolished E2-
dependent trans-activation by impairing the ability of ERa to bind
p160 co-activators. Based on the observation, it is assumed that the
L-isoaspartyl residue arising from the spontaneous isomerization of
aspartyl residue 351 may be methylated by PIMT; therefore, affect-
ing either its DNA binding affinity or its sub-cellular distribution.
Thus, it will be very interesting to identify whether aspartyl resi-
due 351 can serve as a substrate for PIMT.

Targeted reduction of PIMT expression by RNA silencing led to
the complete suppression of TFF1 gene transcription, while reduc-
ing the partial DNA binding affinity of ERa (Fig. 2A and 4C). This
finding indicates that additional other mechanisms may be in-
volved in PIMT-dependent transcription by ERa. Two major types
of chromatin remodeling have been widely investigated for ERa-
mediated transcription. First,ATP-dependent chromatin remodel-
ing factorsalter the structure and the position of nucleosomes at
the promoters of ERa target genes [29,30]. The second class of
remodeling factors includes a diverse group of single/multi-sub-
unit factors that affect post-translational modifications of histone
tails [31,32]. The well-known histone-modifying factors acting in
ERa-mediated transcription are histone acetyltransferases, and
histone methyltransferases, as well as the arginine methyltransfer-
ases [10,33–35]. These remodeling factors are recruited to the pro-
moter proximal region of ERa target genes [31,32] and facilitate
either remodeling or removal of the underlying nucleosome, there-
by increasing the accessibility of promoter regions to the transcrip-
tion machinery. Interestingly, histone H2B is found to be a major
nuclear substrate for PIMT in the rat and mouse cells [13,14]. In
chicken nucleosomes, isoaspartate accumulates primarily in his-
tone H2A and can be methylated by PIMT [15]. Thus, it will be very
interesting to identify the carboxyl methylation sites in histone
H2A and H2B in vivo and investigate their effects on chromatin
remodeling.

Collectively, the present study on the identification of PIMT as a
regulator of ERa contributes to an expanding list of molecules that
act as co-activators of ERa-mediated transcription and have a piv-
otal role in growth control and oncogenesis.
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a b s t r a c t

The fetal and postnatal phenotype is influenced by developmental conditions experienced prenatally.
Among prenatal development metabolic factors are of particular importance as they are supposed to pre-
dispose for pathophysiological alterations later in life and to pioneer functional impairment in senes-
cence (metabolic programming). Till now the mechanisms of metabolic programming are not well
understood.

We have investigated various concentrations of glucose during differentiation of pluripotent P19
embryonic carcinoma cells (ECC) into cardiomyocytes. Undifferentiated P19 cells were exposed to
5 mM (low), 25 mM (control), 40 mM or 100 mM (high) glucose for 48 h during embryoid body (EB) for-
mation, followed by plating and differentiation into cardiomyocytes in vitro with standard glucose sup-
plementation (25 mM) for 10–15 days. The amount of cardiac clusters, the frequency of spontaneous
beatings as well as the expression of metabolic and cardiac marker genes and their promoter methylation
were measured.

We observed a metabolic programming effect of glucose during cardiac differentiation. Whereas the
number of beating clusters and the expression of the cardiac marker alpha myosin heavy chain (a-
MHC) were comparable in all groups, the frequencies of beating clusters were significantly higher in
the high glucose group compared to low glucose. However, neither the insulin receptor (IR) or insulin like
growth factor 1 receptor (IGF1R) nor the metabolic gene glucose transporter 4 (GLUT4) were influenced
in RNA expression or in promoter methylation.

Our data indicate that a short time glucose stress during embryonic cell determination leads to lasting
effects in terminally differentiated cell function.

� 2012 Elsevier Inc. All rights reserved.
1. Introduction

Embryonic cells have an astonishing capacity to adapt quickly
to metabolic changes. A molecular ‘‘cell memory’’ can store this
‘‘stress’’ information, leading to a modified metabolic program-
ming with consequences for further development and differentia-
tion. Environmental and metabolic factors act in early life to
program the risks for cardiovascular and metabolic disease in adult
life and even premature death [1]. Barker and colleagues were the
first to propose the ‘‘Developmental Origins of Health and Disease’’
ll rights reserved.

1R, insulin like growth factor
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(DOHaD hypothesis) [2]. Although extensive human epidemiolog-
ical and animal model data support this hypothesis, the underlying
mechanisms are still poorly understood [3].

There is growing evidence that metabolic programming occurs
as early as during the first days in ontogeny during embryo preim-
plantation development [4]. The most fascinating information from
such studies is that metabolic factors do not influence only imme-
diate events of blastocyst morphogenesis but also the fetal and
postnatal phenotype. For example, maternal protein restriction in
the rat during the few days of the preimplantation development
leads to altered growth and elevated systolic blood pressure in off-
spring [5,6].

One of the key player in metabolic and growth regulation is the
insulin/IGF/-receptor system. It regulates glucose transport, glycol-
ysis and gluconeogenesis on one side and cell proliferation, apopto-
sis and organ size on the other. Dysregulation leads to metabolic
diseases such as diabetes mellitus and the metabolic syndrome.
Therefore this system is one of the most likely candidates for

http://dx.doi.org/10.1016/j.bbrc.2012.02.105
mailto:julia.knelangen@medizin.uni-halle.de
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metabolic programming. From the blastocyst stage glucose is the
most frequently utilized carbohydrate and plays a fundamental role
in embryogenesis. Glucose reaches the early embryo through uter-
ine secretions or the placenta in a direct correlation to the maternal
blood glucose level. In diabetic rabbits the uterine glucose concen-
tration is 3-fold increased compared to the physiological level of
healthy animals [7].

The glucose transporter 4 (GLUT4) is responsible for insulin-
mediated glucose uptake in adipose tissue, skeletal muscle and
heart. Upon insulin stimulation, GLUT4 translocates from intracel-
lular storages to the plasma membrane and mediates glucose in-
take into the cell from the circulation [8].

To analyze potential mechanisms involved in metabolic pro-
gramming we have cultured pluripotent P19 embryonic carcinoma
cells (ECC) in hypo- and hyperglycemic media. P19 cells have been
shown to reliably differentiate into cardiac, skeletal and smooth
muscle cells. The in vitro cardiac cell differentiation recapitulates
the in vivo differentiation of the embryonic myocardium.

As functional endpoints of cardiac cell differentiation the num-
ber of beating clusters and the frequency of spontaneously beating
cardiomyocytes were counted by (i) video detection and (ii) multi-
electrode array (MEA) [9]. Thereby, the MEA technology functioned
as a second independent and highly reliable method to determine
cardiac cell function. The transcription profile of insulin receptor
(IR), insulin like growth factor 1 receptor (IGF1R), glucose trans-
porter 4 (GLUT4) and of the cardiac marker alpha myosin heavy
chain (a-MHC) were measured. As a potential mechanism for met-
abolic programming the specific DNA methylation of IR, IGF1R and
GLUT4 was analyzed. We used bisulfite sequencing to determine
the pattern of methylation in the various experimental P19 ECC
groups.

2. Material and methods

2.1. Differentiation of P19 cells into cardiomyocytes in vitro

The embryonic carcinoma cell line P19 was cultured as de-
scribed before [10].
Fig. 1. Schematic time schedule for the differentiation and analysis of P19 cells into car
different glucose concentrations (5 mM, 25 mM, 40 mM, 100 mM) and subsequently d
EB = embryoid body, d = days.
The cardiac differentiation of ECC proceeds in hanging drops
(Fig. 1) [11]. Cells were cultured in differentiation medium supple-
mented with 1% dimethyl sulfoxide (DMSO) (Sigma–Aldrich,
Germany) as inducer of cardiac differentiation. Drops of differentia-
tion medium (20 ll) with 400 cells each were placed onto the lids of
Petri dishes filled with PBS and cultured for 2 d. The ECC aggregated
and formed so-called embryoid bodies (EBs). During the 48 h of EB
formation the cells were cultured with low glucose (5 mM),
standard glucose (25 mM) and high glucose concentrations
(40 mM or 100 mM). Subsequent culture from day 2 to day 5 + 10
was performed under standard conditions (25 mM glucose). The cell
aggregates formed were transferred into non-adhesive bacteriolog-
ical grade Petri dishes and maintained for 3 days in suspension
in differentiation medium. The 5-d-old EBs were placed onto 0.1%
gelatine-coated dishes and cultured for another 5–10 d (5 + 5 d,
5 + 10 d). The first spontaneously beating clusters appeared 1 d
after plating.

2.2. Determination of cardiomyocyte contractility

Cardiac cell function was examined by counting beating clus-
ters and by two different measurements of beating frequencies in
the EB outgrowths:

1. Frequency was detected at day 5 + 7 by using a video camera
installed to a microscope. The registration is based on light–dark
changes and every EB was recorded once for 60 s. The experi-
ment was repeated three times with 24 EBs in each group.

2. For the extracellular recording of field potentials, EBs were cul-
tured on a planar 0.2% gelatine-coated multielectrode array
(MEA) with 60 substrate-integrated titanium nitride electrodes.
An internal electrode was used as reference electrode. To mea-
sure the electrogenic properties of cardiomyocytes, the biochip
was connected to a heatable MEA1060 amplifier system (Multi
Channel Systems). Recording of electric activity of cardiomyo-
cytes was carried out simultaneously on all electrodes at a sam-
pling rate of 4 kHz. Data were analyzed and processed off-line
using a toolbox programmed with MATLAB (The Mathworks,
diomyocytes in vitro. During determination period (48 h) cells were cultured with
ifferentiated into cardiomyocytes under standard glucose concentration (25 mM).
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Natick, MA, USA) to identify voltage signals [12,13]. To analyze
alterations in beating frequency the peak-to-peak distance of
the negative amplitude of the field potential was calculated.
Each experiment was repeated three times by recording each
EB 15 min every second at day 5 + 7.

2.3. RNA extraction and reverse transcription

Messenger RNA levels of the target genes were measured at 2 d,
5 d, 5 + 5 d and 5 + 10 d. Total RNA from P19 cells was extracted as
published by Chomczynski and Sacchi [14]. For isolation of total
EB-RNA 15 EBs were pooled and the RNAspin Mini RNA Isolation
Kit (GE Healthcare, Germany) was used. Total RNA (2 lg) was re-
verse transcribed in a final volume of 100 ll. The Superscript II
RT-kit, dNTPs, and Taq polymerase were purchased from Invitrogen
(Germany), and random primer, Rnase inhibitor, and Dnase I from
Roche Diagnostics (Germany).

2.4. Real-time PCR

The transcription levels of 18S, GLUT4, IR, IGF1R and a-MHC
were analyzed by qRT-PCR using an ABI-PRISM 5700 Sequence
Detection System (Applied Biosystems, USA). Reactions were per-
formed in duplicate measurement using SYBR green Master Mix
(Applied Biosystems, USA) with the appropriate primer set (Table
1a) to determine a mean CT-value for each sample. CT values of
the different samples were compared with the DDCT method de-
scribed by Livak and Schmittgen [15]. Expression of 18S rRNA
was homogenous in all samples and served as internal reference.
All experiments were repeated three times. Levels of significance
between groups were calculated using Student’s t test after proven
normal distribution (SigmaPlot). Data are expressed as mean ±
SEM. Transcription levels with a p < 0.05 were considered as differ-
entially expressed.

2.5. DNA isolation and methylation analysis

The CpG methylation of promoter regions from the target genes
GLUT4, IGF1R and IR was investigated by combined bisulfite
restriction analysis (COBRA) and by bisulfite sequencing. First,
DNA samples of undifferentiated P19 cells, adult mouse heart
and EBs at 5 d and 5 + 10 d treated with low (5 mM), standard
(25 mM) and high glucose concentration (40 mM) were collected.
Therefore, P19 cells and pooled EBs were transferred into 400 ll
proteinase K-buffer supplemented with 15 ll proteinase K
Table 1
(a) Primer sequences for qPCR; (b) Primer sequences for COBRA.

Name Primer combination

(a)
18S Fw: 50-AGAAACGGCTACCACATCCAA-30

Rv: 50-CTGTATTGTTAI I I I CGTCACTACCT-30

a-MHC Fw: 5-ATCATTCCCAACGAGCGAAA-3
Rv: 50-GCCGGAAGTCCCCATAGAGA-30

GLUT4 Fw: 50-TGACGCACTAGCTGAGCTGAA-30

Rv: 50-AGGAGCTGGAGCAAGGACATT-30

IGF1-R Fw: 50-CCAGAGCAAAGGGGACATAA-30

Rv: 50-TGATTCGGTTCTTCCAGGTC-3
IR Fw: 50-GCAACTGTTCGGAACCTGATGACC-30

Rv: 50-GCGCCAGTCCTGGAAGTGATAGTA-30

(b)
GLUT4 Fw: 50-AGTTATTGGTTTTTTGGATTATTTTTT-30

Rv: 50-AAATAACTCCAACAAAATAACATAAAACCC-30

IGF1-R Fw: 50-TTGTTTGGGTTTTTTTTTTAGGGTTGG-30

Rv: 50-CACACCTAAAAAAAAAAAAACCCCTAAAAA-30

IR Fw: 50-AAAAAGAGAGAGATATATTTTAGAGGGAAGA-30

Rv: 50-AACAATAACTTAACACTATAAATCATCTCCC-30
(20 lg/ml) and incubated for 3 h at 56 �C. The DNA was isolated
applying the standard phenol/chloroform procedure. Subse-
quently, the remaining RNA was enzymatically degraded. The
following bisulfite treatment of the DNA was performed as de-
scribed by Shapiro and co-authors [16]. Purification of the bisul-
fite-treated DNA was performed with the Wizard clean-up system
(Promega, Germany) and amplified with the Taq polymerase from
Invitek (Germany), using primer combinations listed in Table 1b.

For bisulfite sequencing, the PCR products were purified from
agarose gel using a gel extraction kit (QIAGEN, Germany) following
the manufacturer’s protocol. Cloning and sequencing of the PCR
fragments was performed as previously described [17]. For bisul-
fite-modified DNA sequence of the promoter region of the target
genes see additional file 1 (Supplemental material).

3. Results

3.1. Analysis of cardiac differentiation und function

The various P19 experimental groups were grown in 100, 40 mM
(high), 5 mM (low) or 25 mM (standard) glucose during embryoid
body formation. The following culture from day 2 to day 5 + 10
was performed under standard conditions (25 mM glucose) in all
groups (Fig. 1). This 2 day exposure to low or high glucose during
the determination period did not influence the number of beating
clusters (Fig. 2a). However, even though the number and the time
of developing beating clusters was comparable in all groups, clear
differences in beating frequencies were measured between the EBs
cultured under low and high glucose conditions (Fig. 2b). The MEA
analysis demonstrated also an effect of glucose stress during the
determination period of ECC on beating frequencies (Fig. 2c). The
contractions/min in finally differentiated cardiomyocytes was sig-
nificantly reduced in the group cultured with 5 mM glucose (65 con-
tractions/min) compared to the 100 mM group (95 contractions/
min). The mean frequency was about 72 contractions/min.

The cardiac marker a-MHC showed a typical differentiation-
dependent transcription profile without differences in experimen-
tal groups (5 mM, 40 mM glucose) (Fig. 3a).

3.2. Transcriptional regulation of target genes

The expression of the glucose transporter 4 (GLUT4) increased
from day 2 to day 5 + 5 in all groups (Fig. 3b). At day 5 + 5 d the
GLUT4 amount from 5 mM EBs was two times higher compared
to 25 mM and 40 mM EBs. Transcript amounts of the insulin recep-
tor (IR) and insulin like growth factor 1 receptor (IGF1R) were not
influenced by hypo- or hyperglycemic media during the determi-
nation phase (data not shown).

3.3. DNA methylation of the analyzed promoter regions

One potential mechanism for transcriptional regulation is the
CpG-methylation within the gene promoters. Analyzing the target
promoters by bisulfite sequencing we found that a glucose stress
during determination of ECC differentiation did not affect the
methylation status of the promotor regions of GLUT4, IR and of
IGF1R (Table 2). Methylation was not detected in any of analyzed
CpG positions regarding GLUT4 and IGF1R. In contrast, all analyzed
CpG positions within the IR gene were found to be methylated in
P19 cells.

4. Discussion

The murine P19 embryonic carcinoma cell (ECC) model was
used to recapitulate developmental processes of cardiomyogenesis



Fig. 2. Analysis of cardiac differentiation and function by counting the appearance of beating clusters (A) and determination of cluster beating frequencies (B and C) after
culture with different glucose concentrations during determination period. (A) The amount of beating clusters in plated embryoid bodies was counted at different time points.
After 5 days of differentiation, each EB was set into a well of a 24-well plate and analyzed from day 6 (5 d + 1) to day 10 (5 d + 5) for spontaneously beating clusters. The
relative amount of beating clusters in percent (%) at different time points of differentiation is shown at day 6 (5 + 1 d), 7 (5 + 2 d), 8 (5 + 3 d), 9 (5 + 4 d) and 10 (5 + 5 d). (b + c)
Frequencies of spontaneously beating cardiomyocytes were measured by video detection (B) and multielectrode array (MEA, C) in plated embryoid bodies at day 5 + 7.
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in vitro [18]. ECCs have a high capacity to form cardiomyocytes
in vitro and exhibit during differentiation the biochemical and
physiological properties of their embryonic equivalents in vivo
during cardiomyogenesis [19,20]. For the first time we can show
that a metabolic programming of ECC results in changes of car-
dio-physiological features and can be induced by an exposure to
hyper- and hypoglycemia during embryonic cell determination.
Metabolic stress during embryonic and fetal developmental can
occur in terms of malnutrition [21,22], immunological challenges
to the mother [23] and/or metabolic diseases like diabetes mellitus
type 1 and 2 [24,25]. It is well known that particularly a lack of
maternal insulin and the hyperglycemia caused by maternal diabe-
tes mellitus lead to a dysregulation of embryonic and fetal devel-
opment [26] and especially affects the fetal cardiovascular
system [27].

Recent studies indicate that preimplantation exposure to high
glucose levels have an impact on the offspring and that poor
maternal glycemic control increases the risk of miscarriage [28].
Exposure of P19 ECC to high glucose from day 0 to day 2 led to sig-
nificant changes in terminally differentiated cardiac cell function,
indicating a critical window for cardiac cell physiology during early
cell determination. The chosen time period was found to be glu-
cose sensitive for programming of embryonic cells. Wyman and
colleagues determined a glucose sensitive window in early
embryogenesis in a mouse in vivo model by demonstrating that
maternal diabetes during oogenesis, fertilization, and early cleav-
age was correlated with significantly more morphological changes
[29]. The employed glucose concentrations simulated a metabolic
stress for embryonic cells. Preimplantation mouse embryos ex-
posed to hyperglycemia, whether in vivo or in vitro, experienced
a delay in development from the 2-cell to blastocyst stage [30]. A
hyperglycemic exposure for >24 h is toxic for early embryos [31].
The other extreme, an absence of glucose, reduced blastocyst and
trophectodermal cell numbers [32]. Kwong et al. investigated the
effect of maternal periconceptional low protein diet in pregnant
rats. Such offspring had altered birth weights and altered postnatal
growth, hypertension and different organ proportions. The low
protein diet caused a moderate hyperglycemia, which shows that
altered glucose concentrations with their metabolic programming
effects can be induced in different ways [6].

Epigenetic modifications like DNA methylation are currently
discussed as the most likely mechanisms of metabolic program-
ming in embryonic cells [33,34]. During adipogenic differentiation
of 3T3L1 preadipocytes the methylation of specific CpG regions and
methylation sensitive transcription factors can regulate transcrip-
tion of GLUT4 [35]. The alteration of GLUT4 transcription in differ-



Fig. 3. Relative mRNA amounts of a-MHC (A) and GLUT4 (B) from cardiac differentiating P19 cells cultured during determination period with different glucose
concentrations. Using qRT-PCR the expression profiles of undifferentiated P19 cells, EBs from 2 days (2 d) 5 days (5 d), and plated EB at day 10 (5 + 5 d) and day 15 (5 + 10 d)
were characterized. The qPCR was analyzed by DDCT method with 18S rRNA as standard. Incubation with 5, 25 and 40 mM glucose was performed during determination
period (0–2 d). Asterisk indicates statistical significance to the 25 mM glucose standard media (�).

Table 2
Summary of methylation analysis of the promotor regions of GLUT4, IGF1R and IR.

Samples Genes

GLUT4 #12-CpG- IGF1-R #18-CpG- IR #2-CpG

Undifferentiated P19
cells

non non met

EB 5 d 5 mM non non met
25 mM non non met
40 mM non non met

EB 5 + 10 d 5 mM non non met
25 mM non non met
40 mM non non met

Female adult heart non non met
Male adult heart non non met

non = methylation was not detected in any CpG position of the analyzed region.
met = methylation was detected in all CpG positions of the analyzed region.
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entiated ECC was not regulated by DNA methylation as shown by
COBRA and bisulfite sequencing. All CpG positions in the analyzed
promotor region were unmethylated. Rüegg et al. demonstrated
the involvement of DNA methylation in GLUT4 regulation by the
estrogen receptor b [8] and provided another indication for epige-
netic regulation of GLUT4 expression.

We did not find a different transcriptional regulation or changes
in the promoter methylation of the IGF1R or the IR due to the al-
tered glucose concentrations. By comparing diabetic mice with a
non-diabetic control group, Nikoshkov et al. have not seen differ-
ences in the IR promoter methylation in the heart and skeletal
muscles, but showed an increase in IGF1 promotor methylation
[36].

Due to the fact that we had no changes in the DNA methylation
status, we propose that other epigenetic mechanisms are responsi-
ble for our described metabolic programming of embryonic cells.
Further epigenetic modifications potentially involved in metabolic
programming are histone modifications and non-coding RNA mol-
ecules such as microRNAs [37]. By characterizing the microRNA
expression during adipogenic differentiation in the murine embry-
onic stem cell line CGR8 we did not found an alteration in the mi-
cro-RNA profile caused by a 2 day exposure to different glucose
concentrations (5 mM vs. 25 mM glucose) [38].

A maternal diabetes with a poor glycemic control is a major risk
factor for the offspring to develop cardiovascular malformations
[39]. Noteworthy, the peri-implantation nutritional environment
of the embryo is already able to program cardiovascular dysfunc-
tion in the young adult independently of reductions in birth weight
or accelerated postnatal catch-up growth as shown in a sheep
model [40]. The cardiac differentiation of P19 cells is a suitable
model to study metabolic imprinting. Even a moderate metabolic
stress during cell determination alters the function of terminally
differentiated cardiomyocytes what can lead to lifetime conse-
quences. Current data and results from our studies clearly impli-
cate that periconceptional and early pregnancy care is crucial
and indispensable in the prevention of metabolic and cardiovascu-
lar diseases.
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We have used fluorescent fusion proteins stably expressed in HEK cells to detect directly the interaction
between the sarcoplasmic reticulum Ca-ATPase (SERCA) and phospholamban (PLB) in living cells, in order
to design PLB mutants for gene therapy. Ca2+ cycling in muscle cells depends strongly on SERCA. Heart
failure (HF), which contributes to 12% of US deaths, typically exhibits decreased SERCA activity, and sev-
eral potential therapies for HF aim to increase SERCA activity. We are investigating the use of LOF-PLB
mutants (PLBM) as gene therapy vectors to increase SERCA activity. Active SERCA1a and WT-PLB, tagged
at their N termini with fluorescent proteins (CFP and YFP), were coexpressed in stable HEK cell lines, and
fluorescence resonance energy transfer (FRET) was used to detect their interaction directly. Phosphory-
lation of PLB, induced by forskolin, caused an increase in FRET from CFP-SERCA to YFP-PLB, indicating that
SERCA inhibition can be relieved without dissociation of the complex. This suggests that a LOF mutant
might bind to SERCA with sufficient affinity to complete effectively with WT-PLB, thus relieving SERCA
inhibition. Therefore, we transiently expressed a series of PLBM in the CFP-SERCA/YFP-PLB cell line, and
found decreased FRET, implying competition between PLBM and WT-PLB for binding to SERCA. These
results establish this FRET assay as a rapid and quantitative means of screening PLBM for optimization
of gene therapy to activate SERCA, as needed for gene therapy in HF.

� 2012 Elsevier Inc. All rights reserved.
1. Introduction Clear understanding of the mechanism by which PLB inhibits
The sarcoplasmic reticulum (SR) Ca-ATPase (SERCA) is an inte-
gral membrane protein that pumps Ca2+ from the cytosol into the
SR lumen in muscle cells, thus maintaining low cytosolic [Ca2+] in
resting myocytes and potentiating contraction. In cardiac muscle,
SERCA is inhibited at submicromolar [Ca2+] by the single-pass trans-
membrane protein phospholamban (PLB), which can be phosphory-
lated to relieve SERCA inhibition [1]. Because SERCA activity or
expression is reduced in many instances of heart failure (HF) [2,3],
SERCA activation is a widely pursued goal for development of new
therapies [3]. A gene therapy approach using rAAV to overexpress
SERCA2a in heart tissue recently concluded phase II clinical trials
with promising results [4], and small-molecule SERCA activators
are also being sought [5]. PLB-based approaches involve overex-
pression of a pseudophosphorylated PLB (S16E) [6] or a protein
phosphatase I inhibitor to increase the phosphorylation of PLB [7].
Here we explore expression of loss-of-function PLB mutants (PLBM)
to displace WT-PLB and activate SERCA.
ll rights reserved.

RET, fluorescence resonance
s of function; PKA, protein
DS, sodium dodecyl-sulfate;
SR, sarcoplasmic reticulum;

SE, 5-290 NHH, Minneapolis,
SERCA (Fig. 1A) is critical to designing an effective therapy. In the
conventional model, supported by crosslinking and immunoprecip-
itation [8,9], SERCA inhibition can only be relieved by dissociation of
PLB (‘‘Dissociation Model’’, Fig. 1A left), but recent spectroscopic
studies suggest that PLB remains bound to SERCA even after activa-
tion by PLB phosphorylation or Ca2+ (‘‘Subunit Model’’, Fig. 1A right)
[10–13]. If this model is valid, an alternative therapeutic approach is
suggested – a loss-of-function PLB mutant (PLBM), introduced by
gene therapy, could relieve SERCA inhibition if it binds tightly to
SERCA, thus competing with endogenous PLB (Fig. 1B). Evidence
favoring this hypothesis in a reconstituted membrane system was
recently published [14]. In the present study we have used fluores-
cent fusion proteins to detect directly the SERCA-PLB interaction in
living cells. We used fluorescence microscopy to determine whether
phosphorylation of YFP-PLB dissociates it from CFP-SERCA (Fig. 1A),
and to measure the ability of several PLBM to compete with YFP-PLB
for CFP-SERCA binding (Fig. 1B).
2. Materials and methods

2.1. Generation of stable cell lines expressing fluorescent fusion
proteins

ECFP and EYFP mammalian vectors (Clonetech), containing the
monomeric A206K mutation, were fused to the N-terminus of

http://dx.doi.org/10.1016/j.bbrc.2012.02.125
mailto:ddt@umn.edu
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Fig. 1. SERCA inhibition relief scheme. (A) Alternative mechanisms for relief of SERCA inhibition can be distinguished by FRET from CFP-SERCA to YFP-PLB. (B) Proposed gene
therapy approach, based on subunit model, is testable by FRET.
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rabbit SERCA1a and canine PLB respectively. HEK293 cells (ATCC)
were cultured in Dulbecco’s Modified Eagle Medium (DMEM)
without phenol red (Gibco/Invitrogen), supplemented with 10%
fetal bovine serum (Atlanta Biologicals), at 37 �C and 10% CO2. Cells
were transiently transfected using Lipofectamine (Invitrogen), and
stable cell lines were generated by G418 (Sigma) selection. Surviv-
ing clones expressing CFP-SERCA and YFP-PLB were further
selected by fluorescence expression seen via fluorescence micros-
copy. The goal was to obtain measurable CFP fluorescence with a
substantial excess of YFP over CFP.

2.2. Transient expression of non-fluorescent PLBM for competition
measurements

Mutations in WT-PLB cDNA (resulting in PLBM in plasmid
pRH132) were made using the QuickChange XLII mutagenesis kit
(Agilent). PLBM were expressed in stable CFP-SERCA/YFP-PLB cell
lines using 293fectin (Invitrogen). The amount of PLBM DNA used,
volume of 293fectin, and time after transfection to maximize com-
petition were all optimized so that PLBM expression was within
20% of that observed for the stable expression of YFP-PLB. Final
conditions in a six-well plate required 1.25 pmol DNA with 9 lL
293fectin, and photobleaching measurements were acquired 48 h
after transfection.

2.3. Western blots to quantify PLB and SERCA content

Cells were pelleted and homogenized 48 h after transient trans-
fection with PLBM DNA or after 5 min. incubation in 40 lM forskolin
[15]. Cell homogenates were run on 4–20% Tris–HCl gels (Criterion,
Biorad) at 5 lg total homogenate protein along with standard
curves of PLB (synthetic, WT or phosphorylated) and rabbit light
SR ([16]), transferred to Immobilon-FL membranes (Millipore),
and blocked for 1 h in 1x TBS/casein (Bio-rad). Primary antibodies
for unphosphorylated PLB (Ab2D12, Abcam), PLB phosphorylated
at S16 (Ab285, Merck), SERCA1 (IIH11, Abcam), or GFP variants
(1GFP63, Abcam) were visualized using IR secondary antibodies
(goat-anti-mouse or goat-anti-rabbit) from LI-COR Biosciences.
Blots were scanned on the Odyssey (LI-COR Biosciences). Concen-
trations of PLB (phosphorylated and unphosphorylated forms) and
PLBM were determined with high accuracy using synthetic
standards run on the same blots as the cell homogenates [17,18].
The slopes of standard curves were calculated from summed mono-
mer and pentamer band intensities of three load concentrations for
each standard (0.2, 0.4, and 0.8 pmol), using LI-COR Odyssey
software and median, one-pixel background subtraction. Band
intensities for both monomer and pentamer of YFP-PLB in cell
homogenates were summed, and concentrations of both YFP-uPLB
(CU) and YFP-pPLB (CP) were calculated by solving simultaneous
equations, using the standard slopes [17,18]. XP (the fraction of
phosphorylated YFP-PLB) was then calculated by XP = CP/(CU + CP)
[17,18]. A GFP antibody was used to label duplicate blots of the cell
homogenates and indicated that total [YFP-PLB] was unaffected by
incubation with forskolin. Blots with the SERCA antibody showed
that all samples used in phosphorylation experiments had essen-
tially the same CFP-SERCA expression levels (36 ± 5 nmol SERCA/g
total protein). The molar ratio of YFP-PLB to SERCA was found to
be 7.8 ± 0.9, and the transient expression of PLBM was consistently
observed to be similar (7.1 ± 1.2).
2.4. Fluorescence resonance energy transfer (FRET) measurements in
live HEK cells

Acceptor-selective photobleaching of cells co-expressing CFP-
SERCA and YFP-PLB was done essentially as described previously
[19] on an Eclipse TE200 microscope (Nikon Instruments), using
CFP (excitation 430 nm/24, emission 470 nm/24) and YFP (excita-
tion 500 nm/20, emission 535 nm/30) filters in automated filter
wheels (Ludl) driven by MetaMorph software (Molecular Devices).
Images were acquired using a 40x dry objective (0.55 numerical
aperture), an X-Cite metal-halide lamp (EXFO), and a Cascade II
CCD camera (Photometrics). A 10-ms exposure time was used in
both channels with no neutral density filters, or a 100-ms exposure
time was used with two neutral density filters, to reduce CFP
photobleaching over the course of the experiment. Images at both
emission wavelengths were then acquired at 20-s intervals before
and after the start of 20-s exposures to high intensity light at
YFP-specific excitation wavelengths. Photobleaching intervals
were continued until YFP intensity was reduced to less than 5%
of its starting value. The fractional decrease of fluorescence emis-
sion intensity of the donor (CFP-SERCA) caused by the presence
of an acceptor (YFP-WT-PLB) is defined as the FRET efficiency
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E = 1 � (FDA/FD), where FDA and FD are the fluorescence intensities
in the presence and absence of acceptor, respectively. FDA was
measured as the CFP intensity prior to the start of the YFP photo-
bleach. FD was determined by the y-axis intercept of the linear fit
to a data plot of YFP intensity (on x-axis) to CFP intensity (y-axis)
over the course of the photobleach for each cell, to account for
any CFP photobleaching and incomplete YFP photobleaching [19].
FRET values were calculated for all cells in each experimental con-
dition and averaged together to determine FRETave. To eliminate
any changes in FRETave due to differences in YFP-PLB expression
levels, only cells with YFP intensities common to all experimental
conditions were included in the FRETave calculation.

3. Results

3.1. PLB phosphorylation

We expressed CFP-SERCA and YFP-PLB stably in HEK cells (at a
molar ratio of 7.8 PLB/SERCA, to ensure saturation), then measured
FRET using acceptor-selective photobleaching (Fig. 2). The control
FRET value of the parent cell line was 15.4 ± 1.2%, measured
repeatedly and on different days over several weeks. This stable
cell line was critical to evaluating perturbations due to PLB phos-
phorylation or competition with PLBM. FRET was calculated for
every cell and averaged together based on initial YFP intensity.

FRET between CFP-SERCA and YFP-PLB increased significantly
when PLB phosphorylation was induced by incubating the cells
in forskolin (fsk), which activates the PKA pathway at adenylyl cy-
clase (Fig. 3A). Immunoblots from the same cells, using antibodies
specific for phosphorylated and unphosphorylated PLB, verify that
phosphorylation of YFP-PLB increased substantially (from 51% to
87%) after forskolin treatment (Fig. 3B). Increased FRET indicates
increased SERCA-PLB association or a shorter donor–acceptor dis-
tance within the SERCA-PLB complex. If the Dissociation Model
of SERCA regulation were valid, we would expect a decrease in
FRET (Fig. 1A, left). Thus this data clearly supports the Subunit
Model (Fig. 1A, right), in which phosphorylation changes the struc-
ture of the SERCA-PLB complex but does not dissociate it.

FRET measurements were used to calculate the distance between
CFP and YFP before and after induction of PLB phosphorylation.
Since FRET is a linear combination of the values for unphosphory-
lated (U) and phosphorylated (P) PLB, FRET = XU � FRETU

+ XP � FRETP, where XP (= 1 � XU) is the fraction of PLB that is phos-
phorylated. Solving two simultaneous equations (before and after
fsk), we find that the FRET values for the bound SERCA-PLB complex
Fig. 2. FRET from CFP-SERCA to YFP-PLB in live HEK cells. Normalized fluorescense
was measured for YFP (yellow) or CFP (black or red). YFP acceptors were selectively
photobleached, and FRET was calculated as shown. Black: control. Red: FRET is
reduced after transient expression of PLBM. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)
in the absence and presence of phosphorylation are FRE-
TU = 0.07 ± 0.02 and FRETP = 0.23 ± 0.04. Since YFP-PLB is in large
excess over CFP-SERCA, and since phosphorylation actually
increases FRET, we assume that all CFP donors are participating in
FRET. Assuming a single interprobe distance R in each case, R = (1/
FRET � 1)�1/6 � 4.92 nm, giving R = 7.7 ± 0.4 nm (unphosphory-
lated) and 6.0 ± 0.2 nm (phosphorylated) [20]. Thus phosphoryla-
tion of PLB causes a change in the structure of the SERCA-PLB
complex that decreases the CFP-YFP distance by DR = 1.7 ± 0.6 nm
(p < 0.01, n = 8), consistent with the Subunit Model in Fig. 1A (right).

3.2. PLBM competition

In contrast to the increased FRET induced by PLB phosphoryla-
tion, FRET between CFP-SERCA and YFP-PLB decreased significantly
when unlabeled PLBM was added (Fig. 2, Fig. 4). FRET measure-
ments, following transient transfection of unlabeled PLBM into
the stable CFP-SERCA/YFP-PLB HEK cell line, showed that all PLBM

studied here compete effectively with YFP-PLB for SERCA binding,
and several reduced FRET by approximately half (Fig. 4). Expres-
sion levels of YFP-PLB and PLBM were similar, so a 50% decrease
in FRET indicates that PLBM has a SERCA affinity similar to that of
YFP-PLB. Further addition of YFP-PLB or a cytosolic protein (activa-
tion-induced deaminase, AID, used as a control) did not affect FRET
(Fig. 4), indicating that CFP-SERCA is saturated with YFP-PLB at the
start of each competition experiment. The data in Fig. 4 were ob-
tained from PLB variants based on the human sequence. Essentially
the same results were obtained when these same mutations (WT,
P21G, and S16E) were studied on the background of the mono-
meric AFA-PLB mutant (not shown).

Several PLBM compete effectively with YFP-PLB, with a potency
(affinity) equal to or greater than that of unlabeled WT-PLB (Fig. 4).
The pseudo-phosphorylated mutant S16E, which rescues HF phe-
notypes in animal models when introduced via rAAV [6], is a po-
tent competitor, reducing CFP-YFP FRET by 45%. Two other LOF
PLBM, P21G and L31A, also showed competition; this is important,
since these mutants, unlike S16E, can still be phosphorylated by
PKA at S16 and are thus preferable as gene therapy candidates.
I40A, a superinhibitory (GOF) mutant of PLB [21], showed similar
competitive potency as WT and several LOF mutants (Fig. 4).

In the competition experiments, we assume that the effect of
unlabeled PLBM is to decrease the fraction of CFP-SERCA that is
bound to YFP-PLB:

FRET0 ¼ XB � FRET;

where FRET and FRET0 are values observed before and after tran-
sient expression of unlabeled PLBM, and XB is the mole fraction of
CFP-SERCA that remains bound to YFP-PLB after PLBM expression.
Since the levels of YFP-PLB and PLBM are very similar, this means
that, to a good approximation,

KAðPLBMÞ=KAðPLBÞ ¼ FRET=FRET0 � 1;

where KA is the affinity (1/KD) of the PLB variant for CFP-SERCA.
Since most of the PLBM tested, as well as WT-PLB, decreased FRET
by about half (FRET/FRET0 = 2) (Fig. 4), each has about the same
SERCA affinity as YFP-PLB. The exception is L31A, which gave
FRET/FRET0 = 0.7, so its SERCA affinity is about half that of the
others.

4. Discussion

We showed previously that the SERCA-PLB interaction can be
measured by FRET in living cells transiently expressing fluorescent
fusion proteins CFP-SERCA and YFP-PLB [22]. The present study
establishes a stable cell line to make precise FRET measurements



Fig. 3. Effect of PLB phosphorylation on SERCA-PLB FRET in live cells. (A) FRET in live cells, before and after 5 min incubation in 40 lM forskolin (fsk), increases from
0.15 ± 0.01 to 0.21 ± 0.02 (SEM, n = 8, p < 0.01). (B) Immunoblot of cell homogenates from (A) shows increased YFP-PLB phosphorylation, by increased Ab285 (red, specific for
pPLB) and decreased Ab2D12 (green, specific for uPLB). Quantitative densitometry, using purified uPLB and pPLB standards [17], shows that phosphorylation increased from
51 ± 4% to 87 ± 5% in PLB monomer (shown) and pentamer bands. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of
this article.)

Fig. 4. FRET competition in live cells. Decreased FRET indicates that unlabeled PLBM

constructs compete effectively with YFP-PLB for binding to CFP-SERCA. n P 3 for
each PLBM, significant difference from control is indicated by ⁄⁄(p < 0.001) and
⁄(p < 0.01).
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over time (Fig. 2), making it possible to compare the effects of
numerous perturbations, such as PLB phosphorylation (Fig. 3) or
the introduction of unlabeled PLBM to compete for SERCA binding
(Fig. 2, Fig. 4). We used this assay to resolve several controversies
regarding SERCA/PLB regulation. We found that FRET between SER-
CA and PLB actually increases upon phosphorylation (Fig. 3),
clearly contradicting the Dissociation Model in favor of the Subunit
Model (Fig. 1A). Since PLB inhibition can be relieved by phosphor-
ylation without decreasing SERCA affinity, a loss-of-function muta-
tion might do the same (Fig. 1B). This hypothesis was confirmed by
the competition experiments, in which all mutants tested showed
competition with WT-PLB for SERCA binding (Fig. 2, Fig. 4).

This system offers the potential for probing the fundamental
regulatory mechanism of the SERCA-PLB system in living cells
[22,23], but our main motivation is therapeutic development. This
direct and rapid competition assay in HEK cells provides a platform
for evaluating further PLBM for gene therapy treatment of HF to
activate SERCA (Fig. 1). The effectiveness of S16E, the pseud-
ophosphorylated PLBM, to compete significantly for SERCA binding
in HEK cells (Fig. 4) helps explain its success as a gene therapy tool
in animal models of HF [6]. Introduction of S16E-PLB into the
human heart could cause chronic inotropic stimulation and is
otherwise unregulated, so it is not optimal for gene therapy [24].
Better PLBM must be developed, with intact phosphorylation sites.

L31A-PLB is a well-known LOF mutant [14], but it still competes
with WT-PLB, albeit less effectively than S16E-PLB (Fig. 4), in
agreement with recent FRET experiments on purified proteins
[14]. The P21G mutant, designed from magnetic resonance-based
structural analysis [25], provides encouraging evidence that a
LOF PLBM with an intact phosphorylation site can be just as effec-
tive as S16E (Fig. 4). Most of the PLBM tested show similar SERCA
affinity as WT-PLB, but none shows significantly tighter binding
(Fig. 4). We are currently developing double mutants, combining
LOF mutations with other mutations that increase SERCA affinity
[25]. We envision an assortment of mutants to fine-tune SERCA
activity to treat distinct HF syndromes. Our FRET competition as-
say in live cells provides a rapid and inexpensive method for
screening potential therapeutic PLBM mutants before they are
tested in animals or humans. This FRET assay also has the potential
for high-throughput screening of small molecules as potential HF
drugs to activate SERCA [14,26].
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Cellular mechanical properties are implicated in numerous cell behaviors, but their involvement in cell
differentiation process has remained unclear. Since mechanical interactions between chondrogenic cells
and their surrounding environment heavily affect the maintenance of their differentiation phenotype,
here, using a chondrogenic cell strain ATDC5, we evaluated cell mechanical properties (e.g., adhesive
force and spring constant) and gene expression levels in differentiation culture. The adhesive force
appeared to be affected by both cellular cytoskeletal and adhesive constructions. Treatment with
Y27632, which accordingly inhibits actin polymerization, decreased the adhesive force while increased
chondrogenic gene expressions, suggesting the both of them are interrelated via the mediation of actin
cytoskeleton. However, the mechanical property did not represent chondrogenic differentiative stages
as obviously as the biochemical characteristics. Meanwhile, interestingly, changes in cell distribution
maps of the force in the differentiation process indicated that the cells have different levels of mechanical
properties in the undifferentiated state, whereas they tend to converge when the differentiative stage is
in a lull. These results reaffirm the cellular diversity during differentiation from a mechanical perspective
and provide important information to the fields of generation and scaffold-based tissue regeneration,
where cell–substrate adhesion plays a role.

� 2012 Elsevier Inc. All rights reserved.
1. Introduction

Mechanical properties of single cells are important for various
cell activities, such as survival, migration, and signal transduction.
Their relations to cell differentiation have also been investigated
[1–4]. Darling et al. [2], with an atomic force microscopy (AFM),
measured elastic and viscoelastic properties of differentiated hu-
man mesenchymal stem cells (MSCs) such as chondrocytes, osteo-
blasts, and adipocytes, and showed that, in spread morphology, the
three types of cells exhibited significantly different mechanical
characteristics. Using a micropipette aspiration technique for sin-
gle cells in suspension, Yu et al. [4] demonstrated that human
MSCs undergoing osteogenesis had higher Young’s moduli than
control MSCs. These results confirmed that cellular mechanical
characteristics are involved in cell differentiation. Past studies also
measured mechanical properties of cells during their differentia-
tion [1,4] or dedifferentiation [3] process, however changes of
the property in the process were neither statistically analyzed
nor adequately discussed; instead the characteristic at a time point
in the process was compared with that of a control group. It is thus
still unclear whether mechanical properties of cells are meaningful
enough to characterize cellular differentiative stages.
ll rights reserved.

to-u.ac.jp (N. Tomita).
Articular chondrocytes, a mesenchymal lineage, function in fre-
quently-loaded circumstances in vivo, and their mechanical envi-
ronment strongly affect the activity of the cells even in vitro. For
example, the maintenance of chondrogenic phenotype of chondro-
cytes was influenced by the elasticity of a scaffold [5]. Moreover,
adherent morphologies of chondrocytes are well known to be re-
lated to their differentiation phenotype. Chondrocytes which ad-
here and spread well on a substrate tend to exhibit fibroblast-
like shape and express more cartilage-nonspecific extracellular
matrices (ECMs) like collagen type I relative to cartilage-specific
ECMs like collagen type II and aggrecan, whereas chondrocytes
with spherical morphology are considered to maintain the chon-
drogenic phenotype [6–8]. Hence mechanical interactions between
chondrogenic cells and scaffolds can be involved in their differen-
tiation. Cell–material adhesion has been mechanically evaluated
by measuring force to detach cells from a substrate. However, most
of these studies showed the dependency of the cell adhesive force
on substrate types and/or incubation time [9–16], and few studies
have focused on the relationship between mechanical cell adhe-
siveness and cell differentiation.

The motivation of this study is to clarify changes in mechanical
properties of individual cells during chondrogenic differentiation
process, focusing on cell adhesion. We used the murine chondro-
genic cell line ATDC5, which is illustrative of chondrogenesis in
the early stage of endochondral ossification, and the cells differen-
tiate into chondrocytes from undifferentiated mesenchymal cells

http://dx.doi.org/10.1016/j.bbrc.2012.02.130
mailto:ntomita@chachan.mbox.media.kyoto-u.ac.jp
http://dx.doi.org/10.1016/j.bbrc.2012.02.130
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during in vitro culture [17,18]. Biochemical phenotypic changes
during differentiation culture with insulin were evaluated by Al-
cian blue and Alizarin red S stainings and relative messenger
RNA (mRNA) expression levels. Mechanical properties of single
cells were measured by using a cell detachment test established
previously [13,16]. In this test vertical force was applied to individ-
ual cells to pull them away from a substrate, and we obtained the
adhesive force and spring constant of single ATDC5 cells. Addition-
ally, cell morphology was observed by immunofluorescence stain-
ing of F-actin.
2. Materials and methods

2.1. ATDC5 cells and culture conditions

The murine chondrogenic cell line, ATDC5 (RCB0565), was pro-
vided by RIKEN BRC through the National Bio-Resource Project of
MEXT, Japan. The cells were seeded onto either a 24-well plate
(Asahi Glass Co. Ltd., Japan) or a 6-well plate (Asahi Glass Co.
Ltd.) at 1.1 � 104 cells/cm2 and cultured with DMEM/F12 (a mix-
ture of Dulbecco’s modified Eagle’s medium and Ham’s F12 med-
ium) (Sigma–Aldrich Co., USA) containing 5% heat-inactivated
fetal bovine serum (FBS) (Nacalai Tesque Inc., Japan) and 1% antibi-
otic mixture (10,000 units/ml penicillin, 10 mg/ml streptomycin,
and 25 lg/ml amphotericin B) (Nacalai Tesque Inc.) at 37 �C in a
humidified atmosphere of 95% air and 5% CO2. This medium, which
shall be referred to as the maintenance medium, was changed
every 2 days. Once the cells became confluent (on day 4 after seed-
ing), the maintenance medium was replaced with fresh mainte-
nance medium supplemented with 1% ITS mixture (1 mg/ml
insulin, 550 lg/ml transferrin, and 670 ng/ml sodium selenite)
(Invitrogen Corp., USA) to induce differentiation in chondrocyte-
like cells [18]. This medium, which shall be referred to as the dif-
ferentiation medium, was changed every 2 days.

2.2. Real-time PCR analysis

ATDC5 cells cultured on a 6-well plate were washed twice with
ice-cold phosphate-buffered saline (PBS) (Nacalai Tesque Inc.) after
3, 7, 10, 14, or 17 days in culture. Total RNA was then extracted
from the cells using a TriPure Isolation Reagent (Roche Diagnostics,
Germany) and a High Pure RNA Tissue Kit (Roche Diagnostics).
Complementary DNA (cDNA) was synthesized by reverse-tran-
scription polymerase chain reaction (PCR) using a Transcriptor
First Strand cDNA Synthesis Kit (Roche Diagnostics) and a thermal
cycler (PC-320, Astec Co. Ltd., Japan). Three different samples were
used (n = 3).

Quantitative real-time PCR was performed using a LightCycler�

FastStart DNA MasterPLUS SYBR Green I (Roche Diagnostics), and
SYBR Green PCR amplification and real-time fluorescence detection
were performed using the LightCycler� ST300 (Roche Diagnostics).
Primers (Sigma–Aldrich Co., USA) were designed for b-actin, sex
determining region Y-box containing gene 9 (Sox9), aggrecan, col-
lagen type II aI chain, and collagen type X aI chain, where b-actin
was used as a house-keeping gene. The primer sequences are
shown in Table S1.

2.3. Evaluation of mechanical properties of single ATDC5 cells

After culturing for 3, 7, 10, 14, or 17 days on a 24-well plate,
ATDC5 cells were removed from the plate by mixing with 0.25%
trypsin/1 mM EDTA (Nacalai Tesque Inc.) and washed twice with
PBS. The cells were seeded onto a fibronectin-coated ultra-thin
glass plate (45 � 1.5 mm; thickness, 30 lm; Young’s modulus,
71.4 GPa) (Matsunami Glass Ind. Ltd., Japan) at 3.1 � 103 cells/
cm2 and incubated with the maintenance medium at 37 �C in a
humidified atmosphere of 95% air and 5% CO2 for 6 h. After incuba-
tion, the cell detachment test was done as described previously
[13,16]. Briefly, the ultra-thin glass plate seeded with ATDC5 cells
was fixed to a holder and completely submerged into a chamber
filled with a mixture of phenol red-free L-15 medium (Invitrogen
Corp.), 5% FBS, and 1% antibiotic mixtures, pre-warmed to 37 �C.
The plate acted as a cantilever, and a micropipette aspirator was
used to capture a single cell adhering to the substrate. The cell
was then detached by pulling the micropipette at a constant rate
of 5 lm/s using a motorized single-axis stage (KS101-20HD, Suru-
ga Seiki Co. Ltd., Japan). The detachment process was observed
through a video microscope (DG-2, Scalar Co., Japan) connected
to a time-lapse video capture board able to acquire 29.97 frames
per second (GV-MVP/RX3, I-O Data Device Inc., Japan). This mea-
surement was performed at room temperature (RT). The fibronec-
tin substrate was prepared as described in Section S1.3. The
number of measurements at 3, 7, 10, 14, and 17 days of culture
was n = 26, 29, 24, 28, and 22, respectively.

Each digital frame of the detachment animation was analyzed
by lab specific image analysis software. Using this software, the
32-bit image was transformed into 8-bit grayscale according to
the National Television System Committee coefficients, and digi-
tized with a threshold based on the Otsu method [19]. Then, the
position of the ultra-thin glass plate at the cell was determined.
By analyzing the digital frames of the detachment process, we ob-
tained a time–deflection curve like the one shown in Fig. S1A.

The reaction force of a leaf spring at the cell (F(t)) was given by
F(t) = 3IEL�3x(t), where t is the measurement time from when
pulling began, I is the moment of inertia of the sectional area of
the glass plate, E is the Young’s modulus of the glass plate, L is
the length from the fixed edge of the leaf spring to the cell, and
x(t) is the deflection at L at t. Cell adhesive force (Fad) was defined
and calculated using the maximum deflection.

The displacement of the micropipette in the tensile direction at
the time t (Dxpipette(t)) was calculated by Dxpipette(t) = vt, where v
was the pulling velocity (5 lm/s). The elongation of the cell in
the detachment process at the time t (Dh(t)) was given by
Dh(t) = Dxpipette(t) �x(t), and a cell elongation–force curve, similar
to the one shown in Fig. S1B, was obtained. The apparent spring
constant of the cell (kcell) was defined by fitting a straight line from
the origin to the maximum-force point on the curve.

2.4. Y27632 treatment to ATDC5 cells

The ATDC5 cells were seeded onto either a 24-well plate or a 6-
well plate and cultured with the maintenance medium as de-
scribed in Section 2.1. On day 4 in culture, the maintenance med-
ium was replaced with the differentiation medium supplemented
with 10 lM Y27632 (Wako Pure Chemical Industries Ltd., Japan),
which is a Rho-associated protein kinase (ROCK) inhibiter. The
medium and the inhibitor were changed every 2 days.

On day 7 after seeding, the real-time PCR analysis, immunoflu-
orescence staining of F-acitn, and cell detachment test were con-
ducted as described in Sections S1.3, 2.2, and 2.3, respectively.
The number of measurements was n = 3 (gene expression levels)
and 13 (mechanical properties).

2.5. Statistical analysis

Data on the mechanical properties of single cells were not al-
ways normally distributed according to the Shapiro–Wilks test
and were log-transformed before statistical analysis. Quantitative
data on the gene expression level, cell adhesive force, and cell
spring constant were analyzed using one-way ANOVA followed
by Tukey or Tukey–Kramer post hoc comparisons as appropriate.
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Effects of the Y27632 treatment on the gene expression levels and
mechanical properties were analyzed by two-sided Student’s t-
test. A value of p < 0.05 was considered significant.
3. Results

3.1. mRNA expression levels

Fig. 1 shows the changes in mRNA expression levels for Sox9,
aggrecan, and collagens type II and type X over the culture period,
with all measurements normalized to the expression level at the
baseline (3 days). Expression levels of chondrogenic marker genes
(Sox9, aggrecan, and collagen type II) exhibited similar time evolu-
tions. They tended to increase with culture time and peaked at
14 days, when the levels were significantly higher than the previ-
ous period. Sox9 and aggrecan gene expressions on day 17 were
statistically greater than those on days 3, 7, and 10. The gene
expression level of collagen type X, which is hypertrophic and cal-
cified chondrocyte-specific [20,21], increased with time in culture.
This temporal change was different from those of the other genes
in this study. In particular, the collagen type X gene expression
on day 17 was significantly higher than the previous time points.

3.2. Mechanical properties of single ATDC5 cells

The time-dependent changes in the adhesive force and spring
constant of single ATDC5 cells are shown in Fig. 2. Both character-
istics did not fluctuate during 3 and 10 days in culture, but experi-
enced a negative peak on day 14, when the mechanical properties
were statistically lower than those on days 3 and 7. In Fig. 2C, the
values for the spring constant of each cell were plotted against the
adhesive force of the cell to examine their relationships. The corre-
lation coefficient for them was 0.42.
Fig. 1. Temporal changes in relative mRNA expression levels of Sox9, aggrecan, and colla
expression level at baseline (3 days). Data is shown in the form: mean ± SD. Asterisks ind
following to one-way ANOVA).
Distributions of the adhesive force at each time point were
shown in Fig. 3. Vertical axis represents the probability of observa-
tions, which is calculated by dividing the number of population in a
certain range of the mechanical property by the total number of
observations. The ATDC5 cells showed an almost even distribution
of the adhesive force ranged from 0 to 250 nN at 3 days. As culture
time advanced, the distribution range tended to be narrower,
showing a peak around 100 nN. Especially, on day 14, about 80%
of cells exhibited adhesion force lower than 100 nN. However,
the cells at 17 days represented broad distributions of the force like
day 3. Similar tendencies were observed in cell distribution maps
of the cell spring constant (Fig. S4).

3.3. Effects of the Y27632 treatment

The representative images of F-actin, gene expressions, and
mechanical properties of ATDC5 cells with (Y27632) or without
(Control) the Y27632 treatment are shown in Fig. 4. On day 7, more
defibrinated actin filaments were observed in the cells of the
Y27632 group, compared to the Control group. The treatment with
Y27632 increased the gene expression levels, showing significant
differences in the levels of the chondrogenic marker genes, while
both the adhesive force and spring constant of individual ATDC5
cells were remarkably decreased by the treatment.
4. Discussion

Mechanical properties of cells have been quantified through a
variety of techniques. In this study, the adhesive force and spring
constant of single ATDC5 cells were measured by detaching the
cells vertically from a substrate. Both characteristics showed a sim-
ilar time evolution, suggesting that they were temporally affected
by same factors. One of them can be cellular internal construction
gens type II and type X in ATDC5 cells cultured on a 6-well plate normalized to the
icate significant differences (⁄p < 0.05, ⁄⁄p < 0.01, ⁄⁄⁄p < 0.001; post hoc comparisons,



Fig. 3. Cell distribution map of the adhesion force on days 3, 7, 10, 14, and 17.

Fig. 2. Time-dependent transitions in the adhesive force (A) and spring constant (B) of single ATDC5 cells trypsinized and incubated on fibronectin for 6 h after culturing for 3,
7, 10, 14, and 17 days. Data is shown in the form: mean ± SD. Asterisks indicate significant differences (⁄p < 0.05; post hoc comparisons, following to one-way ANOVA). Spring
constant of each ATDC5 cell was represented as a function of cell adhesive force (C). Line fitting was done using liner approximation method. R: correlation coefficient. Dot
number = 129.
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since cytoskeletal structures are well known to affect cell stiffness
[22,23] and cell adhesive force to a substrate [10,11,13–15]. Our re-
sults also showed that the ATDC5 cells typically exhibited a spher-
ical shape with immature actin fibers on day 14 (Fig. S3), when the
mechanical properties were the lowest. More directly, the treat-
ment with a ROCK inhibitor Y27632, which eventually inhibits ac-
tin polymerization [24,25], statistically decreased both the
adhesive force and the spring constant. However, the two proper-
ties of each cell did not have a strong correlation. With respect to
the adhesive force, the formation of focal adhesions, derived from
bindings between transmembrane cell-adhesive molecules (e.g.,
integrins) and extracellular ligands (e.g., Arg-Gly-Asp sequences),
is reported to have a strong impact [9,12–16]. For example, the
blocking of an integrin subunit by its antibody significantly weak-
ened the adhesive force of fibroblasts [14], and the expression of
focal adhesion kinase (FAK), which is a member to construct a focal
adhesion, strengthened the force [12]. As integrins bind to actin
cytoskeleton, mediated by anchor molecules like FAK, cell-adhe-
sive constructions can mutually affect the adhesive force with
the cytoskeletal architecture. This might lead the weak correlation
of the adhesive force with the spring constant, which appears to
mainly include the information about cytoskeletal structures.
Cells in long-term cultures are affected not only by putative
differentiation process but also by processes as e.g., contact
inhibition. These processes do not necessarily have to influence
the differentiation of the ATDC5 cells but can heavily change
the actin cytoskeleton and cell adhesion. However, in terms of
the chondrogenic differentiation, it has been shown that Sox9
expression and activity are regulated by actin organization
[26,27]. Woods et al. [26] reported that the RhoA-induced
development of actin stress fibers suppressed Sox9 gene expres-
sion, while the inhibition of RhoA/ROCK signaling by Y27632
led a cortical actin architecture and enhanced Sox9 gene
expression. Our results also demonstrated that the vigorous
inhibition of actin polymerization by Y27632 not only weak-
ened the adhesive force but also promoted the chondrogenic
gene expressions of the ATDC5 cells on day 7, even when the
effects of contact inhibition-induced changes in cellular struc-
tures are considered to be comparatively small. Therefore,
changes in the constructions of cytoskeleton and cell adhesion
can affect both the mechanical properties and differentiation
of the ATDC5 cells. This result also suggests the involvement
of mechanical cell adhesiveness in chondrogenic differentiation,
mediated by the cellular structure.



Fig. 4. Effects of the treatment with Y27632 on properties of ATDC5 cells. Immunofluorescence staining of F-actin in a cell incubated on a fibronectin substrate for 6 h after
culturing for 7 days (A). Scale bar = 20 lm. Relative adhesive force and spring constant of single ATDC5 cells trypsinized and incubated on fibronectin for 6 h after culturing
for 7 days normalized to the value at baseline (Control) (B). Relative gene expression levels of Sox9, aggrecan, and collagens type II and type X in the cells cultured on a 6-well
plate for 7 days normalized to the expression level at baseline (Control) (C). Data is shown in the form: mean ± SD. Asterisks indicate significant differences (⁄p < 0.05,
⁄⁄⁄p < 0.001; two-sided Student’s t-test).
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From these observations, we inferred that the differentiation-
dependent changes in the adhesive force of individual ATDC5 cells
were evaluated in this study. The photographs of Alcian blue stain-
ing exhibited that the ATDC5 cells gradually produced sulfate gly-
cosaminoglycan as the chondrogenic culture advanced (Fig. S2).
Additionally, quantitative real-time PCR analysis showed that
chondrogenic gene expression levels (Sox9, aggrecan, and collagen
type II) maintained an upward trend during 3 and 14 days, show-
ing a strong increase from days 10 to 14. However, they tended
to decrease between 14 and 17 days in culture. In contrast, hyper-
trophic and calcific marker gene expression (collagen type X) kept
increasing throughout the culture period. These results are consis-
tent with those reported elsewhere [28,29]. Taking these facts into
account, it is suggested that the ATDC5 cells mainly differentiated
into chondrocytes from anaplastic cells until day 14 and then to
hypertrophic and calcified chondrocytes between 14 and 17 days
in this study. This suggestion is also supported by the result of Aliz-
arin red S staining because calcium deposition were observed at
day 14 and the mineralization progressed to day 17 (Fig. S2).

Under these differentiation processes, changes in the adhesive
force of single ATDC5 cells were examined. Chondrocyte-like
cells (day 14) had a significantly lower adhesive force than the
cells on the way to the differentiation into chondrcoytes (days
3 and 7). However, the force did not fluctuate between 3 and
10 days in spite of the increasing tendency of the chondrogenic
marker genes in that period. Additionally, no statistical differ-
ences in the mechanical characteristic were detected between
days 10 and 14, when the gene expressions increased dramati-
cally. On the other hand, focusing on the time evolution of the
cell distribution map of the adhesive force, the distribution
tended to become narrower and its peak appeared to shift to-
ward lower value as the cells differentiated into chondrocytes
from anaplastic mesenchymal cells between days 3 and 14.
The force then got to range widely again with the progression
of hypertrophy and calcification from 14 to 17 days. These tem-
poral tendencies were also observed in the distribution of the
cell spring constant (Fig. S4). Thus the cells could have various
levels of mechanical properties in undifferentiated and transi-
tional states, whereas they tended to show comparatively-uni-
fied degree of the properties when the differentiation process
is in a lull. The results shown by Darling et al. [2] may also sup-
port this suggestion. Using an AFM, they demonstrated that hu-
man MSCs, chondrocytes, and osteoblasts had elasticity
distributions similar to the adhesive force distributions of the
ATDC5 cells on days 3, 14, and 17, respectively.

The results of this study suggest that, when evaluated as a bulk,
the mechanical adhesiveness of single ATDC5 cells do not reflect
chondrogenic differentiation process as clearly as cellular bio-
chemical properties such as gene expressions. However, the
mechanical characteristics of the cells had large population varia-
tions and were not necessarily normally distributed, suggesting
that subpopulations of cells with different properties existed as
Darling et al. [2] mentioned previously. In fact, individual ATDC5
cells are unequal in chondrogenic culture because their chondro-
genic differentiation is performed with the formation of cartilage
nodules [17,18]. Therefore, with the recognition that cells have
diversity, the mechanical characteristic can be useful to pursue dif-
ferentiation stages; the phase of chondrogenic differentiation ap-
pears to be featured by the range and peak of cell distribution of
the adhesive force. Furthermore, these findings can provide the sig-
nificance of mechanical interactions between individual cells and
their surrounding environment in the fields of generation and scaf-
fold-based tissue regeneration, where cell–substrate adhesion
plays a role.
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Lim kinase 2 isoforms, LIMK2a and LIMK2b, phosphorylate cofilin leading to remodeling of actin cytoskel-
eton during neuronal differentiation. The expression and function of the LIMK2d isoform, missing the
kinase domain, remain unknown. We analyzed the expression of LIMK2 splice variants in adult rat brain
and in cultures of rat neural stem cells by RT-QPCR. All three splice variants were expressed in adult cor-
tex, hippocampus and cerebellum. Limk2a and Limk2d expression, but not Limk2b, increased during neu-
ronal differentiation. We studied the localization and function of LIMK2d isoform by transfecting Hela,
NSC-34, and hippocampal rat neuron cultures. Similarly to LIMK2b, LIMK2d was expressed in the cyto-
plasm, neurites and dendritic spines, but not in the nucleus. Similarly to LIMK2a, LIMK2d over-expression
in NSC-34 cells increased neurite length, but independently of cofilin phosphorylation or of direct inter-
action with actin. Overall, these results indicate that LIMK2d is a third LIMK2 isoform which regulates
neurite extension and highlights the possible existence of a kinase independent function of LIMK2.

� 2012 Elsevier Inc. All rights reserved.
1. Introduction

Remodeling of actin cytoskeleton is a key mechanism for neu-
ritogenesis and synaptogenesis [1,2]. The Rho-GTPases pathway
controls this mechanism. It involves the small GTP-binding pro-
teins Rac, Cdc42 and Rho, and their downstream effectors PAK1–
4 and ROCK1–2 (For review [3]). These effectors phosphorylate
Lim kinase 1 (LIMK1) and Lim kinase 2 (LIMK2) which inactivate
by phosphorylation the cofilin/actin depolymerisation factor
(ADF) leading to reduced actin depolymerisation [4,5]. Abnormali-
ties in regulation of actin dynamics resulting from mutation in
genes encoding regulators and effectors of Rho-GTPase family
ll rights reserved.
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rc’h).
members have been implicated in cognitive deficits and mental
retardation [6].

LIMK1 and LIMK2, the unique members of the LIM kinase fam-
ily, display 50% of identity [7]. Most of the studies performed to
date on the neuronal function of LIM kinases have been performed
on LIMK1 [8–10]. In the central nervous system (CNS), the LIMK2
gene (22q12.2) encodes two isoforms of high molecular weights
known as LIMK2a (72 kDa) and LIMK2b (70 kDa) [11–14]. LIMK2a
and LIMK2b contain two LIM domains, one PDZ domain and one
serine/threonine kinase domain. They are both phosphorylated
by the ROCK effectors and phosphorylate cofilin [4,15,16].

Immunohistochemistry analysis showed LIMK2 expression in
several regions in the developing central nervous system (CNS),
and particularly in the spinal cord and the olfactory bulb. In the
adult CNS, high expression of LIMK2 was observed in neurons of
the hippocampus and cerebral cortex, and in the Purkinje cells of
the cerebellum [14]. Abnormalities in LIMK2 expression, such as
single knockdown of Limk2 in cultured dorsal root ganglia (DRG)
neurons, is associated with decreased rate of growth cone extension
[17]. Moreover double Limk1/Limk2 knockout mice showed more
severe impairment of synaptic function than Limk1 KO mice [18].
These observations support a role for LIMK2 isoforms in CNS devel-
opment and in cognitive processes. A third splice variant of LIMK2,

http://dx.doi.org/10.1016/j.bbrc.2012.02.134
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named LIMK2d, was isolated from a rat brain cDNA library [19] but
never studied. The sequence of this isoform predicts a truncated
LIM domain, a truncated PDZ domain and lacks the serine/threo-
nine kinase domain present in LIMK2a and LIMK2b. We analyzed
the expression and function of this LIMK2d isoform in neurons.

2. Materials and methods

2.1. Cell cultures

Primary cultures of rat neural stem cells (NSC) from E14 rat em-
bryos were obtained as previously described [20]. After 7 days of cul-
ture, the neurospheres were transferred in poly-D-lysine (25 lg/mL)
(Sigma–Aldrich�, St. Louis, MO) coated plates containing Neurobasal-
A with N2 supplement, 2 mM L-glutamine, 20 ng/mL bFGF, 100 U/mL
penicillin and 100 lg/mL streptomycin. Two days after, removal of
bFGF and addition of 10 ng/mL of nerve growth factor (NGF 2.5 S)
promoted neuronal differentiation. Primary cultures of hippocampal
neurons from E17 rat embryos were adapted from Laumonnier et al.
(2010) [21]. Cells were cultured during 17 days at a density of
30,000 cells/cm2. At 17 days of culture, neurons were stimulated dur-
ing 5 min with a solution containing 20 mM NaCl, 5.4 mM KCl,
1.8 mM CaCl2, 25 mM Tris–HCl (pH = 7.4), 15 mM glucose, 50 lM
N-methyl-D-Aspartate and 10 lM glycine.

NIH/3T3 cells (European Collection of Cell cultures, Salisbury,
UK) and HeLa cells (TeBu-Bio, Le Perray en Yvelines, France) were
cultured in Dulbecco’s Modified Eagle Medium (DMEM) with
Glutamax� (Invitrogen™), 4.5 g/L glucose, 10% fetal bovine serum.
NSC-34 cells were cultured in DMEM containing 4.5 g/L glucose,
0.58 g/L L-glutamine and 10% fetal bovine serum, 100 U/mL penicil-
lin and 100 lg/mL streptomycin (Sigma–Aldrich�). Neurite out-
growth was induced by serum starvation for 36 h.

2.2. Expression vectors and transfection

Limk2d splice variant sequence was obtained from rat frontal
cortex mRNA by RT-PCR using AccuPrime Taq DNA Polymerase
(Invitrogen™). Sequences of primers are indicated in Table 1.
Limk2d cDNA was inserted into pcDNA6.2/N-EmGFP-GW/TOPO
(Invitrogen™) and amplified in TOP10 E. coli bacteria according
to the manufacturer’s instructions. Plasmids were extracted using
the PureYield Plasmid Midiprep System (Promega, Charbonnières,
France) and sequenced. Transfections were conducted with Lipo-
fectamine 2000 according to the manufacturer’s instructions
(Invitrogen™), 24 h after plating for NIH/3T3 cells (70% conflu-
ence), HeLa cells (70% confluence) and hippocampal neurons
(14 days of culture) and one hour after plating for NSC-34 cells
(30% confluence). Medium were replaced with DMEM without ser-
um 4 h after transfection of NSC-34 cells and neurite outgrowth
was assessed 36 h later.

2.3. Immunocytochemical analysis and morphological analysis

Cells were fixed with 4% paraformaldehyde (Sigma–Aldrich�) in
Phosphate Buffer Saline (PBS) for 30 min at room temperature (RT).
Table 1
Sequences of primers used for RT-PCR and cloning.

Gene Forward primer (50-30) Reverse p

Gapdh CTGCACCACCAACTGCTTAG GTCTTCTG
Rat Limk2a GGGCTGTGGCAACTATGTTC ACATCGG
Rat Limk2b GTCTGTCCCGGCTTACTTC GAGTCAC
Rat Limk2d CCAGCAGCTACTCACCGCAG TGGCTTT
Limk2d for cloning ATGGGGAGTTACTTGTCTGTC CAGCGAA

CCATCAC
After 1 h at RT in 1% bovine serum albumin, 5% horse serum, 0.2%
triton X-100 in PBS, NIH/3T3 cells were incubated over night at
4 �C with mouse monoclonal primary antibody against actin (sc-
8432, 1/50, Santa Cruz Biotechnology Inc., Heidelberg, Germany)
and hippocampal neurons with rabbit polyclonal antibody against
bIII-tubulin (MMS- 435P, 1/2000, Covance�, Paris, France). This
was followed by incubation for 1 h at RT with Cy3 conjugated don-
key antibody against mouse IgG or against rabbit IgG. Preparations
were mounted with Prolong Gold Antifade (Invitrogen™) and ob-
served under Nikon DMX 1200 microscope or Olympus Fluoview
500 confocal laser scanning microscope. We determined the length
of the longest neurite and neurite complexity (Sholl’s method) of
GFP-LIMK2d or GFP expressing NSC-34 cells [22,23].

2.4. Semi quantitative RT-PCR

RNA were extracted from tissues from adult female rats (Wistar,
Janvier Cerj, Le Genest saint-isle, France), from cultures of rat NSC
during proliferation (D7) and differentiation (D9 and D13) and
from cultures of rat hippocampal neurons after 4 days (D4) and
17 days of culture (D17), 1 h (D17 1 h) and 12 h (D17 12 h) after
NMDA stimulation. Total RNA were extracted using Trizol (Invitro-
gen™) and treated with DNase I (Invitrogen™).

Reverse transcription was performed on 250 ng of treated
RNA using superscript II reverse transcriptase kit (Invitrogen™).
The expression of Limk2b splice variant was evaluated by semi-
quantitative RT-PCR relatively to Gapdh expression. Length of
specific amplicons of Limk2b splice variant was too long
(970 pb) to measure its expression by real-time quantitative
RT-PCR. Gapdh and Limk2b cDNA were amplified in a 60 lL reac-
tion mixture containing buffer I 1X, 0.2 lM of each primer, 2.4 U
AccuPrime enzyme and 10 lL cDNA (Tm = 62 �C). 10 lL of these
products underwent electrophoresis on 1.2% agarose gel before
capture with ChemiDoc XRS camera and quantification by Quan-
tityOne software (BioRad). The fluorescence was quantified after
30 cycles.

We measured by quantitative real time RT-PCR the expression
of Limk2a and Limk2d splice variants relatively to Gapdh expression
using Platinum� SYBR� Green qPCR SuperMix-UDG kit (Invitro-
gen™). The reaction was performed in a LightCycler 480 (Roche
Diagnostic, Meylan, France, Tm = 60 �C). The efficiency of amplifica-
tion was calculated on cDNA at concentrations ranging from 1 to 1/
10,000. The expression of Limk2 splice variants were determined
by Ecpisoform/E0cpGapdh (E and E0: efficiencies of PCR). Primers are
listed in Table 1.

2.5. Western blot analysis

GFP-LIMK2d or GFP transfected NIH/3T3 cells were lysed in a
buffer containing 50 mM Tris, 100 mM NaCl, 5 mM EDTA, 0.1%
Triton X-100, 50 mM sodium fluoride, 10 lg/mL aprotinin,
10 mM pyrophosphate, 1 mM sodium orthovanadate, 20 mM p-
nitrophenylphosphate, 1 lg/mL leupeptin, 50 ng/mL okadaic acid,
1 mM phenylmethanesulfonyl fluoride and 20 mM b-glycero-
phosphate. 20 lg of proteins were separated by SDS–PAGE in a
rimer (50-30) Amplified fragment length

GGTGGCAGTGAT 108 pb
AACACCGGAAG 89 pb
CTTGATGGCCTG 970 pb
GTGAGTCACCTGAC 124 pb
TTAACTCCTTCATGA-

TTTGCCTGTGGCTTTG-TGAGTCACCTGAC
1050 pb
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4–15% acrylamide gel and transferred to a polyvinylidene fluo-
ride (PVDF) membrane. Membrane was treated with 5% milk in
Tris buffer saline containing 0.1% tween-20. To assess the
expression of GFP and GFP-LIMK2d proteins, the membrane
was incubated with polyclonal goat anti-GFP antibody (sc-
5385, 1/500, Santa Cruz Biotechnology� Inc., Heidelberg, Ger-
many) or polyclonal goat anti-LIMK2 antibody (sc-8390, 1/200,
Santa Cruz Biotechnology� Inc.) which recognized all LIMK2 iso-
forms (epitope located between LIM and PDZ domain) overnight
at 4 �C. To measure the amount of cofilin and phosphocofilin,
membrane was incubated with polyclonal rabbit anti-cofilin
antibody (ab42824, 1/1000, Abcam, Paris, France) or polyclonal
rabbit anti-phospho-cofilin antibody (ab12866, 1/1500, Abcam).
Horseradish peroxydase-conjugated rabbit anti-goat antibody
(81–1620, 1/2500, Zymed�-Invitrogen™, Carlsbad, CA) or donkey
anti-rabbit antibody (W401B, 1/2500, Promega, Charbonnières,
France) were used as secondary antibodies before chemilumines-
cence analysis using ECL (Pierce-Thermo Fischer Scientific Inc.,
Rockford, IL) and quantification by QuantityOne software (Bio-
Rad). Cofilin and phosphocofilin were detected on two separate
gels. GAPDH expression was used for normalization using polyc-
onal goat anti-GAPDH antibody (sc-48166, 1/250, Santa Cruz Bio-
technology� Inc.) and secondary donkey anti-goat antibody
(V8051, 1/2500, Promega). Cofilin and phosphocofilin signal
intensities were normalized with GAPDH before calculating
phosphocofilin/cofilin ratio.
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Fig. 1. LIMK2 isoforms in rat. (A) LIMK2 isoforms expressed in rodents. Protein sequence
(B) Expression levels of Limk2d mRNA in cerebellum, temporal cortex, spleen, kidney, live
adult rats: frontal cortex (FC), cerebellum (CEB) and hippocampus (H). Results were no
variants in culture of neural stem cells from rat embryos during proliferation (D7) and dif
Expression levels of Limk2d splice variant in culture of hippocampal neurons after 4 (D
stimulation. Results were normalized to D17 (maximum of expression). Data are mean
2.6. Immunoprecipitation analysis

Forty microliter of anti-GFP agarose conjugate antibody (sc-
5385 AC, 500 lg/mL, Santa Cruz Biotechnology� Inc.) were incu-
bated 2 h at RT with 30 mM Tris, 120 mM NaCl, 5 mM EDTA, 1% Tri-
ton X-100. GFP-LIMK2d and GFP HeLa cells were lysed 24 h after
transfection using the buffer previously described. Cell lysate was
incubated with anti-GFP agarose conjugate antibodies overnight.
Proteins not bound to the antibodies formed the supernatant frac-
tion (SN). Proteins bound to antibodies and then eluted with 30 lL
of denaturating solution (200 mM Tris pH 6.8, 4% SDS, 40% glycerol,
1 M b-mercaptoethanol, 0.02% bromophenol blue) formed the
immunoprecipitated fraction (IP). Proteins were separated by
SDS–PAGE in a 4–15% acrylamide gel and transferred to a PVDF
membrane before treatment with 5% milk in Tris buffer saline con-
taining 0.1% tween-20. Membrane was incubated with polyclonal
mouse anti-GFP antibody (33–2600, 1/500, Invitrogen™) or mono-
clonal mouse anti-actin antibody (sc-8432, 1/500, Santa Cruz Bio-
technology� Inc.) and horseradish peroxydase-conjugated sheep
anti-mouse secondary antibody (W4021, 1/2500, Promega) before
revelation by chemiluminescence.

2.7. Statistical analysis

Statistical analyses were performed using CA Prism software
(GraphPad Software Inc., La Jolla). Limk2 RNA expression and cofi-
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lin phosphorylation were compared by using a Mann-Withney
non-parametric test. For analysis of neurite length, homogeneity
of 3 experiments and comparison of the neurite length of GFP or
GFP-LIMK2d cells were assessed by Chi square test.

3. Results

3.1. Expression of LIMK2 splice variants in rodents

Two LIMK2 isoforms (a and b) are expressed both in rat and
mouse [19]. LIMK2a, the longest one, contains two LIM domains,
one PDZ domain, one serine/proline rich domain and one serine/
threonine kinase domain. LIMK2b differs from LIMK2a by a trun-
cated N-terminal LIM domain (Fig. 1A). Nunoue et al. (1995) [19]
reported another isoform expressed in rat, LIMK2d. This isoform
has truncated LIM and PDZ domains and lacks the serine/threonine
kinase domain (Fig. 1A, Supplementary Fig. 1).

Several studies reported the importance of the Rho-GTPases
pathway activating LIMK during brain development and function.
Most of knowledge on LIMK2 concerns LIMK2a and LIMK2b iso-
forms. We focused our studies on LIMK2d splice variant because
it was identified in a rat brain cDNA library and was not further
studied [19]. We first showed that Limk2d expression was not re-
stricted to nervous system, but was detected in a large set of tis-
sues (Fig. 1B). In the adult brain, Limk2a, 2b and also 2d mRNA
were expressed in all regions studied, but at various levels
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(Fig. 1C). Limk2d mRNA was particularly well expressed in frontal
cortex and cerebellum. In frontal cortex, the expression ratio be-
tween Limk2d and Limk2a was 0.3. We also detected this isoform
by immunoprecipitation in rat cerebellum extract (Supplementary
Fig. 2).

To assess a possible role for Limk2d during brain development,
we analyzed its expression during differentiation of rat neural
stem cells in culture (Fig. 1D). Neural stem cells, proliferating as
neurospheres for 7 days, expressed all three splice variants Limk2a,
2b and 2d. The expression of Limk2a and particularly Limk2d signif-
icantly increased after two days of neural differentiation (p 6 0.05).
This important increase in expression was maintained for Limk2d
after one week of differentiation. In hippocampal neurons, Limk2d
expression increased after synaptogenesis and decreased 1 h and
12 h after neuron stimulation with NMDA and glycine (Fig. 1E,
p = 0.038). These results supported a role for Limk2d during neuro-
nal differentiation and maturation.

3.2. LIMK2d promotes neurite outgrowth

We transfected hippocampal neurons with a plasmid over-
expressing a GFP-LIMK2d fused protein, and monitored its cellular
localization. The correct expression of this protein was confirmed
by western blot (Fig. 2A). GFP-LIMK2d was expressed in the soma,
in neurites as well as in dendritic spines (Fig. 2B). To determine a
possible function of LIMK2d during neuronal differentiation, we
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next transfected a neuronal cell line (NSC-34) by GFP-LIMK2d or
GFP expressing constructs. GFP-LIMK2d cells displayed longer lon-
gest neurites compared to control cells (GFP alone) (p = 0.023;
Fig. 2C). The number and complexity of neurites were not affected
(Fig. 2D and E). Therefore, the small isoform, LIMK2d, promotes
neurite outgrowth.

We next investigated the molecular mechanism of LIMK2d-in-
duced neurite outgrowth. We first observed that GFP-LIMK2d
was localized only in the cytoplasm of transfected NIH/3T3 and
NSC-34 cells and not in the nucleus (Fig. 3A and B). LIMK2d does
not possess a kinase domain, in contrast to LIMK2a and LIMK2b,
and thus normally could not phosphorylate cofilin. We hypothe-
sized that LIMK2d could bind cofilin and consequently prevent
its phosphorylation by LIMK2a and b thereby affecting actin poly-
merization. We measured the ratio phosphorylated cofilin/total
cofilin by western blotting of lysates from GFP-LIMK2d or GFP
expressing cells. The ratio was equal in both cultures, indicating
that LIMK2d did not affect cofilin phosphorylation (Fig. 4A and
B). We next asked whether LIMK2d could regulate neurite out-
growth by direct interaction with actin, similarly to other proteins
containing only LIM and PDZ domains [24,25]. Immunoprecipita-
tion experiments showed that GFP-LIMK2d did not interact with
actin (Fig. 4C). These results showed that LIMK2d is a new cyto-
plasmic factor promoting neurite outgrowth by a different mecha-
nism than other LIMK proteins.
4. Discussion

Previous works revealed the expression of several isoforms for
LIMK2 in the central nervous system of rodents. The longest ones,
LIMK2a and LIMK2b, are expressed in rat and mouse. Another iso-
form, LIMK2d, expressed in the rat CNS, has truncated LIM and PDZ
domains and lacks the kinase domain. We reported that Limk2d
was widely expressed in cerebral and non cerebral tissues. In cere-
bral tissues, this splice variant had a distinct pattern of expression
compared to Limk2a and Limk2b. Limk2d expression was highest in
frontal cortex and cerebellum whereas Limk2a showed higher
expression in frontal cortex and hippocampus. Limk2b expression
was similar in the three brain regions analyzed. This suggested that
LIMK2d may have distinct functions from LIMK2a and b in the cen-
tral nervous system.

In a first approach, to get insights into these functions, we
showed that Limk2d expression increased during the differentia-
tion of neural stem cells. We then performed transfection experi-
ments in vitro in order to overproduce GFP-LIMK2d into
hippocampal neurons. We observed that LIMK2d was localized in
the soma, dendrites and dendritic spines in mature hippocampal
neurons and that Limk2d expression decreased after stimulation
of these cells. This observation supports a role for LIMK2d in neu-
ronal activity during brain development, maturation and function.
As the regulation of ADF/cofilin activity is important for the synap-



252 J. Tastet et al. / Biochemical and Biophysical Research Communications 420 (2012) 247–252
tic receptors trafficking after induction of LTP [26], our results sug-
gested that LIMK2d may have a function in LTP alongside to LIM-
K2a and b.

To test a possible role for LIMK2d in neurite outgrowth, we
overproduced GFP-LIMK2d protein in NSC-34 cells. We observed
a significant increase in neurite length but not number or complex-
ity. Similarly to LIMK2b, GFP-LIMK2d protein was expressed only
in the cytoplasm of NIH/3T3 cells, NSC-34 and hippocampal neu-
rons. This is in accordance with its sequence as LIMK2d does not
possess any NLS signal. Endo and his colleagues (2007) [17] sug-
gested that neurite outgrowth is induced by the regulation of cofi-
lin phosphorylation by the LIM kinases and by the slingshot
phosphatases. LIMK2d does not possess the kinase domain of LIM-
K2a or b. We hypothesized that it might compete with LIMK2a and
b thereby preventing the phosphorylation of ADF/cofilin. This
hypothesis was not confirmed in HeLa cells. Another hypothesis
for LIMK2d action on neurite outgrowth comes from a previous
study reporting that PDLIM5, an actin-binding protein containing
LIM domains, regulates actin polymerization in neurons [24]. How-
ever, we could not observe, as in the case of PDLIM5, an interaction
between LIMK2d and actin in vitro. Another possibility may be that
the role of LIMK2d on neurite outgrowth could be the consequence
of an interaction between its LIM domains and one of the numer-
ous proteins interacting with such domains [27]. For instance, an
interaction with PKC, (as described for LIMK1; [28]) might play a
role on neurite outgrowth [29].

Therefore, as LIMK2a and LIMK2b, LIMK2d controls neurite
extension, which is a crucial process in the formation and plasticity
of the neuronal network. Since LIMK2 isoforms present important
structural differences, further investigations will be needed to
understand the specific functions of each isoform.
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Diethylenetriamine pentaacetic acid (DTPA) is a popular chelator agent for enabling the labeling of pep-
tides for their use in structure–activity relationship study and biodistribution analysis. Solid phase pep-
tide synthesis was employed to couple this commercially available chelator at the N-terminus of either
the A-chain or B-chain of H2 relaxin. The coupling of the DTPA chelator at the N-terminus of the B-chain
and subsequent loading of a lanthanide (europium) ion into the chelator led to a labeled peptide
(Eu-DTPA-(B)-H2) in low yield and having very poor water solubility. On the other hand, coupling of
the DTPA and loading of Eu at the N-terminus of the A-chain led to a water-soluble peptide (Eu-DTPA-
(A)-H2) with a significantly improved final yield. The conjugation of the DTPA chelator at the N-terminus
of the A-chain did not have any impact on the secondary structure of the peptide determined by circular
dichroism spectroscopy (CD). On the other hand, it was not possible to determine the secondary structure
of Eu-DTPA-(B)-H2 because of its insolubility in phosphate buffer. The B-chain labeled peptide Eu-DTPA-
(B)-H2 required solubilization in DMSO prior to carrying out binding assays, and showed lower affinity
for binding to H2 relaxin receptor, RXFP1, compared to the water-soluble A-chain labeled peptide
Eu-DTPA-(A)-H2. The mono-Eu-DTPA labeled A-chain peptide, Eu-DTPA-(A)-H2, thus can be used as a
valuable probe to study ligand–receptor interactions of therapeutically important H2 relaxin analogs.
Our results show that it is critical to choose an approriate site for incorporating chelators such as DTPA.
Otherwise, the bulky size of the chelator, depending on the site of incorporation, can affect yield, solubil-
ity, structure and pharmacological profile of the peptide.

� 2012 Elsevier Inc. All rights reserved.
1. Introduction

Human gene 2 relaxin (H2 relaxin) is the human ortholog of the
relaxin peptide that was discovered in 1926 [1]. It has been
grouped in the insulin and insulin-like growth factors family of
peptide hormones due to their structural resemblances [2]. H2 re-
laxin is a heterodimer of two peptide chains (A-chain and B-chain
with 24 and 29 residues, respectively) held together by three disul-
fide bonds [3], which is a common feature of all 10 members in
insulin-relaxin superfamily [2].

The relaxin receptor has been identified to be a G protein-cou-
pled receptor (GPCR) known as RXFP1 (relaxin family peptide
receptor 1) [4]. Relaxin binds and activates its receptor using a
binding cassette (RXXXRXXI) located on the helical region of the
B-chain together with some residues at the C-terminus of the
ll rights reserved.

Institutes, The University of
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A-chain [5–7]. The interaction of relaxin with its receptor leads
to various biologic effects many of which are mediated as a result
of activation of the GS-cAMP dependent pathway [8]. Initially,
relaxin was regarded as a hormone of pregnancy due to its effect
in softening of cervical tissue during pregnancy and hence facilitat-
ing the delivery of young [9]. Relaxin also possesses potent anti-fi-
brotic effects by inhibiting collagen synthesis and enhancing its
breakdown by increasing matrix metalloproteinases [10]. It can
also stimulate angiogenesis and promotes wound healing possibly
by increasing the expression of the vascular endothelial growth
factors (VEGF) [11,12]. In addition, relaxin can also induce vasodi-
lation in heart, liver and kidney by increasing nitric oxide (NO) pro-
duction, via stimulation of NO synthase and endothelin B (ETB)
receptor [13]. Currently, relaxin is in Phase III clinical trial for the
treatment of acute heart failure (AHF) [13,14]. Apart from these
beneficial agonist effects, a recent study has shown that relaxin
is involved in prostate cancer growth and metastasis [15]. Hence
an antagonist of relaxin can be of immense value in developing a
potential treatment for prostate cancer.
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Fig. 1. Primary structures of H2 relaxin with DTPA chelator coupled to the N-terminus of the A- or B-chain.
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The development of a new generation of relaxin agonists and
antagonists with improved therapeutic indices necessitates the
synthesis of various novel analogs. The receptor binding character-
ization of these analogs requires the use of a labeled probe. In the
past, we have used isotopically (33P) labeled H2 relaxin [16],
which was both laborious and expensive to obtain. We also had
to characterize the labeled peptide each time due to variation in
activity from batch to batch. In the current study, we have used
chemical synthesis to mono-label relaxin on both A- and B-chains
with a commercially available lanthanide chelate (Fig. 1). The
activity of the two labeled peptides was studied using a whole cell
binding assay. These lanthanide (europium) labeled H2 relaxin
peptides would be cheaper, more user-friendly and non-hazardous
compared to isotopically labeled H2 relaxin analogs.

2. Materials and methods

2.1. Peptide synthesis

All linear peptides were assembled on solid support using Fmoc
chemistry as previously described [17]. The protocol used was sim-
ilar for most parts except combination reaction. Due to the poor
solubility of the B-chain, the combination reaction was carried
out in 6 M GnHCl/0.1 M Gly-NaOH buffer (pH 8.5). Please see the
Supplementary section for details of all the reaction steps.

2.2. Circular dichrosim spectroscopy

The secondary a-helical content of the peptides were measured
as described previously [17,18]. For this study, the peptides were
made up to a concentration of 0.2 lM in phosphate buffer saline
pH 7.4. The recorded spectra in millidegrees of ellipticity (h) were
converted to mean residue ellipticity (MRE) in deg cm2 dmol�1.

2.3. Cell culture and ligand binding assays

Human embryonic kidney cells, (HEK 293T) stably expressing
RXFP1 were plated in 96 well viewplate (PerkinElmer, Australia).
Saturation and competition binding experiments were carried
out as previously described [17]. Briefly, H2 relaxin with DTPA che-
lator conjugated to the N-terminus of A-chain was dissolved in H2O
whereas H2 relaxin with DTPA chelator on the B-chain was dis-
solved in 20% DMSO. The saturation binding experiment was car-
ried using increasing concentrations of labeled peptides (0.1–
1 nM) and the non-specific binding was determined in presence
of H2 relaxin (0.5 nM). The competition binding experiments was
carried out using a single concentration of the europium-labeled
H2 peptides (0.5 nM) in presence of increasing concentrations of
H2 relaxin. Each concentration point was in triplicate from 3 to 5
independent experiments. The binding data were analyzed using
GraphPad PRISM 5 and expressed as mean ± SEM. The saturation
data were fitted into one site hyperbolic model and the competi-
tion binding data were fitted using a one site binding model.
3. Results

Each of the A- and B-chains of H2 relaxin was synthesized
separately. The B-chain with and without conjugated DTPA
chelator was purified after cleavage from solid support (Scheme 1,
Supplementary Material). The B-chain without DTPA chelator had
a yield of about 35% compared to 20% for B-chain conjugated with
the chelator. The A-chain was further modified by first forming the
intra-A-chain disulfide bond and the tBu group was converted to
2-pyridylsulfenyl group that is very reactive to thiol moiety. Each
of these steps had about 50–60% yield for both A-chain with and
without DTPA coupled. The A-chains were successfully combined
with the B-chain to form the first inter-chain disulfide bonds via
thiolysis of the S-pyridinyl by the free thiol of Cys 10 of the
B-chain. The final step of the synthesis was the formation of the
second inter-chain disulfide bond, which was carried out via iodine
oxidation of the Acm groups on CysA24 and CysB22. H2 relaxin
with DTPA chelator coupled to the N-terminus of the A-chain
was obtained in a yield of about 12% whereas H2 relaxin with DTPA
conjugated at the N-terminus of the B-chain had very low yield
(3%) starting from the B-chain. Finally, DTPA was loaded with
europium using EuCl3 and purified by RP-HPLC buffer using TEA
acetate buffer (pH 6.5) to prevent the liberation of europium from
the DTPA chelator. The Eu-DTPA-labeled H2 relaxins, Eu-DTPA-(A)-
H2 and Eu-DTPA-(B)-H2 (Fig. 1), were purified by analytical
RP-HPLC in greater than 98% purity and the peptide content
(A-chain labeled: 85%, B-chain labeled: 81%) was determined by
amino acid analysis. The reaction progress and products in each
reaction step were analyzed with RP-HPLC and MALDI-TOF/TOF.

The effect of DTPA conjugation on the secondary structure of
the H2 relaxin was determined by CD spectroscopy. The a-helical
content of Eu-DTPA-(A)-H2 (37%) was similar to the native H2 re-
laxin (36%) (Fig. 2) indicating that DTPA labeled at the N-terminus
does not affect the secondary structure of H2 relaxin.

The receptor binding affinity was calculated by measuring the
dissociation constant (Kd) from saturation binding curves
(Fig. 3A). The receptor binding affinity of Eu-DTPA-(A)-H2 (0.50 ±
0.04 nM, n = 3) was slightly higher compared to Eu-DTPA-(B)-H2
(0.85 ± 0.08 nM, n = 3) and the difference is statistically significant
(p < 0.01, t-test). A single concentration (0.5 nM) of each labeled



Fig. 2. CD spectroscopy profiles of native H2 relaxin, Eu-DTPA-(A) H2 relaxin. Both
peptides exhibit similar a-helicity profiles.

Fig. 3. Receptor binding curves of Eu-DTPA copupled H2 relaxins in HEK-293T
stably expressing RXFP1. (A) The dissociation constant (Kd) was determined by
saturation binding usingdifferent concentrations of labeled peptides. Non-specific
binding was determined in the presence of 500 nM H2 relaxin. (B) The competition
binding experiment was carried out using a single concentration of the europium-
labeled H2 peptides (0.5 nM) or 33P-labeled H2 relaxin in presence of increasing
concentrations of H2 relaxin. The binding data were analyzed using Graphpad
PRISM 5. The data were expressed as mean ± SEM from 3 to 5 independent
experiments. The saturation data were fitted into one site hyperbolic model and the
competition binding data were fitted using a one site binding model.
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peptide was used in competition binding assay to determine the
receptor binding affinity of the native H2 relaxin. The receptor bind-
ing affinity (pKi) of H2 relaxin was found to be 9.30 ± 0.02 (n = 3),
9.31 ± 0.05 (n = 5), and 9.24 ± 0.16 (n = 3) in presence of Eu-DTPA-
(A)-H2, Eu-DTPA-(B)-H2, 33P-H2 relaxin, respectively (Fig. 3B).
4. Discussion

H2 relaxin is a pleiotropic peptide hormone, which is currently
in Phase III clinical trials for the treatment of acute heart failure.
The large size of this hormone is a major limitation, which has been
addressed by the design of smaller analogs [19]. The proteolytic
stability is also a major issue, which is yet to be addressed to im-
prove its half-life in circulation. Furthermore, in patients with
prostate cancer, it has been demonstrated that H2 relaxin can
cause growth and metastasis of the cancer [15] and in a rodent
xenograft model of prostate cancer a H2 relaxin antagonist was
shown to block cancer growth [20]. Therefore, a H2 receptor antag-
onist may be a potential treatment for prostate cancer. However,
the development of any H2 relaxin agonist and antagonist requires
the screening of various analogs for their receptor binding affinity,
which in turn needs a labeled probe. Previously, radioactively or
isotopically labeled H2 relaxin has been used but there are many
limitations to the use of such probes as their short-half lives, high
cost, batch variation, and safety.

It is possible to undertake post-synthesis labeling of synthetic
H2 relaxin with commercially available activated Eu-DTTA chelate,
N1-(p-isothiocyanato benzyl)-diethylenetriamine-N,N2,N,N3-tetra-
acetic acid [17]. However, this would create a multiple site-labeled
peptide as there are 4 free primary amine sites in H2 relaxin. Using
modem solid phase peptide synthesis, we have produced mono-la-
beled H2 relaxin analogs. We have used a commercially available
lanthanide chelator at either N-terminus of A-chain or B-chain on
solid support. The diethylenetriamine pentaacetic acid (DTPA) is
an effective chelating agent for a variety of lanthanide as well as
radionuclides. It can be readily coupled to specific sites within
the peptides on solid support. In the first instance, the DTPA chela-
tor was coupled to the N-terminus of the B-chain that resulted la-
beled peptide Eu-DTPA-(B)-H2. This was based on our previous
studies on INSL3 [17] and INSL5/relaxin-3 [21] where we showed
that coupling DTPA at the N-terminus of the B-chain did not have
any impact on the secondary structure and receptor binding affin-
ity of the peptides. However, in the case of H2 relaxin, this resulted
in a significant decrease in solubility of the B-chain, which yielded
a very low amount of final product. Due to its poor solubility in
H2O, it was solubilized in 20% DMSO for use in the binding assays.
The use of organic solvents in solubilizing the peptide for bioassays
is generally not preferred due to their toxic effects on the live cells.
Therefore, in order to address the insolubility problem, we conju-
gated the DTPA chelator to the N-terminus of the A-chain that
resulted in a labeled peptide Eu-DTPA-(A)-H2. The solubility of
Eu-DTPA-(A)-H2 was better and the final yield obtained was much
higher compared to Eu-DTPA-(B)-H2. More importantly, the final
product was water-soluble and it was used directly in the binding
assays without using any organic solvent.

In order to obtain an insight into the solution structure of
Eu-DTPA-(A)-H2 and Eu-DTPA-(B)-H2, we attempted to record
some CD spectra. The conjugation of DTPA at the N-terminus of
the A-chain had no effect on the secondary structure of the peptide.
However, CD spectrum of the Eu-DTPA-(B)-H2 could not be ob-
tained due to its poor solubility in phosphate buffer saline.

The receptor binding affinity of Eu-DTPA-(A)-H2 was higher
compared to Eu-DTPA-(B)-H2 which may be due to the poor solu-
bility. Despite the lower receptor binding affinity of Eu-DTPA-(B)-
H2, H2 relaxin exhibited similar receptor binding affinity in the
presence of both labeled peptides. The affinity of the two Eu-
DPTA-H2 relaxin variants is similar to that obtained using both
33P- and 125I-labeled H2 relaxin [22].

In summary, we have successfully synthesized two mono-Eu-
DTPA conjugated peptide ligands using modern solid phase syn-
thesis technology. In vitro receptor assays showed that the choice
of a site for incorporation of a chelator like DTPA is critical as its
large size can adversely alter the biophysical property and conse-
quently affect the pharmacological activity of the peptides. Our
mono-Eu-DTPA labeled peptide, Eu-DTPA-(A)-H2 retains full activ-
ity and as it does not undergo isotope decay and is stable for long
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periods at -20 �C it is a useful probe to study ligand–receptor inter-
actions of therapeutically important H2 relaxin analogs.
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a b s t r a c t

Cytosolic calcium plays a leading role in the control of neuronal excitability, plasticity and survival. This
work aims to experimentally assess the possibility that lipid rafts of the plasma membrane can provide a
structural platform for a faster and tighter functional coupling between calcium and nitric-oxide signal-
ing in neurons. Using primary cerebellar granule neurons (CGN) in culture this hypothesis has been
experimentally assessed with fluorescence resonance energy transfer imaging, preparations of lipid
rafts-enriched membrane fragments and western blotting. The results obtained in this work demon-
strated that major calcium entry systems of the plasma membrane of CGN (L-type calcium channels
and N-methyl-D-aspartate receptors) and nitric-oxide synthase are separated by less than 80 nm from
each other within lipid rafts-associated sub-microdomains, suggesting a new role of lipid rafts as neuro-
nal calcium/redox nano-transducers.

� 2012 Elsevier Inc. All rights reserved.
1. Introduction

A highly efficient and rapid functional coupling is particularly
relevant for neuronal activity, and studies on calcium signaling in
neurons have played a pioneer role to demonstrate the outstanding
role of sub-cellular compartmentation in the control of neuronal
activity [1–3].

Calcium entry through L-VOCC and NMDAr play a major role in
the maintenance of cytosolic calcium needed for mature cerebellar
granule neurons (CGN) survival and excitability [4–6], and altera-
tions of their functional response by ROS or redox modulation
can lead to CGN death in culture either by apoptosis or by excito-
toxicity [6–9]. Moreover, a sustained alteration of intracellular cal-
cium homeostasis in neurons is a common feature in oxidative
stress-mediated neurodegeneration, and plasma membrane cal-
cium transport systems have been shown to be molecular targets
for ROS generated in neurodegenerative insults and diseases
[10,11]. In primary cultures of mature CGN the entry of calcium
ll rights reserved.
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through L-VOCC plays a major role to keep cytosolic calcium with-
in the optimal 70–200 nM concentration range needed for survival
of these neurons in vitro [5,6,9].

Calcium entry through opening of L-VOCC can generate tran-
sients of micromolar calcium concentration up to distances close
to 100 nm from the L-VOCC pore depending on the calcium buffer-
ing capacity of its microenvironment [3]. L-VOCC have been shown
to be associated with lipid rafts in cardiomyocytes [12,13], the L-
VOCC subunit a22 has been shown to partition within lipid rafts
in cerebellum bound to caveolin [14], and we have shown that in
mature CGN in culture L-VOCC is associated with lipid rafts [15].
Lipid rafts define cellular sub-microdomains of the plasma mem-
brane anchoring caveolins, flotillin and also actin microfilaments
[12]. The presence of caveolins associated with neuronal plasma
membrane in microdomains without the morphological appear-
ance of ‘‘caveola invaginations’’ has been documented during last
decade, revised in [16]. Furthermore, it has been suggested that
these caveolin-rich nanodomains can serve to focalize cell signal-
ing transduction in neurons [16–18]. Indeed, it has been shown
that caveolin-1 interacts with nNOS [19] and that the actin cyto-
skeleton modulates the activity of NMDAr [20].

Lipid rafts of the plasma membrane are dynamic nanodomains
of a size between 10 and 200 nm [21]. FRET is a spectroscopic ruler
that allows to measure distances in the nanometer scale range
[22,23]. Quantitative FRET-imaging is a powerful tool for the anal-
ysis of cellular sub-microdomains, because intensity readings of
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mailto:dorinda1@unex.es
mailto:carlosgm@unex.es
http://dx.doi.org/10.1016/j.bbrc.2012.02.145
http://www.sciencedirect.com/science/journal/0006291X
http://www.elsevier.com/locate/ybbrc


258 D. Marques-da-Silva, C. Gutierrez-Merino / Biochemical and Biophysical Research Communications 420 (2012) 257–262
volume elements of sub-micrometers section size can yield infor-
mation on their structure in the nanometer scale range. FRET be-
tween membrane-bound proteins labeled with fluorescent
antibodies is a case of FRET from one donor to multiple acceptors
which can be used to identify proteins separated less than
100 nm within lipid rafts sub-microdomains [15,24,25].

In this work, we have extended our studies using FRET-imaging
approaches, preparations of lipid rafts-enriched membrane frag-
ments and western blotting to show that L-VOCC, NMDAr and
nNOS co-localize within lipid rafts-associated sub-microdomains
of a size lower than 200 nm.
2. Materials and methods

2.1. Preparation of rat cerebellar granule neurons (CGN)

CGN were obtained from dissociated cerebella of 7 days-old
Wistar rats as described previously [6,15,24,26,27].

2.2. Isolation of lipid rafts

Lipid rafts were isolated running sucrose gradients as in previ-
ous works [15,25], following a method adapted from the protocols
described in [28,29]. Samples were analyzed by SDS–PAGE fol-
lowed by Western blotting.

2.3. Western blotting

SDS–PAGE were run at a concentration of 7.5%, 10.4% or 12.5%
acrylamide depending upon the molecular weights of the target
proteins, using 2 lg protein of CGN lysates in each lane. Gels were
transferred to nitrocellulose membranes of 0.2 lm average pore
size (Trans-BloT Transfer Medium, BioRad), as in [15,25].

2.4. Fluorescence microscopy imaging and FRET analysis

Fluorescence microscopy images of CGN were acquired with a
Hamamatsu Orca-R2 CCD camera (binning mode 2 � 2) attached
to a Nikon Diaphot 300 epifluorescence microscope (objective
NCF Plan ELWD 20�), and quantitative analysis of the average fluo-
rescence intensity of selected neuronal soma was done with the
HCImage software, as described previously [15,24,25]. Images
were acquired with an excitation filter of 470 nm, and 510 nm di-
chroic mirror/520 nm emission filter (donor-green fluorescence)
and 580 nm dichroic mirror/590 nm emission filter (acceptor-red
fluorescence). Acquired images were exported as TIFF pseudo-color
images for further processing using the Image J software. Direct-
fluorescence intensity images are presented in gray scale (black:
very low or no-signal, and white: saturated signal).

FRET measurements were performed with mature CGN fixed
and stained with primary and fluorescence-labeled secondary anti-
bodies as in [15,24,25]. The basic criteria used to confirm the
occurrence of FRET and calculation of FRET-efficiency was the
simultaneous occurrence of quenching of the green fluorescence
(GF) and an increase of the ratio between red (acceptor fluores-
cence) and green fluorescence intensities (ratio red/green) in
CGN stained with Alexa488- and Cy3-secondary antibodies, as dis-
cussed in more detail in [15]. To quantitate the effects of the treat-
ment for labeling with the second primary antibody/IgG-Cy3
complex in the green and red fluorescence intensities of CGN
stained with the first primary antibody plus IgG-Alexa488 we have
carried out control experiments performing these treatments with-
out the second primary antibody. These control experiments
showed that on average this treatment resulted in 12 ± 3% quench-
ing of the green fluorescence of the IgG-Alexa488 antibody, and no
statistically significant change of the red fluorescence intensity.
This has been taken into account in all the calculations of the
quenching of green fluorescence afforded by CGN double labeling
with antibodies shown in this work.

2.5. Chemicals and reagents

Primary antibodies: goat anti-NMDAr (sc-1468), rabbit anti-L-
VOCC (sc-25686), mouse anti-nNOS (sc-5302), goat anti-H-Ras
(sc-32026), rabbit anti-caveolin-1 (sc-894), rabbit anti-caveolin-2
(sc-7942), goat anti-caveolin-2 (sc-1858), goat anti-flotillin-1 (sc-
16640) and rabbit anti-flotillin-1 (sc-25506) were supplied by San-
ta Cruz Biotechnology (Santa Cruz, CA, USA). Fluorescence-labeled
secondary antibodies used to label the primary antibodies listed
above: anti-rabbit IgG-Alexa488 (cat. no. A11008), anti-goat IgG-
Alexa488 (cat. no. A11055) and anti-mouse IgG-Alexa488 (cat.
no. A11001) from Invitrogen (Molecular Probes, Eugene, OR,
USA), and anti-rabbit IgG-Cy3 (cat. no. C2306) and anti-goat IgG-
Cy3 (cat. no. C2821) from Sigma (St. Louis, MO, USA). Anti-goat,
anti-rabbit and anti-mouse IgG horseradish peroxidase and Super-
Signal West Dura Extended Duration Substrate used in Western
blotting were supplied by Pierce (Rockford, IL, USA).

DM-bodipy dihydropyridine (cat. no. D7443), ST-bodipy dihy-
dropyridine (cat. no. S7445) and cholera toxin subunit B conju-
gated with Alexa555 (cat. no. C34776) were supplied by
Invitrogen (Molecular Probes, Eugene, OR, USA). All other reagents
and chemicals were of analytical grade from Sigma–Aldrich or
Roche-Merck (Darmstadt, Germany).

2.6. Statistical analysis

Results are expressed as mean ± standard error (s.e.). Statistical
analysis was carried out by Mann–Whitney non-parametric test.
Significant difference was accepted at the p < 0.05 level. All the re-
sults were confirmed with duplicate measurements of at least
three different CGN preparations.
3. Results

3.1. Lipid rafts membrane fractions are enriched in transport systems
relevant for cytosolic calcium homeostasis and also in ROS-producing
redox systems

Membrane fragments prepared from CGN lysates were fraction-
ated in sucrose density gradients as indicated in the Methods. Wes-
tern Blot analysis of the fractions showed that typical lipid rafts
markers, H-Ras, flotillin, caveolin-1 and caveolin-2 were largely en-
riched in fractions 1–5 (Fi. 1). NMDAr, L-VOCC and nNOS were
found to be highly enriched in the fractions 1–5 (Fig. 1), as it was
also shown earlier for L-VOCC [15]. On these grounds, we have
experimentally ascertained this conclusion by FRET-imaging in
fixed mature CGN.

3.2. L-VOCC and NMDAr co-localize within cholera toxin B-binding
sites and caveolin-rich sub-microdomains in the neuronal plasma
membrane of mature C

Fluorescence microscopy images of CGN double stained with
anti-L-VOCC/IgG-Alexa488 and anti-NMDAr/IgG-Cy3 were ob-
tained with an excitation filter of 470 nm, i.e. with a negligible di-
rect excitation of the Cy3-dye. The images showed an extensive
co-localization of both antibodies as shown by merge images
displayed in Fig. 2. The results obtained for a total number of
1400 neuronal somas of, at least, three different CGN preparations
(n P 6) were accumulated and subjected to detailed pixel-analysis
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Fig. 1. NMDAr, L-VOCC and nNOS are associated with lipid rafts isolated from
mature CGN in culture. NMDAr, L-VOCC and nNOS distribution in membrane
fractions were determined by Western blotting using anti-NMDAr (sc-1468), anti-L-
VOCC (sc-25686), anti-nNOS (sc-5302). Fraction’s distribution of protein raft
markers: H-Ras (anti-H-Ras sc-32026), caveolin-1 (anti-caveolin-1 sc-894), caveo-
lin-2 (anti-caveolin-2 sc-1858) and flotillin (anti-flotillin-1 sc-16640). Fractions 1–5
enriched in protein lipid rafts markers are also enriched in cholesterol as shown in a
recent work of our laboratory [25]. Western blotting shown are representative of
the results obtained in experiments done with at least three different preparations
of lipid rafts. The same amounts of protein were used in each fraction for these
experiments.
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with the Image J software (Fig. 2). With the magnification and
binning used to acquire the images, one pixel has a square section
size of �0.7 lm � 0.7 lm. Double staining of CGN led to a marked
shift of the green fluorescence histograms towards lower intensity
and mean values, whereas the red fluorescence histograms are
shifted towards higher intensity and mean values. A very large
FRET-efficiency for this pair is revealed by (i) an average 64 ± 6%
quenching of the intensity of donor fluorescence (green Alexa488
fluorescence emission) and (ii) 9.6-fold increase of the ratio
between red and green fluorescence intensities, from 0.50 ± 0.08
for CGN stained only with the donor anti-L-VOCC/IgG-Alexa488
up to 4.8 ± 0.5 for CGN double stained with the same donor and
anti-NMDAr/IgG-Cy3. Therefore, these results led to the conclusion
that donor (Alexa488) and acceptor (Cy3) dyes are separated by an
average distance lower than the R0 value for this FRET pair, i.e.
<5 nm. Taking into account the average size of the IgG antibodies
used for labeling of both proteins are T-shape of dimensions of ap-
prox. 25 � 18 nm [30] and that for the case of multiple acceptors
around each donor the FRET-efficiency is lower than 2% for a
donor/acceptor pair separated by a distance P2R0 [23], this indi-
cated that L-VOCC and NMDAr are separated by less than 80 nm.
We confirmed this point using an alternate FRET approach with
shorter distance range. To this end we used the fluorescent L-VOCC
ligand ST-bodipy dihydropyridine, a much smaller size molecule, as
acceptor of NMDAr labeled with anti-NMDAr/IgG-Alexa488.
Fluorescence microscopy images of CGN double stained with
anti-NMDAr/IgG-Alexa488 and 80 nM ST-bodipy dihydropyridine
revealed the occurrence of FRET also for this donor/acceptor pair
(Fig. 2). Moreover, the average efficiency of FRET was high, e.g.
49 ± 5% quenching of the green fluorescence of the donor, pointing
out that the binding site of ST-bodipy dihydropyridine is at approx-
imately 6 ± 1 nm distance from donor Alexa488 dyes of the anti-
bodies bound to NMDAr. Taking into consideration the average
diameter sizes of L-VOCC and NMDAr (�10–15 nm), the location
of the dihydropyridine binding site in the center of the large glob-
ular extracellular domain of L-VOCC [31,32] and the size of
primary + secondary IgG antibodies complex (�35 nm), this result
leads to the conclusion that L-VOCC and NMDAr are vicinal proteins
in the plasma membrane.

The quantitative pixel-analysis of FRET-imaging also confirmed
that NMDAr extensively co-localized within FRET-distance with
L-VOCC, as no indications of segregation of two separated
populations was observed in the pixel-intensity distributions in
FRET-imaging, see Fig. 2. Because we have shown an extensive
association of L-VOCC in mature CGN in culture with lipid rafts
[15], we have performed FRET-imaging using fluorescent cholera
toxin B (CTB) and antibodies against lipid rafts-associated proteins
like caveolins 1 and 2 and flotillin.

Fig. 2 also shows the results obtained in FRET-imaging experi-
ments using anti-NMDAr/IgG-Alexa488 as donor and as acceptors
CTB-Alexa555 (Fig. 2), anti-caveolin-2/IgG-Cy3 (Supplementary
Figs. S1 and S2), anti-caveolin-1/IgG-Cy3 (Supplementary Fig. S2),
and anti-flotillin/IgG-Cy3 (Supplementary Fig. S2). The percentage
of quenching of donor fluorescence (see Figs. 2 and S2), pointed out
a remarkably high efficiency of FRET for all these pairs. It is to be
noted that the value obtained for the efficiency of FRET between
anti-NMDAr/IgG-Alexa488 and CTB-Alexa555 is identical to the
66 ± 9% value obtained in separate experiments for CGN stained
with the donor/acceptor pair: 8 nM DM-bodipy dihydropyridine
(a green fluorescent L-VOCC blocker [33,34])/0.5 lg/ml cholera
toxin subunit B conjugated with Alexa555 (CTB-A555).
3.3. nNOS is within FRET-distance from NMDAr and L-VOCC

nNOS association with PDZ-domains of proteins bound to the
neuronal cytoskeleton is a well established experimental observa-
tion [35]. As NMDAr also binds to proteins containing PDZ-domains
[36], nNOS should be expected to be anchored near NMDAr.

Selected fluorescence microscopy images of CGN double stained
with anti-nNOS/IgG-Alexa488 and anti-NMDAr/IgG-Cy3 are pre-
sented in Fig. 3. Both, direct inspection of merge images and pix-
els-intensity analysis within neuronal soma demonstrated the
occurrence of significant FRET between Alexa488- and Cy3-tagged
antibodies. Moreover, green fluorescence quenching and the in-
crease of red fluorescence were derived from a shift of a large part
of the Gaussian distribution of pixels towards lower and higher
fluorescence intensity values, respectively (Supplementary
Fig. S3), demonstrating an extensive co-localization of nNOS and
NMDAr within a distance supporting an average 46 ± 5% FRET-
efficiency.

The nNOS co-localization within FRET-distance of protein mark-
ers associated with lipid rafts was also assessed by microscopy
imaging. Fig. 3 shows the results obtained in FRET-imaging exper-
iments using anti-nNOS/IgG-Alexa488 as donor and as acceptors
CTB-Alexa555, anti-caveolin-1/IgG-Cy3 and anti-caveolin-2/IgG-
Cy3. The percentage of quenching of donor fluorescence showed
large variations for these different pairs (Fig. 3), pointing out that
FRET-efficiency varied from 16 to 60%. The lower FRET-efficiency
from anti-nNOS/IgG-Alexa488 as donor to anti-caveolin-1/IgG-
Cy3 with respect to anti-caveolin-2/IgG-Cy3 indicated a smaller
distance of close approach for the pair nNOS/caveolin-2 than for
the pair nNOS/caveolin-1. In contrast, the lower FRET-efficiency
from anti-nNOS/IgG-Alexa488 as donor to CTB-Alexa555 with re-
spect to anti-caveolin-2/IgG-Cy3 can be rationalized, at least in
part, in terms of the extracellular location of CTB-binding sites in
the plasma membrane, while nNOS is intracellular.
4. Discussion

Our results highlight the occurrence of a large clustering of
NMDAr and L-VOCC in caveolin-rich and lipid rafts-associated
sub-microdomains of an average size 6 100 nm. Taking into ac-
count the molecular sizes of NMDAr and L-VOCC, their location
within domains of a size lower than 100 nm in a rigid lipid envi-
ronment (lipid rafts) strongly suggest that these nanodomains
operate as a ‘‘calcium-microchip like structure’’ of the plasma
membrane for a tight control of neuronal excitability by calcium
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Fig. 2. Extensive FRET between NMDAr and L-VOCC tagged with antibodies forming an appropriate donor/acceptor pair, between NMDAr labeled with antibodies and the
fluorescent L-VOCC antagonist ST-bodipy-dihydropyridine (ST-bodipy-DHP) and also with the lipid rafts marker cholera toxin subunit B conjugated with Alexa555 (CTB-
A555). Panel A: Representative quantitative fluorescence microscopy images of CGN stained with anti-L-VOCC (sc-25686)/IgG-Alexa488 (L-VOCC�A488, A–D) or with anti-L-
VOCC/IgG-Alexa488 and anti-NMDAr (sc-1468)/IgG-Cy3 (L-VOCC�A488/NMDAr�Cy3, E–H). Merged images of green (GF) and red fluorescence (RF) are pasted over a bright
field (BF) mask. Green and red areas display the donor and acceptor fluorescence, respectively, and the orange-yellow areas point out the higher intensity FRET regions (D and
H). The exposure time for green fluorescence images was 168.3 ms and for red fluorescence images was 224 ms. Panel B: Distribution of the fluorescence intensity of pixels of
1400 neuronal somas selected from fluorescence microscopy images like those shown in the Panel A obtained with three different CGN preparations. Distribution of pixels
versus fluorescence intensity in green fluorescence images and red fluorescence images. Panel C: Left side: Representative quantitative fluorescence microscopy images of
CGN stained with anti-NMDAr (sc-1468)/IgG-Alexa488 (NMDAr�A488, A–D) or with anti-NMDAr/IgG-Alexa488 and 0.5 lg/ml cholera toxin subunit B conjugated with
Alexa555 (NMDAr�A488/CTB-A555) (E–H). Right side: Representative quantitative merge fluorescence microscopy images of CGN stained with anti-NMDAr (sc-1468)/IgG-
Alexa488 (NMDAr�A488) or with anti-NMDAr/IgG-Alexa488 and 80 nM ST-bodipy-dihydropyridine (NMDAr�A488/ST-Bodipy-DHP). The exposure time for green
fluorescence images was 205.7 ms and for red fluorescence images was 243.1 ms. Other experimental details as in Panel A. Panel D: Quenching of the donor fluorescence
(green fluorescence) obtained from the analysis of fluorescence intensity data. The results shown in panel D are the mean ± s.e. evaluated from the fluorescence intensity
readings of more than 1000 neuronal somas of at least three different CGN preparations. (�) p < 0.05, i.e. statistically significant, with respect to the control (CGN labeled with
the donor only).
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signaling. Our calculated distance for NMDAr and L-VOCC separa-
tion within these nanodomains is 640 nm. As shown in Parekh
[3], at this short distance L-VOCC activation can transiently rise
the local Ca2+ concentration nearby NMDAr up to the 10–100 lM
range. As this calcium concentration is high enough to strongly
stimulate the secretion of L-Glu in the vicinity of the NMDAr, our
data suggest that L-VOCC activation can eventually potentiate
the activation of neighbor NMDAr.

Considering the volume and geometry of IgG [30], the value of
the distance for 50% FRET-efficiency of the donor/acceptor pairs
used herein (R0 values), between 5 and 6 nm [37], and the fact that
FRET-efficiency is lower than 10% for a separation distance of 2R0

in the case of a highly packed geometry of multiple acceptors
around each donor [23], the results led to the conclusion that L-
VOCC, NMDAr and nNOS are largely clustered in lipid rafts sub-
microdomains and separated by less than 80 nm. Activation of L-
VOCC can generate a calcium microdomain with calcium concen-
trations higher than 1 lM up to a distance close to 100 nm with
low calcium buffering capacity, as the mean path length is 70–
80 nm in the presence of 0.1 mM of calcium chelators with a cal-
cium dissociation constant lower than 250 nM [3]. Our results also
pointed out the presence of nNOS within this distance in lipid rafts
sub-microdomains. The presence of nNOS within these sub-micro-
domains is consistent with previous reports pointing out that both
nNOS and NMDAr bind to PDZ-domains of proteins of the neuronal
cytoskeleton [35,36] and that nNOS interacts with caveolin-1 [19].
Owing to the dependence on free Ca2+ concentration of NO
production by nNOS, EC50 � 0.2–0.4 lM [38], a vicinal sub-cellular
location is the simplest way to elicit the activation of this enzyme
after NMDAr and/or L-VOCC activation and also to optimize the
inhibition by NO of the excessive influx of Ca2+ via NMDAr.
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Escherichia coli Orf135 hydrolyzes oxidatively damaged nucleotides such as 2-hydroxy-dATP, 8-oxo-dGTP
and 5-hydroxy-CTP, in addition to 5-methyl-dCTP, dCTP and CTP. Nucleotide pool sanitization by Orf135
is important since nucleotides are continually subjected to potential damage by reactive oxygen species
produced during respiration. Orf135 is a member of the Nudix family of proteins which hydrolyze nucle-
oside diphosphate derivatives. Nudix hydrolases are characterized by the presence of a conserved motif,
even though they recognize various substrates and possess a variety of substrate binding pockets. We
investigated the tertiary structure of Orf135 and its interaction with a 2-hydroxy-dATP analog using
NMR. We report on the solution structure of Orf135, which should contribute towards a structural under-
standing of Orf135 and its interaction with substrates.

� 2012 Elsevier Inc. All rights reserved.
1. Introduction

Reactive oxygen species generated during respiration can dam-
age a variety of cellular molecules such as nucleotides. These oxi-
dized DNA precursors form aberrant base pairs which can
generate mutations. Among these, 8-oxoguanine (8-oxo-G) and
its derivatives are well known, and the system in place to avoid
mutation by 8-oxo-G has been well studied. 8-Oxo-G mispairs with
adenine, and can subsequently cause mutation during replication.
In Escherichia coli, MutT hydrolyzes 8-oxo-deoxyguanosine tri-
phosphate (8-oxo-dGTP) to its monophosphate to prevent incorpo-
ration into the genome [1]. Further, 8-oxo-G within the genome
can be excised by MutM, an 8-oxo-G DNA glycosylase, and mis-
paired adenine can be excised by MutY, an adenine DNA glycosy-
lase [2–5]. Recently, human NUDT5 is also thought to play a role
in nucleotide pool sanitization by hydrolyzing 8-oxo-deoxyguano-
sine diphosphate (8-oxo-dGDP) to 8-oxo-deoxyguanosine mono-
phosphate (8-oxo-dGMP) [6].

In addition to 8-oxo-G, it has been shown that 2-hydroxy-deox-
yadenosine triphosphate (2-hydroxy-dATP) is a highly mutagenic
ll rights reserved.

NOESY, NOE spectroscopy;
uclear single quantum corre-

ishima).
precursor since it induces GC-TA transversion during replication
[7]. Mammalian MutT homolog 1 (MTH1) sanitizes oxidized DNA
precursors including 2-hydroxy-dATP and prevents mutations in
organisms. Human MTH1 hydrolyzes 8-oxo-dGTP, 2-hydroxy-
dATP, 2-hydroxy-ATP and 8-oxo-dATP to their respective mono-
phosphate forms. E. coli Orf135 hydrolyzes 2-hydroxy-dATP,
8-oxo-dGTP and 5-hydroxy-CTP [8–10]. A possible role of Orf135
is to hydrolyze oxidatively damaged nucleotides including 2-
hydroxy-dATP, and thereby sanitize the nucleotide pool in cells.
In fact, it is known that the frequency of spontaneous and H2O2-in-
duced mutations is two- to threefold higher in the orf135� strain
compared with the wild-type [11]. Additionally, it is known that
Orf135 also hydrolyzes 5-methyl-dCTP, dCTP and CTP [12],
although the biological significance of this remains unknown.

Orf135, MutT, MTH1 and NuDT5 are members of the Nudix
family of proteins which hydrolyze dNTPs, NADH, GDP-mannose,
ADP-ribose, diadenosine polyphosphates and diphosphoinositol
polyphosphates [13]. Since these substrates consist of a nucleoside
diphosphate group linked to some other moiety, the substrates are
referred to by the acronym Nudix (Nucleoside DIphosphate linked
to X) [13]. Nudix enzymes generally possess a characteristic signa-
ture among the family of hydrolases, and are characterized by the
presence of a conserved array of 23 amino acids comprising
GX5EX7REUXEEXGU, where U represents a bulky hydrophobic
amino acid. From a structural point of view, the motif contains a
conserved helix, in which conserved glutamic acid residues

http://dx.doi.org/10.1016/j.bbrc.2012.02.146
mailto:mishima-masaki@tmu.ac.jp
http://dx.doi.org/10.1016/j.bbrc.2012.02.146
http://www.sciencedirect.com/science/journal/0006291X
http://www.elsevier.com/locate/ybbrc


Table 1a

SA SAwater refined

Total number of distance constraints 3504
Intra residue 603
Short range (|i � j| = 1) 965
Middle range (|i � j| = 2,3,4) 574
Long range (|i � j| > 4) 1292
Hydrogen bond constraints 35 � 2

Dihedral constraints
/, u 93, 93

Residual dipole couplings
1DNH 90

R.m.s. deviations from experimental constraintsb

Distance (Å) 0.013 ± 4 � 10�4 0.0200 ± 5 � 10�4

Angle (�) 0.23 ± 0.06 0.50 ± 0.08

R.m.s. deviations from idealized covalent geometry
Bonds (Å) 0.0011 ± 5 � 10�6 0.0040 ± 5 � 10�5

Angles (�) 0.284 ± 0.001 0.54 ± 0.01
Impropers (�) 0.163 ± 0.006 1.33 ± 0.08
RDC Q-factor 11.8 ± 0.5% 6 ± 0.8%

PROCHECK Ramachandran plot (1–24,31–131)
Residues in most favored regions (%) 89.6 93.4
Residues in additional allowed

regions (%)
9.9 6.0

Residues in generously allowed
regions (%)

0.3 0.6

Residues in disallowed regions (%) 0.2 0.0

Average atomic r.m.s. deviations from the average structure
Back bone (1–24, 31–131) (Å) 0.26 0.41
All heavy (1–24, 31–131) (Å) 0.72 0.88

a These statistics comprise the ensemble of the 20 structures obtained from 100
starting structures. Structure calculations were performed using CNS version 1.2.

b None of these structures exhibited distance violations >0.5 Å, dihedral angle
violations >5�.
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protrude and chelate metal ions, which plays a crucial role in
hydrolysis [13]. Although the hydrolysis center of Nudix enzymes
is well conserved, the substrate recognition pockets display struc-
tural variation, thus reflecting the variety of substrates which bind
the enzymes. Detailed structural information of Orf135 is required
in an effort to delineate the nature of the enzyme–substrate inter-
actions involved.

In this study, we have determined the solution structure of
Orf135 by NMR techniques. Based on inspection of the determined
structure and monitoring the NMR signals when adding substrate,
we have identified a substrate binding pocket. We also discuss the
molecular recognition mechanism of Orf135 and detail a structure
comparison with other Nudix enzymes. Molecular recognition of
the 2-hydroxy-A base is a particularly important issue. To date,
structural investigations of MTH1 have provided the sole informa-
tion pertaining to the molecular recognition of 2-hydroxy-A [14].
2. Materials and methods

2.1. Sample preparation and NMR experiments

Orf135 was expressed and purified as previously described [15].
Briefly, the protein was expressed as a GST-fusion protein in E. coli
BL21 Star (DE3) (Invitrogen), and subsequently purified by GSH
column chromatography. Following the removal of GST by HRV3C
proteinase, Orf135 was finally purified by gel-filtration chromatog-
raphy. Purified Orf135 was prepared in KH2PHO4-K2HPO4 (pH 6.8)
93% H2O/7% 2H2O buffer containing 50 mM KCl for the NMR exper-
iments. NMR experiments were performed on a Bruker DMX500, a
Bruker AVANCE 500 with cryogenic probe, a Bruker AVANCE 600
with cryogenic probe, or a Bruker DRX800 with triple axis gradient
probe at 303 K. All spectra were processed using NMRPipe [16],
and analyzed by Sparky [17]. The 1H, 13C and 15N assignments were
obtained from standard multidimensional NMR methods [15].

2.2. Structure determination

Inter-proton distances were derived from 2D NOESY, 3D 15N
edited NOESY–HSQC, and 3D 13C edited NOESY–HSQC. Addition-
ally, dihedral / and w angles derived from TALOS were also used
[18]. Residual 1DNH couplings were obtained by comparison with
15N–1H couplings obtained from isotropic and anisotropic samples.
The anisotropic sample was prepared by adding 15 mg/ml Pf1
phage. The couplings were measured using 3D HNCO-TROSY
experiments performed in an interleaved manner [19]. Structural
restraint collection was performed using CYANA version 3.00 with
the CANDID protocol [20]. An ensemble of 100 Orf135 structures
were calculated using CNS version 1.2 based on the obtained struc-
tural restraints including residual 1DNH couplings using a standard
simulated annealing protocol [21]. Finally, structures were refined
with a water refinement protocol using CNS version 1.2 [22].

The final 20 lowest energy ensemble structures were checked
by PROCHECK-NMR [23], and graphics were created using MOL-
MOL [24] and PyMOL (DeLano Scientific, San Carlos, CA). The low-
est energy structure among the ensemble was used as a
representative structure in order to perform structural compari-
sons, and to generate ribbon and molecular surface models.

2.3. Substrate binding analyses

Signal perturbations of 1H and 15N amide resonances of 15N uni-
formly labeled Orf135 were monitored upon addition of an equi-
molar amount of non-hydrolyzed ribonucleotide analog of 2-
hydroxy-dATP, a, b-methylene 2-hydroxy-adenosine triphosphate
(2-hydroxy-AMPCPP) to 0.2 mM Orf135 sample in 20 mM HEPES
buffer (pH 7.5) containing 20 mM KCl, 1 mM DTT, 1 mM MgCl2

and 5% 2H2O. The 1H–15N HSQC experiments were performed at
303 K. Reduced signal intensities were analyzed using Sparky
[17]. Changes in signal intensity were evaluated by calculating
the ratio of the intensity difference caused by perturbation and ref-
erence spectra, (Iref � Iper)/Iref, where Iref and Iper represent sig-
nal intensities in the reference and perturbed spectrum,
respectively.
3. Results and discussion

3.1. Structure determination and description of overall structure

The elution volume of Orf135 in the gel filtration chromatogra-
phy corresponded to the molecular weight of the monomer, while
the line shapes of the NMR spectrum were relatively narrow. These
data indicated that Orf135 exists as a monomer in solution. Almost
all of the 1H, 13C and 15N NMR signals were assigned using standard
multi-dimensional NMR techniques [15]. More than three thou-
sand distance restraints derived from NOEs were collected, and
90 N–H residual dipole couplings were also used (Table 1).
Fig. 1A depicts the backbone of the final 20 structures derived from
NMR data showing that the atomic coordinates throughout the
protein molecule have been well defined, with the exception of
the C-terminal residues and the long loop located between strand
b2 and helix a1 (Fig. 1A and B). It should be noted that steady state
{1H}–15N heteronuclear NOE indicated that the former part of this
loop is flexible in solution (residues 25–30). As shown in Fig. 1C,
the values are relatively low, which indicate flexibility, in contrast
to the secondary structure parts associated with higher values,
which indicate rigidity. The average r.m.s. deviation calculated
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from the averaged structure was 0.41 and 0.88 Å for the backbone
and all heavy atoms of the well-defined region (residues 1–24, 31–
131), respectively. Statistical data for the structures are given in
Table 1.

Orf135 adopts an a + b fold consisting of five b-strands and
three a-helices: b1(3–13), b2(16–21), b3(65–74), b4(77–86),
b5(102–107), a1(45–56), a2(106–109) and a3(118–130). Addi-
tionally, there is a partially flexible long loop as described, con-
nected with strand b2 and helix a1 (Fig. 1B). The main frame of
the fold comprises a curled b-sheet made up of five strands. The
Nudix motif (residues 37–59) is composed of an amphipathic helix
of about 3 turns, a1, and a preceding loop. Notably, the long loop
and large b-sheet form a cleft adjacent to the Nudix helix (a1) on
the molecular surface (Figs. 1B and 2).

3.2. The substrates binding site

The substrate binding site was investigated by monitoring
amide signals of the HSQC spectra of Orf135. Upon addition of 2-
hydroxy-AMPCPP, some signals of Orf135 were significantly per-
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turbed, in fast to intermediate exchange manners, resulting in de-
creases in signal intensities with slight changes in chemical shift.
We mapped the distribution of significantly perturbed residues
on the molecular surface of Orf135 and found that it was confined
to the cleft region, suggesting that the cleft represents the 2-hydro-
xy-AMPCPP binding site (Fig. 2). The location of this substrate
binding site is consistent with other Nudix enzymes such as MutT
and MTH1. Notably, the flexible region of the long loop is located
on the rim of the cleft, and can be described as the ‘‘roof’’ of the
substrate binding site. This flexible loop may fold upon substrate
binding. In the apo MutT crystal structure, coordinates of the cor-
responding region were not observed, possibly due to its flexibility,
and the structure was folded upon complex formation with 8-oxo-
dGMP, in which R23 and H28 interact with sugar and a-phosphate
of 8-oxo-dGMP [25]. The key residues required for substrate recog-
nition as identified by mutation analysis were located inside the
cleft and exposed on the molecular surface. 5-Methyl-dCTP was
also found to bind the same cleft as determined from NMR analysis
(data not shown).

3.3. Structure comparison and implications for molecular recognition

Here, we discuss the molecular mechanism pertaining to the
recognition of oxidatively damaged base by Orf135 as determined
by structure comparison with MutT and MTH1 in conjunction with
the results of the mutational studies. Fig. 3 shows the structure
comparison of Orf135 with MutT and MTH1.

Firstly, we discuss the molecular recognition of the 2-hydroxy-A
base. Mutational studies showed that the D118A mutant of Orf135
displayed no activity for 2-hydroxy-dATP, while activity for 8-oxo-
dGTP was retained [10]. Orf135 and MTH1 commonly have aspar-
tic acid at this position (D118 and D119 for Orf135 and human
MTH1, respectively). However, the substrate recognition mecha-
nism of these two enzymes should differ from one another since
A B

D

E33F35
N119

E33 D118 R72F35 N119

Fig. 3. Structure comparison of Orf135 with MutT and MTH1. A, Crystal structure of th
residues (F34 and N119) important for the recognition of 8-oxo-dGMP are shown in stic
blue, red and orange, respectively. B, Solution structure of Orf135. The molecular orie
recognition of 8-oxo-dGMP and 2-hydroxy-dATP are shown in stick representation and la
A. Key residues (N33, W117 and D119) involved in the recognition of 2-hydroxy-dATP ar
nucleotide binding site of the MutT/8-oxo-dGMP complex (green) and Orf135 (navy). E,
the shape of the binding pocket differs (Fig. 3B, C, E). In MTH1,
the side chain of W117 is located in the vicinity of D119 and its
aromatic ring may contribute towards ligand binding through
stacking interactions [26], although there is no corresponding res-
idue in Orf135. Additionally, R72 of Orf135, also found to be impor-
tant for 2-hydroxy-A-specific recognition as determined from
mutational studies, is located within the putative binding site
(Fig. 3B and E). In MutT, the corresponding residue is Y73, and
the side chain is oriented outwards.

Based on these data, we have proposed a Orf135:2-hydroxy-
dATP complex model (Fig. S1). The N6 and N1 atoms of the 2-hy-
droxy-A ring may form hydrogen bonds with the carboxyl group
of D118, and the O2 atom may form hydrogen bonds with the gua-
nidino group of R72. The N6 atom may also form a hydrogen bond
with the backbone amide of F34. We manually made this docking
model based on the determined structure, and the potential donor
and corresponding acceptor atoms that participate in possible
intermolecular hydrogen bonds could be located within 3.5 Å.
We therefore concluded that discrimination of 2-hydroxy-A from
adenine by Orf135 may be executed by hydrogen bonding medi-
ated by the N1 and O2 atoms. Consequently, Orf135 can directly
recognize oxidation of the adenine ring.

The other interesting issue relates to 8-oxo-G recognition by
Orf135. In the crystal structure of the MutT:8-oxo-dGMP complex,
8-oxo-dGMP forms hydrogen bonds with the backbone amide and
carbonyl group of F34, and interestingly adopts a syn-conforma-
tion around the glycoside bond between the base and sugar. The
side chain of N119 also plays a key role in recognizing the 8-oxo-
dGMP. The amino group of N119 forms hydrogen bonds with the
8-oxo-G base (Fig. 3A, D). As expected from the sequence similar-
ity, the tertiary structure of Orf135 is similar to that of MutT
(Fig. 3A, B, D). The DALI server, which quantitatively evaluates ter-
tiary structure similarities, showed a high z-score of 15.6, and the
r.m.s.d. of back bone Ca, N, C, and O atoms was 2.1 Å with the apo
C

E

D118

R72

N33 W117
D119

E33 D118 R72N33 W117 D119

e MutT/8-oxo-dGMP complex. 8-oxo-dGMP is shown in stick representation. MutT
k representation and labeled. Nitrogen, oxygen and phosphorus atoms are colored

ntations are the same as in A. Key residues (E33, R72 and D118) involved in the
beled. C, Solution structure of MTH1. The molecular orientations are the same as in
e shown in stick representation and labeled. D, Closer view of oxidatively damaged
Closer view of the nucleotide binding site of Orf135 (navy) and MTH1 (magenta).
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MutT crystal structure (PDB:3A6S) [25], indicating that the struc-
tures are highly similar to one another. Consistent with the simi-
larity in global structure, the shape of the binding pocket was
also found to be similar in both enzymes. The common shape of
the binding pocket seems to be generated by the side chain of con-
served F34. Briefly, the aromatic ring of F34 is surrounded by the
hydrophobic side chains of I15, I17, L19, L114 and L122, which
form a hydrophobic core in Orf135. In MutT, the side chain of
F35 is surrounded by the side chains of I10, I18, I20, I123 and
F115. These interactions represent common characteristic features
of MutT and Orf135, and the presence of this hydrophobic core
may be useful in distinguishing the MutT-type enzyme from other
Nudix enzymes. It should be noted that the shape of the binding
pocket in MTH1 and NUDT5 differs in comparison with MutT-type
enzymes. The key phenylalanine residue is not conserved in MTH1
or NUDT5.

Although Orf135 and MutT share a similar substrate binding
pocket shape, substrate specificity differs. The critical difference
between MutT and Orf135 is substitution of asparagine to aspartic
acid at position 118 (position 119 in MutT). It is interesting to note
that Orf135 can recognize 8-oxo-G, albeit with low affinity, even
though the key asparagine residue is absent. This can be accounted
for by considering that 8-oxo-dG favors a syn-conformation in
solution, and that a syn-conformation was also found in the MutT
complex. Accordingly, assuming that 8-oxo-dGTP also adopts a
syn-conformation in the complex with Orf135, we generated a
docking model (Fig. S2). In this model, E33 is an attractive candi-
date for interaction with 8-oxo-G. The carboxyl group of the side
chain of E33 may form hydrogen bonds with the N1 and N2 atoms
of 8-oxo-G. In fact, E33 plays a critical role in the recognition of 8-
oxo-dGTP. The E33A mutant displayed no activity for 8-oxo-dGTP,
while activity for 2-hydroxy-dATP was retained [10]. It should be
noted that the structure of the purine ring around the N1 and N2
atoms of 8-oxo-G is identical to that of guanine. Since this part
of 8-oxo-G is not unique, the same hydrogen bonds could form
with guanine. In order to effect this interaction, the base must
adopt a syn-conformation. Given its preference to adopt a syn-con-
formation, 8-oxo-dGTP may be a better substrate for Orf135 com-
pared with dGTP. Consequently, Orf135 does not directly recognize
the oxidized structure of 8-oxo-G, but recognizes the syn-
conformer.

Finally, this study should contribute towards a further under-
standing of the substrate specificity of Nudix enzymes. For exam-
ple, the DALI server showed the highest similarity score of 18.9
to the recently published Nudix enzyme (PDB:3HHJ) [27]. This en-
zyme was reported as a putative MutT homolog in the literature
[27], is very similar in structure to E. coli MutT and Orf135, and
possesses a ‘‘MutT-type’’ substrate binding pocket made by a
conserved phenylalanine residue. However, the enzyme lacks a
side-chain NH2 group at amino acid position 125 (corresponding
to D118 in Orf135) since this position is substituted by an aspartic
acid residue. Thus, we speculate that the enzyme substrate speci-
ficity may resemble Orf135 more than that of MutT.

Recently, investigations of Nudix enzymes and proteins con-
taining the Nudix motif have infiltrated a variety of fields
[28,29]. In addition to widely used homology sequence searches
based on the Nudix motif, other features including the conserva-
tion of key amino acid residues whose importance was found
through structural studies may contribute towards future
biochemical studies of novel Nudix enzymes and proteins contain-
ing the Nudix motif.
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The pectate lyase (Bsp165PelA) from Bacillus sp. N16-5 has great potential in industrial applications
because it shows high specific activity under extremely alkaline conditions. Besides, activity measure-
ment of Bsp165PelA does not require addition of calcium, in a way different from the other pectate lyases.
Here we report crystal structures of Bsp165PelA in apo-form and in complex with trigalacturonate. The
parallel b-helix, active site residues and substrate binding cleft are similar to those in the other pectate
lyases from Polysaccharide Lyase family 1. However, some of the highly conserved Ca2+ binding residues
and secondary structures are altered in Bsp165PelA, making it difficult to coordinate with Ca2+ as in the
other pectate lyases. We found Bsp165PelA forms some direct enzyme–substrate interactions instead of
using Ca2+ ions bridging in the extremely alkaline environment.

� 2012 Elsevier Inc. All rights reserved.
1. Introduction

Pectate is the de-esterified product of pectin, which is the major
component of plant cell walls. The pectate backbone mainly con-
sists of polygalacturonate, a homopolymer of D-galacturonic acid
(GalpA). The degradation of pectate requires either hydrolases or
lyases. Pectate lyases (Pels) (EC 4.2.2.2) cleave a-1,4-linked galac-
turonate units of pectate by b-elimination, giving rise to an unsat-
urated C4–C5 bond at the non-reducing end of the newly formed
oligogalacturonate [1]. Pels are normally secreted by plant patho-
genic microbes and are believed to be the major virulence factor
of pathogenesis in a broad range of plants [2,3].

Pels constitute a family of isozymes that share 29–91% amino
acid sequence similarity [4]. Accordingly, Pels are classified into
Polysaccharide Lyase (PL) families 1, 2, 3, 9 and 10 (http://www.cazy.
org/Polysaccharide-Lyases.html). Among these PL members, Pels
from the PL family 1 have been extensively studied. Most isozymes
exert catalytic activity under alkaline conditions with a pH opti-
mum around 9.0 [5]. In addition, Ca2+ is believed to be required
for the pectolytic activity of all Pels [6].
ll rights reserved.
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Several apo-form and complex structures of Pels that contained
Ca2+ and/or oligogalacturonate substrate have been determined
[1,6–10]. All of these related structures show a parallel b-helix
topology, in which the b strands are folded into a large right-
handed coil. The major differences among various Pels exist in
the size and conformation of the loops that protrude from and cov-
er the parallel b-helix core. According to the sequence alignment
and site-directed mutagenesis studies, these protruding loops con-
stitute the pectolytic active site [11].

In previous reports, Ca2+ was found to be essential for Pels activ-
ity. The need for Ca2+ is also suggested by structural studies. There
are two classes of Ca2+ in the Pels structures. One is denoted the
primary Ca2+, which binds to the enzyme molecule in the absence
of substrate [9]. The other two or three Ca2+ ions are called addi-
tional Ca2+, which bridge the enzyme and oligogalacturonate in
the complex [8,12]. The primary Ca2+ has been observed in four
other Pels structures: the pectate lyase from Bacillus sp. strain
KSM-P15 (belonging to PL family 3, not discussed in this paper)
[13], BsPel from B. subtilis [1], PelC from Erwinia chrysanthemi [9]
and Bsp47Pel from Bacillus sp. TS 47 (PDB ID: 1VBL). The complex
structure of an inactive PelC mutant and pentagalacturonate re-
vealed three additional Ca2+ ions linking the substrate and the en-
zyme [8]. Similarly, two additional Ca2+ ions were found in BsPel
from B. subtilis in the presence of pentagalacturonate [12].

Previously, we over-expressed and characterized an alkaliphilic
pectate lyase Bsp165PelA from Bacillus sp. N16-5 [14]. The enzyme
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Table 1
Summary of X-ray data collections and refinement statistics.

Native TGA-soak

Data collection
Space group P21212 P21212

Unit-cell parameters
a (Å) 134.9 137.9
b (Å) 48.5 48.2
c (Å) 52.9 52.5
Resolution (Å) 25.0–1.54 25.0–1.90

(1.60–1.54) (1.97–1.90)
Unique reflections 51969 (5155) 28061 (2631)
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characteristics of Bsp165PelA are significantly different from the
other Pels. It showed a specific activity of above 1000 U/mg, which
is the highest among all Pels identified so far. Bsp165PelA has a
high pH optimum of 11.5 and can maintain full pectolytic activity
with only a trace amount of Ca2+. These characteristics make it a
great candidate for industrial use. To better understand the 3D
structure and catalytic mechanism, we solved the structures of
Bsp165PelA in apo-form and in complex with trigalacturonate
(TGA). These structures can help elucidate the substrate and Ca2+

binding mode and provide more information for engineering to im-
prove enzyme characteristics for industrial applications.
Redundancy 7.8 (7.5) 10.0 (10.2)
Completeness (%) 99.3 (99.8) 98.6 (94.5)
Average I/r (I) 33.4 (7.5) 36.4 (12.8)
Rmerge (%)a 5.9 (30.1) 5.0 (22.3)

Refinement
No. of reflections 51866 (2648) 27967 (1408)
Rwork 0.166 (0.170) 0.154 (0.178)
Rfree 0.191 (0.212) 0.204 (0.269)
R.m.s.d. bonds (Å) 0.014 0.014
R.m.s.d. angles (o) 1.539 1.442

Dihedral angles (%)
Most favored 84.1 84.8
Allowed 14.9 14.2
Disallowed 1.1 1.1

No. of non-H atoms/average B (Å2)
Protein 2528/15.4 2528/27.1
Water 349/31.2 184/37.3
Ligand (TGA) – 36/33.0
Ion (SO4) 10/30.1 25/65.3
PDB ID code 3VMV 2VMW

Values in parentheses are for the highest resolution shell.
a Rmerge = RhklRi|Ii(hkl) � hI(hkl)i|RhklRiIi(hkl)

Fig. 1. Overall fold of Bsp165PelA. (A) Overall structure of Bsp165PelA bound with
TGA. The three b sheets are denoted PB1, PB2 and PB3. A surface representation of
the bound TGA is also shown. (B) A surface model of Bsp165PelA is shown in gray.
The arrow indicates the substrate-binding cleft. (C) A stereo view of the electron
density map of TGA. The 2Fo � Fc maps are contoured at 1.0r level (green) and 2.5r
level (red).
2. Materials and methods

2.1. Protein expression, purification and crystallization

Expression and purification of Bsp165PelA were carried out as
described previously [14]. The final sample was concentrated to
12.5 mg/ml.

Bsp165PelA were crystallized using the sitting drop method
from Hampton Research (Laguna Niguel, CA) by mixing 2 ll of
the protein solution (12.5 mg/ml in 25 mM Tris–HCl, 150 mM NaCl,
pH 8.0) with 2 ll of the mother liquor, equilibrating with 500 ll of
the mother liquor at room temperature. The optimized crystalliza-
tion conditions for all crystals mentioned here are 0.18 M Li2SO4,
0.085 M Tris–HCl, pH 8.5, 24% polyethylene glycol 4000, and 15%
v/v glycerol anhydrous. Within 3 days, the crystals grew to dimen-
sions of about 0.2 mm � 0.6 mm � 0.1 mm. Crystals of Bsp165PelA
in complex with TGA were obtained by soaking the crystal in the
reservoir solution containing 10 mM TGA for 30 min.

2.2. Data collection, structural determination and refinement

The X-ray diffraction data sets from the apo-form Bsp165PelA
and the complex were collected to 1.54 and 1.90 Å resolution,
respectively, at beam line BL13B1 of the National Synchrotron
Radiation Research Center (NSRRC, Hsinchu, Taiwan). The data
were processed using the program HKL2000 [15]. The crystals be-
long to the space group P21212 with 1 monomer/asymmetric unit.
Prior to use in structural refinements, 5% randomly selected reflec-
tions were set aside for calculating Rfree as a monitor [16]. The
crystal structure of Bsp165PelA was determined by the molecu-
lar-replacement method with CNS [17], using as a template the
structure of pectate lyase from Xanthomonas campestris (PDB ID:
2QXZ), which has 33% sequence identity with Bsp165PelA. The
initial phase angles were largely improved by solvent flipping
using the CNS program [17]. Manual model building, water picking
and SO2�

4 addition were performed with Coot [18]. Subsequent
computational refinement used PHENIX [19]. The Bsp165PelA–
TGA complex structure was determined by using the molecular-
replacement method with PHASER [20]. The 2Fo � Fc difference
Fourier map showed clear electron densities for all amino acid
residues except the disordered residues 1 and 2. Incorporation
of substrates and water molecules was according to 1.0r map level
by using Coot [18] and PHENIX [19]. The data collection and
refinement statistics of these crystals are summarized in
Table 1. All figures were prepared by using PyMol (http://pymol.
sourceforge.net/).

2.3. Activity assay

Pectolytic activity was assayed at 50 �C and pH 11.5 in 50 mM
glycine-NaOH buffer. One unit of enzymatic activity was defined
as the amount of protein that produced 1 lmol of unsaturated olig-
ogalacturonides per minute.

http://pymol.sourceforge.net/
http://pymol.sourceforge.net/
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2.4. RCSB protein data bank accession numbers

The atomic coordinates and structure factors of the Bacillus sp.
N16-5 Bsp165PelA in apo-form (PDB ID: 3VMV) and in complex
with trigalacturonate (PDB ID: 3VMW) have been deposited in
the RCSB Protein Data Bank.
3. Results and discussion

3.1. Overall structure

The predominant structural motif of Bsp165PelA is a right-
handed parallel b-helix formed by three parallel b-sheets
(Fig. 1A). These three parallel b-sheets are referred to as PB1, PB2
and PB3. The loops or turns between the parallel b-sheets, which
lack significant secondary structures, are named T1 (connecting
PB1 and PB2), T2 (connecting PB2 and PB3), and T3 (connecting
PB3 and PB1). There is little similarity in the detailed structures
of the T3 and T1 loops in PL family 1 [21]. The most obvious differ-
ence lies in the long loop extending from the core structure in the
T3 region [3,21]. At this position, Bsp165PelA adopts a simple loop
while PelC from E. chrysanthemi adopts a compound loop according
Fig. 2. Sequence alignment of Bsp165PelA and other Pels belonging to the PL family 1. Seq
pectate lyase), XcPel (Xanthomonas cappestris 33913, pectate lyase II), EcPelC (Erwinia ch
PelA), BsPel (B. substilus subsp. subtilis str. 168, pectate lyase), JunA1 (Juniperus Ashei). S
substituted residues are boxed. The secondary structural elements (helices-a, strands-b,
The conserved catalytic sites are indicated by asterisks and the conserved calcium bind
to the established taxonomy of loops [22] (Fig. 1). The tertiary
structure of Bsp165PelA is similar to those of the other Pels
[1,6,8,10,23–25], with seven complete turns in the parallel b-helix.
In total, PB1 has ten strands while PB2 and PB3 have nine and se-
ven strands, respectively.
3.2. The substrate-binding site

According to sequence alignment (Fig. 2), Bsp165PelA is highly
homologous to the Pels from PL family 1. Thin-layer chromatogra-
phy experiments proved that the major pectolytic product is TGA
[14]. TGA should be stable as a product and no longer to be de-
graded when soaked into the crystal. In addition, TGA provides
us with valuable information about substrate binding. In the
Bsp165PelA–TGA complex structure, a long groove is formed be-
tween turn T3 and b sheet PB1, in which TGA is located (Fig. 1A
and B). Judging by the structural superposition with PelC from E.
chrysanthemi, which shows 30% sequence identity with Bsp165Pe-
lA, the location and structure of substrate binding cleft are similar
in these two enzymes (Fig. 3A). The oligogalacturonates superim-
pose well to each other. TGA binds to the subsites from +2 to +4
and the electron density for TGA is very clear (Fig. 1C).
uence alignment was performed with ClustalX [27]. Bsp165PelA (Bacillus sp. N16-5,
rysanthemi, PelC), EcPelA (Erwinia chrysanthemi, PelA), Bsp47Pel (Bacillus sp. TS 47,
trictly conserved residues are highlighted by black background and conservatively
turns-T, and 310 helices-g) of Bsp165PelA are shown above the aligned sequences.

ing sites by circles. The figure was produced using ESPript [28].



Fig. 3. Structure comparison of Bsp165PelA-TGA with PelC-tetragalacturonate-Ca2+. (A) The Bsp165PelA-TGA (pink) is superimposed with Erwinia chrysanthemi PelC-
tetragalacturonate-Ca2+ (gray; PDB ID: 2EWE). Tetragalacturonate (TetraGalpA) and TGA are shown in purple and green, respectively. Four Ca2+ ions are showed as yellow
spheres. (B) Detailed interactions in the substrate binding clefts of Bsp165PelA–TGA and PelC-tetragalacturonate-Ca2+ are compared.

Table 2
Amino acids coordinated with Ca2+ ions in complex structures of Pels.

Ca2+ PelC BsPel Bsp47Pel Bsp165PelA

PDB code 2EWE 2O17 1VBL 3VMW
1Ca2+ Lys218 – –
2Ca2+ Asp160 Asp172 –

Asp162 Asn179 –
3Ca2+ Glu166-Od1 Asp222-Od1 Asp153-Od1

Glu166-Od2 Asp222-Od2 Asp153-Od2
4Ca2+ (primary Ca2+) Asp129 – –

Asp131-Od1 Asp183-Od1 Asp190-Od1 –
Asp131-Od2 Asp183-Od2 Asp190-Od2 –
Glu166 Asp222 Asp229 Asp153
Asp170 Asp226 Asp233 Asp157

–: no ligand was found.
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3.3. Ca2+ binding sites

Ca2+ is believed to be required for pectolytic activity by all Pels
[26]. In former reports, the purified PelC from E. chrysanthemi and
BsPel from B. subtilis did not show any activity without adding Ca2+

[6,12]. Surprisingly, Bsp165PelA in our study showed full activity
after the same purification steps of ion-exchange and gel filtration
as for the other Pels. Addition of Ca2+ did not further increase the
enzyme activity. However, the activity was completely lost after
EDTA treatment, and could not be restored by dialysis that re-
moved EDTA. Bsp165PelA retrieves its full activity only if Ca2+ with
a final concentration of 0.2 mM is added (data not shown). These



Fig. 4. Schematic representation of interactions in the Bsp165PelA and PelC
substrate binding cleft. (A) The predicted Ca2+ position and �1, +1 subsites are
obtained by structural superimposing of Bsp165PelA–TGA with Erwinia chrysant-
hemi PelC-tetragalacturonate-Ca2+ (PDB ID: 2EWE). The +2 and +3 subsites are from
the Bsp165PelA–TGA structure. Hydrogen bonds are indicated by dashed lines.
269Y interacts with TGA by stacking effect. (B). Interactions in the PelC substrate-
binding cleft. 1Ca2+ is not shown in this schematic drawing since it only interacts
with PelC when the mutant R218 K was used.
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results suggest that Bsp165PelA is also Ca2+-dependent but has a
lower requirement for Ca2+ comparing with the other Pels. Even
a trace amount of Ca2+ left by purification is sufficient. This charac-
teristic is highly valuable for industrial use, as enzyme production
without further addition of Ca2+ can effectively reduce the manu-
facture cost.

According to our former result, Bsp165PelA cleaves polygalac-
turonate to yield major product of trimer [14]. To get the complex
of Bsp165PelA, Ca2+ ions and TGA crystallized turned out not work-
ing. Instead, we obtained a Bsp165PelA–TGA complex crystal in the
absence of Ca2+.

Some previous reports have identified conserved residues that
bind to Ca2+ ions or the oligogalacturonate in the Pels structures.
The amino acids associated with Ca2+ binding are listed in Table 2.
Electrostatic interactions dominate in the complex of enzyme-
Ca2+-oligogalacturonate, where the negatively charged uronic acid
moieties in the oligogalacturonate interact primarily with the pos-
itively charged groups in the protein or the Ca2+ ions.

Although the location and coordination numbers of primary
Ca2+ in all three reported structures are the same, there are small
differences among these Ca2+ binding sites. In the wild-type PelC
[8], the primary Ca2+ coordinates to seven ligands including both
carboxyl oxygens of Asp131, one carboxyl oxygen from each of
Asp129, Glu166, and Asp170, and two water molecules. The pri-
mary Ca2+ in BsPel [1] also has seven ligands: two carboxyl oxy-
gens each from Asp223 and Asp227, both carboxyl oxygens of
Asp184 and three water molecules. The binding ligands in
Bsp47Pel are similar. Notably, the Asp which in the other Pels do-
nates two carboxyl oxygens for the primary Ca2+ is substituted by
Thr121 in Bsp165PelA (Fig. 3B). However, Thr121 cannot form any
electrostatic interaction with the primary Ca2+. Because the Asp at
this position is highly conserved in the Pels superfamily, the
replacement by a Thr in Bsp165PelA might be the reason for the re-
duced affinity for primary Ca2+. In addition, Asp129 in PelC is re-
placed by Glu119 in Bsp165PelA. The loop in which Glu119 is
located deviates from the substrate binding cleft that the distance
between Ca2+ and carboxyl oxygen is increased from 2.3 Å (Asp129
in PelC) to 4.7 Å (Glu119 in Bsp165PelA), which is too far for direct
electrostatic interaction. In total, for the primary Ca2+, at least three
ligands present in the other Pels are missing in Bsp165PelA. Thus it
is very likely that Bsp165PelA does not bind the primary Ca2+. In
addition, the optimal pH of Bsp165PelA is 11.5, at which there
are lots of hydroxyl ions in the environment that will compete
effectively with amino acids for direct coordination to Ca2+. For in-
stance, the Ca2+ affinity of PelC decreases 10-fold at pH 11.2 com-
paring to that at pH 9.5. In our study, the electron density map
does not show any evidence of Ca2+ being present at this position,
even if the crystals of Bsp165PelA were soaked in mother liquid
containing high concentrations of Ca2+.

One of the proposed functions of primary Ca2+ is to induce a
substrate conformation that could be recognized by Pels. We found
that His183 in Bsp165PelA can interacts with GalpA_-1 intensively
(Fig. 4). But in all three structures containing primary Ca2+ men-
tioned above, a Ser or an Ala replaces the His at this position (Figs. 2
and 3B), which does not provide any interaction with GalpA_-1. So
we hypothesize that the function of primary Ca2+ might be taken
over by amino acids in Bsp165PelA through direct interaction/rec-
ognition between the enzyme and substrate.

The additional Ca2+ binding in Bsp165PelA was investigated by
superimposing our enzyme structure with PelC from E. chrysant-
hemi (Fig. 3). PelC can bind three additional Ca2+ ions in the pres-
ence of substrate. 3Ca2+ bridges substrate to both carboxyl
oxygens of Glu166 in PelC. In Bsp165PelA, Glu166 was replaced
by Asp153 in the corresponding position. We believe that
Bsp165PelA can also bind a Ca2+ ion at this position in the presence
of substrate. In PelC, Asp160 and Asp162 in a loop participate in the
interaction with 2Ca2+. However, in Bsp165PelA, the loop in which
these two amino acids are located deviates prominently from the
substrate binding cleft. No structurally similar residues lie within
the distance for electrostatic interactions with 2Ca2+. So we suspect
that Bsp165PelA does not bind to Ca2+ at this position even in the
presence of substrate. Coordination between the 1Ca2+ and protein
can only be seen in the mutant of R219L PelC structure, in which
1Ca2+ is bound to Lys219. But in the wild type, 1Ca2+ cannot coor-
dinate with any amino acid but the substrate. Similarly, BsPel from
B. subtilis has only two additional Ca2+ ions and does not bind to a
third Ca2+ ion at this position. So 1Ca2+ might be unimportant for
catalysis.

Taken together, considering the number of ligands, it is likely
that Bsp165PelA may bind to only one Ca2+ ion (Fig. 4). The com-
plex structure of an inactive Bsp165PelA mutant in complex with
oligogalacturonate and Ca2+ that we are working on may support
our conclusion in the future.

In summary, the structures of pectate lyase Bsp165PelA from
Bacillus sp. N16-5 in apo-form and in complex with TGA were
solved in this study. Data from sequence alignment and structural
superposition showed that the b-sheet topology and catalytic ami-
no acids are conserved in Bsp165PelA. Yet some of the highly con-
served Ca2+ binding sites are altered in Bsp165PelA, making it
difficult to coordinate with some Ca2+ ions. Based on these struc-
tures, we proposed that Bsp165PelA might need only one Ca2+

ion for catalytic activity instead of three or four Ca2+ ions in the
other Pels. This proposal explains the lower Ca2+ requirement for
the Bsp165PelA activity and may help guide Pels engineering for
industrial use.
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Prohibitins (prohibitin-1 and -2) comprise a family of highly conserved proteins that are mainly localized
to mitochondria. Recent studies showed that prohibitins are up-regulated upon T cell activation and play
an essential role in maintaining mitochondrial homeostasis. In the present study, we found that a consid-
erable proportion of prohibitin-1 and -2 induced in response to T cell activation was expressed on the
surface of activated T cells. When mouse and human T cells were stimulated with PMA and ionomycin,
prohibitins expressed on the cell surface were increased significantly, peaking at 48 h after stimulation.
Stimulation of mouse T cells with anti-CD3 and anti-CD28 antibodies also remarkably induced the cell
surface expression of prohibitins. Their expression on the cell surface was also detected in T cell leukemia
cells such as Jurkat cells. In Jurkat cells, prohibitin-1 and -2 were co-localized with CD3 on the cell sur-
face, and anti-CD3 antibody-induced signaling, the MAP kinase cascade, was inhibited on treatment with
protein A magnetic beads co-conjugated with anti-CD3 antibody and anti-prohibitin-1 or anti-prohibitin-
2 antibody. These results suggest that prohibitins expressed on the surface of activated T cells are
involved in the T cell receptor-mediated signaling cascade.

� 2012 Elsevier Inc. All rights reserved.
1. Introduction

Although prohibitins (prohibitin-1 and -2) are primarily local-
ized to mitochondria, recent studies showed that they are present
in multiple cellular compartments and possess diverse functions
[1–3]. Prohibitin-1 and -2 have molecular masses of approximately
30 kDa and 37 kDa, respectively, and form a high molecular mass
complex. In mitochondria, they are located in the inner membrane,
where they stabilize mitochondrial respiratory enzymes [4,5]. Nu-
clear prohibitins play a role as transcriptional regulators in combi-
nation with some transcriptional factors such as p53 and E2F1,
which control proliferation and apoptosis, respectively [6,7]. The
nuclear localization of prohibitins has often been described in
breast and prostate cancer cell lines [8,9]. It has also been reported
that prohibitin-2 interacts and inhibits the transcriptional activity
of estrogen receptor [10]. Prohibitins were originally identified as B
cell receptor-associated proteins, and revealed to be relevant to
modulate signaling in B cells [11]. Prohibitins have also been
shown to regulate the activation of c-Raf in epithelial cancer cells
[12]. Recently, Ross et al. reported that prohibitins are markedly in-
duced upon T cell activation and are responsible for maintaining
mitochondrial integrity [13]. Furthermore, genetic deletion of
prohibitin-1 or -2 in mice is lethal before embryonic day 9.0,
ll rights reserved.

ada).
indicating that prohibitins play a pivotal role at an early embryonic
stage [14,15]. In the present study, we found that expression of
prohibitins on the cell surface was induced remarkably upon T cell
activation. Their cell surface expression was also observed in T cell
leukemia cells. Co-localization of prohibitins with CD3, and the
inhibitory effects of anti-prohibitin-1 and anti-prohibitin-2
antibodies on anti-CD3 antibody-induced signaling suggest that
prohibitin-1 and prohibitin-2 on the cell surface play an important
role in the regulation of T cell signaling.

2. Materials and methods

2.1. Animals and cells

Balb/c mice (5�7w, female) were purchased from SHIMIZU
Laboratory Supplies Co. Ltd. and kept under SPF conditions. T cell
leukemia cell lines, Molt-3, Molt-4, and Jurkat cells, were obtained
from ATCC. Primary T cells and T cell leukemia cells were cultured
in RPMI-1640 supplemented with 10% heat inactivated fetal calf
serum (Cell Culture Bioscience), 2 mM L-glutamine, 50 IU/ml peni-
cillin, and 50 lg/ml streptomycin.

2.2. Preparation and activation of T cells

Mouse T cells were obtained from mouse spleens using a Pan T
Cell Isolation Kit II (Miltenyi Biotec). Mouse CD4+ and CD8+ T cells

http://dx.doi.org/10.1016/j.bbrc.2012.02.149
mailto:hnakada@cc.kyoto-su.ac.jp
http://dx.doi.org/10.1016/j.bbrc.2012.02.149
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were separated using anti-CD4 antibody- and anti-CD8 antibody-
conjugated microbeads (Miltenyi Biotec), respectively. Human T
cells were prepared from peripheral blood mononuclear cells
(PBMCs) of healthy donors using anti-CD3 antibody-conjugated
microbeads (Miltenyi Biotec). Mouse and human T cells
(1.5 � 106 cells) were stimulated with 100 nM phorbol 12-myris-
tate 13-acetate (PMA) and 500 ng/ml ionomycin. Mouse T cells
were also stimulated with anti-mouse CD3 antibody (BioLegend,
clone 145-2C11), which was coated on a culture plate (6 well,
BD), in the presence of 5 lg/ml anti-mouse CD28 antibody
(BioLegend, clone 37.51) and 100 U/ml mouse IL-2 (CST).

2.3. Analysis of induced prohibitins

Some activated and non-activated T cells were solubilized with
lysis buffer (50 mM Tris–HCl, pH 7.5, 150 mM NaCl, 1% Triton-
X100, 2 mM EDTA, and 1% protease inhibitor cocktail (nacalai
tesque)) at the indicated times after stimulation. Each lysate was
subjected to SDS–PAGE, followed by Western blotting. Other
activated and non-activated T cells were treated with EZ-Link sul-
fo-NHS biotin (Thermo Scientific) according to the manufacturer’s
instructions. After washing with PBS containing 0.1 M glycine, the
cells were solubilized as described above. Streptavidin-Sepharose
(GE Healthcare) was added to each cell lysate containing the same
amount of proteins, followed by stirring at 4 �C for 1 h. After
washing with lysis buffer, proteins precipitated with the resin were
dissolved in SDS–PAGE sample buffer, and then subjected to
SDS–PAGE, followed by Western blotting. After blocking with PBS
containing 5% BSA, the membranes were treated with mouse
anti-prohibitin-1 (Neo Markers, clone II-14-10), rabbit anti-prohib-
itin-1 (ABGENT), rabbit anti-prohibitin-2 (BETHYL), and mouse
anti-ß-actin (SIGMA) antibodies, followed by incubation with
HRP-conjugated anti-rabbit IgG antibody or HRP-conjugated anti-
mouse IgG antibody (Invitrogen). The bands were visualized using
an ECL system (GE Healthcare), and their intensities were
determined with Image J software.

2.4. Immunocytochemical staining of Jurkat cells

Jurkat cells (5 � 105 cells) were treated with 5 lg/ml mouse
anti-human CD3 antibody (Millipore, clone UCHT1) plus 2.5 lg/
ml rabbit anti-prohibitin-1 antibody (ABGENT) or rabbit anti-pro-
hibitin-2 antibody (BETHYL) at 4 �C for 1 h. After washing with
PBS, the cells were stained with Alexa Fluor 488-conjugated anti-
mouse IgG antibody (Molecular Probes), and Alexa Fluor 594-con-
jugated anti-rabbit IgG antibody (Molecular Probes). After fixing
with 4% paraformaldehyde, nuclei were stained with DAPI, and
then the cells were mounted using Prolong Gold Antifade Reagent
(Invitrogen).

2.5. Stimulation of Jurkat cells with anti-CD3 antibody-bound protein
A magnetic beads and analysis of ERK phosphorylation

Jurkat cells were treated by the following three methods. (1)
Prohibitins and CD3 were co-cross-linked using protein A magnetic
beads conjugated with mouse anti-human CD3 antibody and rab-
bit anti-prohibitin-1 or rabbit anti-prohibitin-2 antibody. (2) Pro-
hibitins and CD3 were separately cross-linked using protein A
magnetic beads conjugated with anti-CD3 antibody and anti-pro-
hibitin-1 or anti-prohibitin-2 antibody independently. (3) Jurkat
cells were stimulated with protein A magnetic beads conjugated
with anti-CD3 antibody in the presence of soluble anti-prohib-
itin-1 or anti-prohibitin-2 antibody. A control experiment was per-
formed using isotype rabbit IgG instead of anti-prohibitin-1 or -2
antibody. IgG-bound protein A magnetic beads, the amount of
which was arranged to bind 9 lg of IgG, were added to a suspen-
sion of Jurkat cells (5 � 104 cells). After incubation at 37 �C for
10 min, the cells were collected, dissolved in SDS–PAGE sample
buffer, and then subjected to SDS–PAGE, followed by Western blot-
ting. After blocking with PBS containing 5% BSA, the membranes
were treated with mouse anti-phosphorylated ERK1/2 antibody
and rabbit anti-ERK1/2 antibody (CST), followed by treatment with
HRP-conjugated anti-mouse IgG antibody or HRP-conjugated anti-
rabbit IgG antibody (Invitrogen). The bands were visualized and
their intensities were determined as described above.
2.6. Statistical analysis

Student’s t test was used to determine the significance of differ-
ences between sample means.
3. Results and discussion

3.1. Elevated expression of prohibitin-1 and -2 on the surface of
activated T cells

Mouse T cells were prepared from mouse spleens, and stimu-
lated with PMA and ionomycin as described under Section 2. Acti-
vated mouse T cells obtained at 48 h after stimulation with PMA
and ionomycin were stained with trypan blue, dead cells being
estimated to comprise less than 5% of the total cells (data not
shown). At 0, 24, 48, and 72 h after stimulation, some activated
and non-activated cells were lysed and the lysates was directly
subjected to SDS–PAGE, followed by Western blotting. Prohibitins
were detected and their levels were compared. Total prohibitin-1
and -2 of mouse T cells were increased about 2- and 2.5-fold,
respectively, at 48 h after stimulation with PMA and ionomycin
(Fig. 1A). Other activated and non-activated cells were treated with
biotin to label the cell surface proteins. After lysis, biotin-labeled
proteins were precipitated with Streptavidin-Sepharose. The pre-
cipitate was subjected to SDS–PAGE, followed by Western blotting
and detection with anti-prohibitin-1 and -2 antibodies. It should be
noted that although cell surface prohibitin-1 and -2 were hardly
detected in naive T cells, they were remarkably elevated and
peaked at 48 h after stimulation. Prohibitin-1 and -2 on the cell
surface were increased about 66- and 28-fold, respectively
(Fig. 1A). To confirm that biotin-labeled prohibitins were not de-
rived from intracellular membranes and cytosol, contamination
by other subcellular proteins in the biotin-labeled protein fraction
was examined. As shown in Supplementary Fig. S1, negligible lev-
els of intracellular proteins such as ß-actin, lamin B, and voltage-
dependent anion channel (VDAC), which are present in the cytosol,
nuclei, and mitochondria, respectively, were detected. These data
corresponded to the level of dead cells estimated by trypan blue-
staining, suggesting that these intracellular proteins were artifi-
cially labeled with biotin due to damaged plasma membrane of
dead cells. About 20% and 29% of prohibitin-1 and -2, respectively,
were detected in the biotin-labeled protein fraction, indicating that
a considerable proportion of induced prohibitins were expressed
on the cell surface.

To see if this induction of prohibitin-1 and -2 in activated T cells
is restricted to distinct subpopulations of T cells, we separated
CD4+ and CD8+ T cells, and then similar experiments were per-
formed. As shown in Fig. 1B, marked induction of prohibitins on
the cell surface was observed irrespective of whether the cells
were CD4+ or CD8+ ones, indicating that prohibitins were com-
monly induced in T cells. Since non-physiological stimulation with
PMA and ionomycin may mimic antigen receptor stimulation, we
also tried to stimulate T cells with anti-CD3 and anti-CD28 anti-
bodies. As shown in Fig. 1C, prohibitins were also induced and cell
surface expression of prohibitins was elevated similarly.



Fig. 1. Expression of prohibitin-1 and -2 on the surface of mouse activated T cells. (A) Mouse T cells were prepared from spleens as described under Materials and methods. T
cells were stimulated with PMA and ionomycin, and cells were recovered at 0, 24, 48, and 72 h after stimulation. Some cells were treated with biotin, and cell surface proteins
were prepared using streptavidin-Sepharose as described under Section 2. Whole cell lysates and cell surface proteins were subjected to SDS–PAGE, followed by Western
blotting and detection of prohibitin-1 (PHB1), prohibitin-2 (PHB2), and ß-actin. Histograms show the relative intensities of the prohibitin-1 (closed bars) and -2 (opened bars)
bands (averages of duplicate experiments), in which each density was normalized as to ß-actin and the value for T cells at 0 time was taken as 1. (B) Mouse CD4+ and CD8+ T
cells were separated as described under Section 2. These cells were stimulated with PMA and ionomycin, recovered at 48 h after stimulation, and then prohibitins were
detected as in A. (C) Mouse T cells were stimulated with anti-CD3 and anti-CD28 antibodies, and a similar experiment to that in B was performed.
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Human T cells were obtained from PBMCs and stimulated sim-
ilarly. Human prohibitin-1 and -2 were also increased about 5.4-
and 2.7-fold, respectively, at 48 h after stimulation. Prohibitin-1
and -2 on the surface of human activated T cells were also elevated
16- and 23-fold, respectively (Fig. 2). However, unlike in the case of
mouse T cells, prohibitin-2 was induced more prominently than
prohibitin-1 on the cell surface. This different level of induction
cannot be explained at present. Elucidation of the induction mech-
anism may be necessary to clarify this. Such a study is currently
under investigation. Ross et al. reported that prohibitin-1 and -2
are up-regulated upon activation of primary human T cells, and
that induced prohibitins are located in the mitochondrial inner
membrane. Prohibitin-1 and -2 expressed on the surface of mouse
T cells at 48 h after stimulation were roughly estimated to com-
prise 20% and 29% of total prohibitin-1 and -2, respectively, as de-
scribed above. This estimation means that residual intracellular
prohibitins were also elevated by stimulation, and that they may
be mainly localized to mitochondria, this being consistent with
the results reported by Ross et al. Expression of prohibitin-1 and
-2 on the cell surface has been demonstrated in B lymphocytes
[11], intestinal epithelial cells [16], and adipose endothelial cells
[17]. It appears likely that the subcellular localization of prohibi-
tins is cell type-dependent. Notably, we have found that the sub-
cellular distribution of prohibitins in T cells was changed with
the cellular physiological conditions, suggesting their significant
biological role. At present, it is uncertain whether prohibitins in-
duced on the cell surface are directly incorporated into the plasma
membrane after their synthesis or translocated from an intracellu-
lar compartment such as mitochondria. It has been suggested that
prohibitin-1 may be able to be translocated between the
mitochondria and the plasma membrane [3,17]. In addition, we
also compared cell surface prohibitins with intracellular ones with
respect to their apparent molecular size. Biotin-labeled cell surface
prohibitins and biotin-unlabeled intracellular ones were applied to
gel filtration on Sephadex G-75. Both prohibitin-1 and -2, irrespec-
tive of whether they were cell surface and intracellular ones,
showed similar elution patterns and were mostly eluted in the
excluded fractions as shown in Supplementary Fig. S2, suggesting
that cell surface prohibitins also form multi- and hetero-
complexes.

3.2. Cell surface prohibitins on T cell leukemia cells

Cell surface proteins on T cell leukemia cell lines, Jurkat, Molt-3,
and Molt-4 cells, were labeled with biotin. Biotin-labeled proteins
were prepared and prohibitins were detected as described above.
All the cells examined expressed prohibitin-1 and -2 on the cell
surface as shown in Fig. 3A. Jurkat cells were immunochemically
stained with anti-prohibitin-1 and -2 antibodies, and anti-CD3
antibody. Prohibitin-1 and -2 were immunochemically detected
on the cell surface, as shown in Fig. 3B. It should be noted that their
distribution was not uniform, but patchy on the cell surface, and
that prohibitin-1 and -2 were completely co-localized with CD3,
suggesting that prohibitins are located in the rafts including
CD3-T cell receptor complexes. Lipid rafts are known to be the sites
in the plasma membrane where many cellular signaling events are
initiated. Thus, cell surface prohibitins in activated T cells and T cell
leukemia cells may function as signaling components.

3.3. Inhibition of ERK signaling by anti-prohibitin-1 and -2 antibodies
in Jurkat cells

Jurkat cells were stimulated for 10 min with anti-CD3 antibody
in three different combinations with anti-prohibitin-1 or -2



Fig. 2. Expression of prohibitin-1 and -2 on the surface of human activated T cells. Human T cells were prepared from PBMCs and stimulated as described in Fig. 1A. (A) Total
and cell surface prohibitins were detected as described under Section 2. Representative data for four experiments are shown. (B) The levels of prohibitin-1 (closed bars) and -2
(opened bars) were compared as the relative intensities of bands as described in Fig. 1A. Data are expressed as means ± SD (n = 4, ⁄p < 0.05).

Fig. 3. Expression of prohibitin-1 and -2 on the surface of T cell leukemia cells. (A) Cell surface prohibitins on Molt-3, Molt-4, and Jurkat cells were analyzed as described in
Fig. 1A. (B) Jurkat cells were treated with 5 lg/ml anti-CD3 antibody plus 2.5 lg/ml anti-prohibitin-1 or -2 antibody, and then with each secondary antibody, followed by
fixation and staining of nuclei with 4% paraformaldehyde and DAPI, respectively. A control experiment was performed using isotype mouse IgG and rabbit IgG. After
mounting, the samples were observed by confocal microscopy.
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antibody, and the cell lysates were subjected to SDS–PAGE, fol-
lowed by Western blotting. Phosphorylated ERK1/2 and total
ERK1/2 were detected on PVDF membrane. When prohibitins and
CD3 on the cell surface of Jurkat cells were co-cross-linked using
protein A magnetic beads conjugated with anti-CD3 antibody and
anti-prohibitin-1 or anti-prohibitin-2 antibody, anti-prohibitin-1
antibody inhibited about 40% of the phosphorylation of ERK1/2,
and anti-prohibitin-2 about 20% and 30% of the phosphorylation
of ERK1 and ERK2, respectively, suggesting that prohibitin-1 and
-2 may be involved in the ERK cascade that is brought about by T
cell activation (Fig. 4). This effect of anti-prohibitin-1 and -2 anti-
bodies on the ERK phosphorylation decreased until 30 min after
stimulation (data not shown). When Jurkat cells were treated with
protein A magnetic beads conjugated with anti-CD3 antibody and
anti-prohibitin-1 or -2 antibody separately, anti-prohibitin-1 and
-2 antibodies slightly decreased the phosphorylation of ERK1/2
(data not shown). Furthermore, Jurkat cells were treated with pro-
tein A magnetic beads conjugated with anti-CD3 antibody in the



Fig. 4. Effects of anti-prohibitin-1 and -2 antibodies on T cell receptor-mediated signaling. (A) Jurkat cells (5 � 104 cells) were treated with anti-CD3 antibody plus anti-
prohibitin-1 or -2 antibody-bound protein A magnetic beads at 37 �C for 10 min. The cells were dissolved in SDS–PAGE sample buffer, and subjected to SDS–PAGE, followed
by Western blotting and detection with anti-phosphorylated ERK1/2 and anti-ERK1/2 antibodies as described under Section 2. A control experiment was performed using
isotype rabbit IgG instead of anti-prohibitin-1 and -2 antibodies. Representative data for four experiments are shown. (B) The histogram shows the relative intensities of the
phosphorylated ERK1 (closed bars) and phosphorylated ERK2 (opened bars) bands, in which each density was normalized as to ß-actin and the value for control experiment
was taken as 1. Data are expressed as means ± SD (n = 4, ⁄p < 0.05).
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presence of soluble anti-prohibitin-1 or -2 antibody. In this case, an
effect of anti-prohibitin-1 or -2 antibody was hardly detected (data
not shown). These results indicate that prohibitins inhibit T cell
receptor signaling only when they are co-cross-linked with CD3
like programed death-1 (PD-1) [18]. These results are consistent
with the report that the Vi polysaccharide of Salmonella typhi can
interact with prohibitins on the surface of intestinal epithelial cells
and down-modulate the MAP kinase cascade, leading to inhibition
of inflammatory responses [16]. Rajalingam et al. reported that
prohibitin-1 is required for Ras-mediated Raf activation, which
occurs in association with the plasma membrane, and proposed
that prohibitin might play a role in the plasma membrane scaffold
that ensures the Ras-Raf interaction [12]. Thus, these facts suggest
a crucial role of prohibitin-1 on the cell surface. In addition, cell
surface prohibitins may be a direct target for modulating these cel-
lular functions. Cytotoxic T lymphocyte antigen-4 (CTLA-4) and
PD-1 are known to be induced on the surface of activated T cells
like prohibitins [19–22]. They are T cell-co stimulation receptors
and critical negative regulators of T cell activation. Antibodies
against CTLA-4 and PD-1 have been examined as to therapies for
inflammatory diseases and cancer [23,24]. Although the precise
roles of cell surface prohibitins in T cell receptor-mediated signal-
ing remain to be elucidated, prohibitins may also be therapeutic
targets for the regulation of T cell activation.
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Ids function as negative regulators of basic helix–loop–helix transcription factors and their expression is
rapidly induced by serum stimulation in various cell types. In this study, we investigated the molecular
basis of serum-induced expression of the mouse Id2 gene in NIH3T3 cells. A small-molecule inhibitor of
bone morphogenetic protein (BMP) type I receptor kinases blocked the serum induction of Id2 mRNA. The
chemical compound and several inhibitory proteins specific for BMP signaling suppressed the serum-
induced activation of the luciferase construct with the mouse Id2 4.6-kb promoter region. Importantly,
serum stimulation evoked rapid phosphorylation of Smad1/5/8 and significant activation of the reporter
plasmid containing the recently identified BMP-responsive element (BRE) of the mouse Id2. Mutation
analysis demonstrated that the binding sites for Smad proteins in the Id2 BRE were critical for serum
response of the 4.6-kb whole construct. Gel shift and chromatin immunoprecipitation (ChIP) assays con-
firmed the serum-inducible binding of Smad1/5/8 and Smad4 to the Id2 BRE in vitro and in vivo. Finally, a
knockdown experiment revealed the functional importance of Smad1 in the serum induction of Id2
expression. Thus, we concluded that BMP signaling is primarily responsible for the serum-induced Id2
expression. Our results also suggest that some of the cellular effects caused by serum are mediated
through BMP signaling.

� 2012 Elsevier Inc. All rights reserved.
1. Introduction

Id proteins are negative regulators of basic helix–loop–helix
transcription factors that control cell fate determination. Four
members of the Id family, Id1 to Id4, have been identified in mam-
mals. Extensive analyses of knock-out mice have demonstrated
that Ids play essential roles in various processes including neuro-
genesis, angiogenesis, and immune cell development [1].

The expression of the Id genes is up-regulated in response to
diverse stimuli [1]. Above all, it is rapidly induced by stimulation
with serum [2–5]. While serum stimulates cell proliferation, it
maintains stem or progenitor cells in undifferentiated states.
Deprivation of serum from culture medium induces differentiation
of embryonic stem cells into neural precursors [5] and of
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; BRE, BMP-responsive ele-
d, receptor-regulated Smad;
serum; TGF-b, transforming

ular Genetics, Department of
Medicine, Faculty of Medical
zuki, Eiheiji, 910-1193 Fukui,

rooka), yokota@u-fukui.ac.jp
myoblasts into myotubes [2]. These effects are tightly associated
with down-regulation of the Id genes, suggesting that Ids function
as key molecules to prevent differentiation in these cells. Although
serum exerts the cellular effects through multiple signaling path-
ways, it remains unclear which pathway is responsible for the
serum-induced Id gene expression.

Another representative stimulus that can induce Id gene expres-
sion is bone morphogenetic protein (BMP), which displays pleio-
tropic activities in cell differentiation, pluripotency, and tissue
morphogenesis [6]. BMP signaling is initiated by binding of the
ligands to their transmembrane type I and type II receptors [6].
Both types of receptors encode serine/threonine kinases and the
activated type I receptor phosphorylates the receptor-regulated
(R) Smads, Smad1, Smad5, and Smad8, in the cytoplasm. The phos-
phorylated R-Smads form complexes with the common-partner
(Co) Smad, Smad4, and then move into the nucleus, where the
complexes bind to the regulatory regions of the downstream target
genes [6]. Recently, we have identified the BMP-responsive
element (BRE) in the promoter region of the mouse Id2 gene [7].
Similar BREs are present in those of Id1 [8] and Id3 [9].

Here we provide evidence that BMP signaling is a primary path-
way responsible for serum-induced expression of the Id2 gene. We
show that inhibition of BMP signaling leads to a significant
decrease in the serum induction of Id2 expression and demonstrate
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that Smad proteins play a pivotal role. Our results suggest that
some of the cellular effects caused by serum are mediated through
BMP signaling.

2. Materials and methods

2.1. Cell culture, drugs, and antibodies

Mouse fibroblast NIH3T3 cells were cultured in Dulbecco’s
modified Eagle’s medium (DMEM; Wako, Tokyo, Japan) containing
10% fetal bovine serum (FBS; Thermo Scientific HyClone, Logan,
UT). For serum stimulation, cells were starved by culture in DMEM
containing 0.2% FBS for 24 h and the medium was then replaced
with DMEM containing 10% FBS. PD98059 and SB203580 were pur-
chased from Calbiochem (San Diego, CA). SP600125, LY294002,
dorsomorphin, SB431542, puromycin, and normal rabbit IgG were
from Sigma–Aldrich (St. Louis, MO). Antibodies against phosphor-
ylated Smad1/5/8 (#9511; Cell Signaling, Beverly, MA), Smad1/5/
8 (N-18), Smad4 (B-8), NF-YA (H-209) (Santa Cruz Biotechnology,
Santa Cruz, CA), NF-YB (Diagnode, Liège, Belgium), and Smad1
(Zymed, South San Francisco, CA) were used.

2.2. Western blot analysis

Western blot analysis was basically carried out as described
previously [10]. Forty micrograms of total protein was resolved
by 10% SDS–PAGE, transferred onto a nitrocellulose filter, and
immunoblotted with various antibodies.

2.3. RNA isolation, Northern blot analysis, and RT-PCR

Total RNA was extracted using an RNeasy kit (Qiagen, Valencia,
CA). For Northern blot analysis, 5 lg of RNA was separated by elec-
trophoresis on a 1.2% agarose-formaldehyde gel and transferred
onto a nylon membrane using standard protocols. The membrane
was hybridized with [a-32P]dCTP-labeled DNA probes for mouse
Id2 and Gapdh [7]. For semiquantitative RT-PCR analysis, reverse
transcription and PCR were executed as described previously
[11], with slight modification. Cycle conditions were as follows:
30 or 35 cycles at 94 �C for 30 s, 58 �C for 30 s, 72 �C for 1 min.
The primers used for PCR are listed in Supplementary Table 1.

2.4. Plasmids

All the firefly luciferase plasmids were constructed using
pGL4.12 (Promega, Madison, WI). pGL4.12-Id2/4.6-kb was as
previously reported [12] and pGL4.12-Id2/BRE was derived from
pGL3-Id2/BRE [7]. Mutations of the BRE were introduced into
pGL4.12-Id2/4.6-kb by site-directed mutagenesis. As an internal
control, phRL-TK (Promega) was used. The coding regions of mouse
ALK1, ALK2, ALK3, and ALK5 were amplified by RT-PCR. Their dom-
inant-negative forms, ALK1(K228R), ALK2(K235R), ALK3(K261R),
and ALK5(K232R), were generated by substituting arginine for
the critical lysine in the kinase domains and then subcloned into
pFLAG-CMV-14 (Sigma). pcDNA3-FLAG-mouse Smad6 was kindly
provided by Dr. K. Tsuchida (Fujita Health University). To silence
the mouse Smad1 expression, the target sequence was chosen as
follows: 50-GGATGGACAAGTCAGACAG-30 [13]. The annealed oligo-
nucleotides were inserted into pSUPER-puro (Oligoengine, Madi-
son, WI) to create pSUPER-mSmad1.

2.5. Luciferase assay

NIH3T3 cells were transfected with plasmids using FuGENE 6
reagent (Roche Diagnostics, Tokyo, Japan) according to the manu-
facturer’s instructions. After 24 h, the cells were serum-starved
by culture in DMEM containing 0.2% FBS for a further 24 h. The
medium was then replaced with fresh DMEM containing 10% FBS
and the cells were incubated for an additional 8 h. Luciferase as-
says were performed using the Dual-Glo Luciferase Assay System
(Promega), as previously described [10]. The firefly luciferase activ-
ity was measured and normalized to the renilla luciferase activity
conferred by phRL-TK.
2.6. Electrophoretic mobility shift assay (EMSA)

EMSA was carried out as described previously [7]. Ten micro-
grams of nuclear extract incubated with [c-32P]dATP-labeled oligo-
nucleotides was electrophoresed on a 5% polyacrylamide gel. For
the supershift experiment, 2 lg of anti-Smad1/5/8 or 0.5 lg of
anti-Smad4 antibody was added to the reaction.
2.7. Chromatin immunoprecipitation (ChIP) assay

ChIP assay was conducted as described previously [7,12]. In
brief, cells were cross-linked with 1% formaldehyde in medium
for 10 min at room temperature, followed by quenching with
125 mM glycine for 5 min. Two and half micrograms of each anti-
body was used for immunoprecipitation. The samples were resus-
pended in 100 ll of TE for input DNA and 20 ll of TE for ChIP DNA,
and analyzed by PCR using the following primer pairs: BRE,
50-CTTGCAGGCATTGATCAGCTG-30 (�2903) and 50-TTTTGTTCTCAC
AGCTGTGTCCATT-30 (�2630); proximal promoter, 50-ACACTGTACT
CAATTTGCCACCC-30 (�226) and 50-GCTGCTCGTAGGAGGAGAG
ACC-30 (+76).
2.8. RNA interference

NIH3T3 cells were transfected with pSUPER-mSmad1 or the
control vector using FuGENE HD reagent (Roche). Two days after
transfection, the cells were subjected to puromycin (2 lg/ml)
selection for 10 days. Drug-resistant clones were then isolated
and the positive clones were selected by immunoblotting with
anti-Smad1 antibody.
3. Results

3.1. Dorsomorphin suppresses serum-induced expression of the mouse
Id2 gene

It has been reported that expression of the human and mouse
Id2 genes is rapidly induced by serum stimulation in various cell
types [2,4,12]. However, it remains to be determined which intra-
cellular signaling pathway is responsible for serum-induced Id2
gene expression. To address this issue, we treated serum-stimu-
lated NIH3T3 cells with several kinase inhibitors: PD98059 for
MEK, SB203580 for p38 MAPK, SP600125 for JNK, LY294002 for
PI3K, dorsomorphin for the BMP type I receptors, and SB431542
for the transforming growth factor-b (TGF-b) type I receptors.
Northern blot analysis showed that dorsomorphin completely
blocked the induction of Id2 mRNA, whereas the other inhibitors
did not reduce it (Fig. 1A). We also examined the effect of dorso-
morphin on the serum-induced Id2 expression using the luciferase
construct with the mouse Id2 4.6-kb promoter region (see Fig. 3A).
The reporter plasmid exhibited a marked response to serum (about
16-fold increase) and the response was suppressed by dorsomor-
phin in a dose-dependent manner (Fig. 1B). These observations
suggest that BMP signaling is involved in the serum induction of
Id2 expression.



Fig. 1. Dorsomorphin suppresses serum-induced expression of the mouse Id2 gene.
(A) Serum-starved NIH3T3 cells were pre-treated for 30 min with 50 lM PD98059,
10 lM SB203580, 20 lM SP600125, 10 lM LY294002, 10 lM dorsomorphin, 5 lM
SB431542, or 0.1% DMSO. The cells were stimulated with serum for 2 h in the
presence of each inhibitor. Id2 expression was examined by Northern blot analysis.
(B) NIH3T3 cells were transfected with pGL4.12-mouse Id2/4.6-kb, serum-starved
for 24 h, and stimulated with serum for 8 h in the presence (0.1–10 lM) or absence
of dorsomorphin. The error bars indicate the standard error of the mean.
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3.2. Serum-induced Id2 expression is suppressed by inhibition of BMP
signaling

From the above observations, it is assumed that BMP signaling
is activated by stimulation with serum. We then assessed phos-
phorylation of the BMP R-Smads, Smad1/5/8, in NIH3T3 cells. Sub-
stantial phosphorylation of Smad1/5/8 proteins was detected at
30 min–1 h after serum stimulation (Fig. 2A). The level of phos-
phorylation declined at 2 h and was sustained until 4 h after the
stimulation.

Although dorsomorphin is utilized as a potent inhibitor of the
BMP type I receptors, it can inhibit some other kinases with com-
parable potency [14]. To avoid cross-inhibition, we tried to inter-
fere with BMP signaling in other ways. We first examined the
expression of four BMP-activated type I receptors (ALK1, ALK2,
ALK3, and ALK6) and one TGF-b-activated type I receptor (ALK5).
RT-PCR analysis showed that ALK2 and ALK5 were highly, and
ALK3 was modestly expressed in the mouse fibroblasts (Fig. 2B).
It was also found that expression levels of ALK1 were low and
those of ALK6 were negligible. These findings prompted us to test
the ability of dominant-negative (dn) forms of the expressed
receptors to suppress the serum response of the Id2 reporter. The
response was considerably suppressed by dn-ALK1 and dn-ALK2,
and only slightly by dn-ALK3, all of which are dominant-negative
forms of the BMP type I receptors (Fig. 2C). In contrast, it was
not affected by dn-ALK5, a dominant-negative form of the TGF-b
type I receptor. Moreover, we examined the effect of Smad6, the
inhibitory Smad protein specific for BMP signaling [6]. Forced
expression of Smad6 resulted in repression of the serum-induced
promoter activity (Fig. 2D). Taken together, these results suggest
that BMP signaling pathway, possibly via ALK1 and/or ALK2, is
responsible for the serum-induced Id2 expression.
3.3. Smads binding sites are required for serum-induced activation of
the Id2 BRE

Besides its serum response, Id2 is immediately induced by BMP
stimulation [6,7,15]. Since the BMP-responsive element (BRE) was
recently identified in mouse Id2 [7], we investigated whether it
could be potentiated by serum stimulation. Importantly, the repor-
ter containing the Id2 BRE exhibited a significant response to
serum, although its activity was half as much as the 4.6-kb con-
struct (Fig. 3A). Serum-induced activation of the Id2 BRE was also
observed in myoblast (C2C12) and epithelial (A549, HeLa, and
HepG2) cells (data not shown).

As shown in Fig. 3B, the Id2 BRE is homologous to the Id1 BRE [8]
and contains the two conserved bipartite sequences (GGCGCC-N5-
GNCN) consisting of the binding sites for Smad1/5/8 (GGCGCC-1
or GGCGCC-2) and for Smad4 (CGCC in the reverse orientation of
GGCG, or GTCT) [6]. We demonstrated previously that both of the
sequences are necessary for BMP response of the Id2 BRE in C2C12
cells [7]. Since our data clearly showed that serum stimulation acti-
vated the BMP signaling and the Id2 BRE, Smad proteins are likely to
be important for the serum induction of Id2 expression. On the other
hand, the transcription factor RFX1 was reported to be involved in
serum-induced expression of the mouse Id2 gene [12]. Interestingly,
RFX1 binds to the sequence adjacent to the CGCC site within the up-
stream bipartite sequence (Fig. 3B). To compare the contribution of
the transcription factors to the serum response, their binding sites
were mutated in the context of the 4.6-kb construct. When the
RFX1 site was mutated, the serum induction was decreased by
approximately 25% compared with that of the wild-type construct
(Fig. 3C). The induction was diminished by nearly 60% when the
CGCC and GGCGCC-1 sites were mutated. Mutation of the other pal-
indrome, GGCGCC-2, resulted in about 80% reduction and the induc-
tion almost disappeared as a result of simultaneous mutation of the
two palindromes. These results suggest that Smads play a central
role in serum-induced Id2 expression.
3.4. Serum-inducible binding of Smads to the Id2 BRE and a critical
role of Smad1 in serum-induced Id2 expression

Subsequently, we analyzed the serum-inducible binding of
Smads to the Id2 BRE. To this end, EMSA was performed using
two oligonucleotide probes (probes A and B) that contain the dis-
tinct bipartite sequences (Fig. 3B). As shown in Fig. 4A, formation
of DNA–protein complexes was enhanced by serum stimulation
with both probes. The serum-induced DNA–protein complexes
were supershifted by specific antibody against Smad1/5/8 or
Smad4 for each probe, indicating that the Smad proteins bind to
the two fragments in a serum-dependent manner. We next exam-
ined their in vivo DNA binding by ChIP assay. Phosphorylated
Smad1/5/8 appeared around the Id2 BRE only when cells had been
stimulated with serum (Fig. 4B). The binding of Smad4 was in-
creased by serum, although it was detected even in the absence
of serum. Around the proximal promoter region, no binding of
Smads was observed in the presence or absence of serum. The
two subunits of the NF-Y trimer complex, NF-YA and NF-YB [16],
bound to the proximal promoter, ensuring that this locus is acces-
sible. Their binding was not altered by serum, in agreement with a
previous report describing the constant binding of NF-YA to the
same region before and after treatment with retinoic acid [17].



Fig. 2. Inhibition of BMP signaling suppresses serum-induced Id2 expression. (A) NIH3T3 cells were harvested at 0 min (control), 30 min, 1 h, 2 h, 3 h, and 4 h after serum
stimulation. The cell lysates were subjected to immunoblotting with anti-phospho-Smad1/5/8 or anti-Smad4 antibody. (B) Expression of the BMP and TGF-b type I receptors
was examined by RT-PCR. Sizes of the molecular weight markers are depicted in the left margin. Cycle numbers for PCR are also indicated. (C) NIH3T3 cells were co-
transfected with pGL4.12-Id2/4.6-kb and the dominant-negative ALK expression plasmids or the empty vector. The cells were serum-starved for 24 h and then treated with or
without serum for 8 h. (D) NIH3T3 cells were co-transfected with pGL4.12-Id2/4.6-kb and the wild-type Smad6 expression plasmid or the empty vector. The cells were serum-
starved for 24 h and then treated with or without serum for 8 h. The error bars indicate the standard error of the mean.
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These data demonstrate that Smad1/5/8 and Smad4 selectively
bind to the Id2 BRE in a serum-dependent manner.
To confirm the involvement of Smads in the serum induction of
Id2 expression, we established cell lines in which Smad1 was



Fig. 3. Analysis of the Id2 BMP-responsive element (BRE) in serum response. (A) The structures of the 4.6-kb upstream region of the mouse Id2 promoter and the 267-bp BRE
are illustrated at the top. Luciferase reporter constructs are drawn on the left. The positions are numbered from the transcription start site. The right graph represents fold-
induction values of the luciferase activity in the presence of serum compared with those in its absence. The error bars indicate the standard error of the mean. (B) Sequence
alignment of the mouse Id2 BRE with the mouse Id1 BRE. Asterisks indicate identical nucleotides between Id1 and Id2. The binding sites for Smad1/5/8 (GGCGCC-1 and
GGCGCC-2), Smad4 (CGCC and GTCT), RFX1, and Egr-1 are boxed. Substituted amino acids in mutation analysis are shown by vertical arrows. The left-and-right arrows
indicate the positions corresponding to probes A and B used in EMSA (Fig. 4A). It should be noted that the two probes harbor the bipartite sequences (upstream, GGCGCC-N5-
GGCG; downstream, GGCGCC-N5-GTCT) important for binding of the BMP R-Smad/Co-Smad complexes. (C) Luciferase assays were performed with reporter plasmids bearing
mutations of the binding sites for RFX1 and Smads in the Id2 BRE. The constructs are schematically presented on the left and the crosses indicate the mutated sites. The
serum-induced luciferase activity is shown as fold induction.
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constitutively suppressed by shRNA. Western blot analysis showed
that expression levels of Smad1 in the two knockdown clones were
both reduced about 4-fold compared with those in the control
clones (Fig. 4C). The serum responses of the Id2 BRE reporter in



Fig. 4. Roles of Smads in serum-induced Id2 expression. (A) EMSA was carried out using nuclear extracts prepared from NIH3T3 cells treated with or without serum for 1 h.
Probes A and B correspond to the regions shown in Fig. 3B. The arrow and asterisk indicate the DNA–protein complexes and non-specific binding, respectively. Anti-Smad1/5/
8 or anti-Smad4 antibody was employed in supershift experiment. IgG served as a negative control. Arrowheads indicate the supershifted complexes. (B). ChIP assays were
conducted using the chromatins prepared from NIH3T3 cells treated with or without serum for 1 h. The antibodies used in immunoprecipitation are indicated on the left. IgG
served as a negative control. The regions spanning from �2903 to �2630 and from �226 to +76 were amplified by PCR with the primer sets described in Section 2. (C) NIH3T3
cells were transfected with pSUPER-mSmad1 or the control vector and subsequently the puromycin-resistant clones were isolated. Two control clones (vector-1 and vector-2)
and two knockdown clones (shSmad1–1 and shSmad1–2) were analyzed by immunoblotting with anti-Smad1 or anti-Smad4 antibody. (D) The control and Smad1
knockdown clones were transfected with pGL4.12-Id2/BRE, serum-starved for 24 h, and then treated with or without serum for 8 h. The serum-induced luciferase activity is
shown as fold induction. The error bars indicate the standard error of the mean.
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the knockdown cell lines were consistently smaller than those in
the control ones (Fig. 4D). This indicates that Smad1 is critical for
serum-induced expression of the Id2 gene.

4. Discussion

In this study, we investigated the signaling pathways impli-
cated in serum-induced Id2 expression. Although MEK/ERK path-
way is responsible for serum induction of the immediate early
genes such as c-Fos and Egr-1 [18], it does not seem to regulate
the Id2 induction positively. The MEK inhibitor PD98059 did not
inhibit, but rather augmented the serum induction of Id2 mRNA
(Fig. 1A), consistent with the observation that inhibition of MEK/
ERK led to activation of BMP signaling [19]. We also explored the
involvement of TGF-b signaling since it generally suppresses, but
sometimes induces, the Id gene expression [1,11,20]. However,
the serum induction of Id2 was not impaired by either the chemical
inhibitor or the dominant-negative form of the type I receptor for
TGF-b signaling. In contrast, it was effectively suppressed by dors-
omorphin (Fig. 1) and by the several inhibitory proteins specific for
BMP signaling (Fig. 2). These results strongly suggest that BMP
signaling is activated by serum and is responsible for serum-
induced Id2 expression.

Our data indicated that Smad1/5/8 was rapidly phosphorylated
by serum stimulation in the mouse fibroblasts, NIH3T3 cells
(Fig. 2A). Likewise, serum-induced phosphorylation of the BMP
R-Smads has been reported in endothelial, mesenchymal, and epi-
thelial cells [21,22]. In addition, accumulating evidence has re-
vealed that serum contains a small but significant amount of
BMPs, particularly BMP4, BMP6, and BMP9 [22–24]. Therefore, it
is conceivable that some of the cellular effects caused by serum
are mediated through BMP signaling. This notion is supported by
recent studies showing that inhibition of BMP signaling with dors-
omorphin or the BMP antagonist noggin promoted myogenic dif-
ferentiation of muscle satellite cells [25,26].

As well as the phosphorylation of the BMP R-Smads, the serum-
induced activation of the Id2 BRE is not cell type-specific. This im-
plies that the serum-induced Id2 expression is under the control of
the canonical BMP signaling pathway. In fact, we showed that the
Smads binding sites were indispensable for serum response of the
Id2 4.6-kb reporter construct (Fig. 3C). Furthermore, we demon-
strated that Smad1/5/8 and Smad4 bound to the Id2 BRE in a



H. Kurooka et al. / Biochemical and Biophysical Research Communications 420 (2012) 281–287 287
serum-dependent manner and that Smad1 was critical for the
serum induction of Id2 (Fig. 4). Nevertheless, we cannot exclude
the possibility that other transcription factors play some roles. In
this regard, we reevaluated the contribution of RFX1 and found
that it was less important than we had expected. As opposed to
Smads, the binding of RFX1 is serum-independent [12] and its role
in the serum induction may be auxiliary. On the other hand,
serum-induced expression of the mouse Id1 gene was regulated by
Egr-1 [3], whose binding site overlaps with the upstream bipartite
sequence of the Id1 BRE (Fig. 3B). However, its involvement in Id2
induction seems unlikely because the Id2 BRE has no consensus
sequence for Egr-1 (CGCCC(C/G/T)CGC).

In conclusion, we have demonstrated that serum-induced
expression of the Id2 gene is primarily mediated though BMP sig-
naling. Since some of the immediate early genes including the
other Ids and JunB also respond to both serum and BMP
[4,5,15,23], it is interesting to see if their serum-induced expres-
sion is similarly mediated through BMP signaling.
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a b s t r a c t

Smad7, an inhibitory Smad, acts as a key regulator forming autoinhibitory feedback loop in transforming
growth factor-beta (TGF-b) signaling. However, a growing body of evidences suggests that Smad7 is capa-
ble of apoptotic function. In the present study, we have demonstrated a proapoptotic function of Smad7
as a negative regulator of survival protein heme oxygenase-1 (HO-1). The HO-1 protein level was elevated
in cisplatin-resistant A549 human lung cancer cells and blockade of HO-1 activation sensitized the cells
to apoptosis. Interestingly, overexpression of Smad7 decreased HO-1 gene expression and its enzymatic
activity. Notably, Smad7 reduced Akt activity and infection with adenovirus expressing a constitutively
active form of the Akt reversed the inhibitory effects of Smad7 to HO-1, indicating a negative action
mechanism of Smad7 to Akt-HO-1-linked survival pathway. Consistently, Smad7 sensitized A549 cells
to cisplatin-induced apoptosis and these effects were dependent on HO-1 and Akt inhibition. Based on
these findings, we suggest that targeting Smad7 may be an efficient strategy for overcoming drug-
resistance in cancer therapy.

� 2012 Elsevier Inc. All rights reserved.
1. Introduction

Heme oxygenase-1 (HO-1) is a microsomal enzyme, catalyzing
the breakdown of heme into equimolar amounts of carbon monox-
ide (CO), biliverdin, and free iron using molecular oxygen and
reducing equivalents from NADPH:cytochrome P450 reductase
[1,2]. HO-1 contributes to the cellular homeostasis and defense
reaction against oxidative injury through the antioxidant activities
of biliverdin and its metabolite, bilirubin, as well as the cytoprotec-
tive action of CO. Therefore, the expression of HO-1 must be tightly
controlled in normal cells. A growing body of evidences indicates,
however, that HO-1 is elevated in a variety of human cancers,
including breast, liver, lung, pancreas, and prostate cancers [3–6].
Indeed, HO-1 activation may play a role in carcinogenesis and
can potently influence the growth and metastasis of tumors.

Smad7 is an inhibitory Smad, which forms autoinhibitory feed-
back loop in transforming growth factor-beta (TGF-b) signaling [7].
However, growing body of evidences indicate that Smad7 may be
involved in another signaling pathway [8,9] and have another
cellular functions [10–12]. For example, Smad7 increases
ll rights reserved.
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sensitization of cells to apoptosis through nuclear factor-kappa B
inhibition and c-Jun N-terminal kinase activation. In view of these
observations, we sought to gain further insight into the role of
Smad7 in cell death. In the present study, we found that Smad7
represent a pro-apoptotic function that promotes sensitivity to
cisplatin in cancer cells by suppressing the expression of survival
protein HO-1.
2. Materials and methods

2.1. Materials

Cisplain was purchased from Sigma Chemical Co. (St. Louis, MI).
The N-acetyl-Asp-Glu-Val-Asp-q-nitroanlide (Ac-DEVD-pNA) was
purchased from Enzyme Systems Products (Dublin, CA). Zinc pro-
toporphyrin IX was purchased from Sigma Chemical Co. (St. Louis,
MI).

2.2. Cell culture and generation of stable cell lines

A549 human lung carcinoma cells were obtained from American
Type Culture Collection (Manassas, VA). The cells were cultured in
RPMI1640 medium supplemented with 2 mM L-glutamine, 10%
heat-inactivated fetal bovine serum, 100 U/mL penicillin, and
100 lg/mL streptomycin. Generation of the A549-HO-1 stable cell

http://dx.doi.org/10.1016/j.bbrc.2012.02.151
mailto:bckim@kangwon.ac.kr
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http://www.sciencedirect.com/science/journal/0006291X
http://www.elsevier.com/locate/ybbrc


W.-K. Jeon et al. / Biochemical and Biophysical Research Communications 420 (2012) 288–292 289
lines were performed as described in [13]. Cells stably expressing
the HO-1 gene were screened for resistance to neomycin, and veri-
fied through immunoblot analysis.

2.3. Plasmids and adenoviral infections

To construct the HO-1 expression vector, PCR amplification was
performed by using two oligonucleotides (50-AAGCTTATG-
GAGCGTCCGCAACCCGA-30 and 50-CTCGAGAGTTCATGCCCTGG-
GAGCC-30). The amplified fragment of HO-1 was subcloned into
HindIII-XhoI sites of pcDNA-hemagglutinin (HA) (Clontech). The
plasmid pHO-1-Luc, which contains a 4.9-kb human promoter up-
stream of the luciferase gene, was provided by Dr. Norbert Leitinger
(Department of Vascular Biology and Thrombosis Research, Univer-
sity of Vienna, Vienna, Austria). Adenoviral vector encoding Akt1
(CA), constitutively active form of Akt1, was kindly provided by
Dr. Seok Hee Park (Sungkyunkwan University, Suwon, Korea). Re-
combinant adenoviruses expressing LacZ, FLAG-tagged Smad7,
and active Akt1 was used at a multiplicity of infection (m.o.i.) rang-
ing from 0 to 250 from single viruses as described by Fujii et al. [14].

2.4. RNA isolation and reverse transcriptase-polymerase chain
reaction (RT-PCR)

Total RNA was extracted using the phenol-guanidinium isothio-
cyanate method [15]. RT-PCR was performed by the Access RT-PCR
system (Promega, Madison, WI) according to the manufacturer’s
instructions using the following human HO-1-specific primers:
forward, 50-TTACCTTCCCGAACATCGAC-30, and reverse, 50-GCATA-
AATTCCCACTGCCAC-30, human glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH) was amplified as a control, using the following
primers: forward, 50-TGAAGGTCGGTGTGAACGCATTTGGC-30, re-
verse, 50-TTCTGGGTGGCAGTGATGGC-30. PCR products were visual-
ized on 1.2% agarose gels stained with ethidium bromide using the
BioDoc-ItTM system (Ultraviolet Products, Upland, CA).

2.5. DNA transfection and reporter assay

The A549 cells were transfected using Fugene 6 (Roche, Mann-
heim, Germany). To control variations in cell numbers and trans-
fection efficiency, all clones were cotransfected with 0.2 lg of
CMV-b-GAL, a eukaryotic expression vector in which Escherichia
coli b-galactosidase (Lac Z) structural gene is under the transcrip-
tional control of the CMV promoter. Luciferase reporter activity
was assessed on a luminometer with a luciferase assay system
(Promega, Madison, WI) according to the manufacturer’s protocol.
Transfection experiments were performed in duplicate with two
independently isolated sets, and these results were averaged.

2.6. Immunoblot analysis

Cytosolic extracts were obtained in 1% Triton X-100 lysis buffer
(50 mM Tris–Cl, pH 8.0, 150 mM sodium chloride, 1 mM EDTA,
1 mM EGTA, 2.5 mM sodium pyrophosphate, 1 mM sodium ortho-
vanadate, 1 mM b-glycerophosphate, 1 lg/mL leupeptin, and
1 mM phenylmethylsulfonyl fluoride). Western blotting was per-
formed using anti-HO-1 (Santa Cruz Biotechnology, Santa Cruz,
CA), anti-phospho-Akt (Cell Signaling Technology, Beverly, MA),
Anti-poly(ADP-ribose) polymerase (Upstate), anti-FLAG (Sigma, St.
Louis, MO), and anti-b-actin (Sigma, St. Louis, MO) antibodies.
Protein samples were heated at 95 �C for 5 min and analyzed by
SDS–PAGE. Immunoblot signals were developed by Super Signal
Ultra chemiluminescence detection reagents (Pierce Biotechnology,
Rockford, IL). For immunoprecipitation, the cell lysates were
incubated with the appropriate antibody (Ab) for 1 h, followed by
incubation with Gamma-bind beads (Amersham Pharmacia
Biosciences) at 4 �C for 1 h. Beads were washed four times with
the buffer used for cell solubilization. Immune complexes then were
eluted by boiling for 3 min in 2� Laemmli buffer (pH 6.8), and then
extracts were analyzed by immunoblotting as described above.

2.7. HO-1 enzyme activity

HO-1 activity was measured as described previously [16]. HO-1
activity was calculated as picomole of bilirubin formed/mg of
microsomal protein/h and normalized to the hemin-treated control
to eliminate intra-assay variation.

2.8. Annexin V/PI double staining

Apoptosis was detected using AnnexinV plus propodium iodide
(PI) for apoptosis detection according to the manufacturer’s
instructions (Biosource, Camarillo, CA, USA). In brief, cells were
harvested by trypsinization and rinsed with cold PBS twice. After
centrifugation (4 �C, 1000�g) for 10 min, cells were suspended by
200 mL binding buffer and then treated with 10 mL Annexin VFITC
and 5 mL PI for 15 min at room temperature. Flow cytometric anal-
ysis of cells was performed with a FACSCalibur using CellQuest
software as per manufacturer instructions (Becton Dickinson).
Cytometric analysis was repeated three times.

2.9. Caspase-3 assay

Caspase-3 activity in cytosolic extracts was determined with a
spectrophotometric assay, as described previously [17]. Briefly,
the peptide substrate N-acetyl-Asp-Glu-Val-Asp-q-nitroanlide
(Ac-DEVD-pNA) was added to the cell lysates in assay buffer
(50 mM HEPES, pH 7.4, 100 mM NaCl, 0.1% CHAPS, 10 mM dithio-
threitol, 1 mM EDTA, 10% glycerol) and incubated at 37 �C. The
cleavage of the substrate was monitored at 405 nm.

2.10. Statistical analysis

All data presented are expressed as mean ± SD, and a represen-
tative of three or more independent experiments. Statistical analy-
ses were assessed by Student’s t-test for paired data. Results were
considered significant at p < 0.05.

3. Results and discussion

3.1. HO-1 decreases sensitivity to cisplatin-induced apoptosis

Heme oxygenase-1 (HO-1) is considered as an enzyme facilitat-
ing cell survival and tumor progression [3–6]. First, we analyzed
the expression level of HO-1 in BEAS2B, A549, and NCI-H322 cells.
Highly elevated HO-1 protein expression was detected in A549
lung cancer cells compared with BEAS2B lung epithelial cells and
NCI-H322 lung cancer cells (Fig. 1A). To determine relationship be-
tween HO-1 level and cell death, we treated the anticancer agent
cisplatin and assayed the caspase activity in those cells. Cisplatin
treatment led to a significant increase of caspase-3 activity in
BEAS2B and NCI-H322 cells (Fig. 1B). In contrast, A549 cells were
less susceptible to cisplatin-induced caspase-3 activation
(Fig. 1B). Pretreatment of the HO-1 inhibitor zinc protoporphyin
IX (ZnPP) in A549 cells significantly reversed the decreased cas-
pase-3 activity in a dose-dependent manner (Fig. 1C). These results
suggest that HO-1 can contribute to the resistance of cancer cells to
cisplatin-induced apoptosis.

3.2. Overexpression of Smad7 decreases HO-1 expression and activity

It has been reported that Smad7 sensitizes cancer cells to
apoptotic cell death [12]. To investigate whether Smad7 influences



Fig. 2. Inhibition of HO-1 expression and activity by Smad7. A549 cells were infected with adenovirus carrying the Smad7 gene (Ad-Smad7) at the indicated amounts of m.o.i.
(A) HO-1, Smad7, and GAPDH mRNA levels were analyzed by RT-PCR. (B) Immunoblots of whole cell lysates were probed with antibodies specific to HO-1, FLAG, and GAPDH.
(C) Cells were co-transfected with HO-1-Luc and pCMV-Smad7 at indicated concentrations for 24 h. Luciferase activities were normalized on the basis of b-galactosidase
expression to adjust for variation in transfection efficiency. (D) A549 cells were infected with adenovirus carrying the Smad7 gene (Ad-Smad7) at the indicated amounts of
m.o.i. HO-1 activity was measured as described under Section 2.

Fig. 1. The effect of HO-1 in cisplatin resistance of A549 cells. (A) The HO-1 protein level was analyzed in BEAS2B, A549, and NCI-H322 cells using immunoblot analysis. (B)
Cells were treated with cisplatin (50 lM) for 24 h. (C) Cells were pre-treated with the indicated concentrations of ZnPP for 30 min and then treated with cisplatin (50 lM) for
24 h. Capsae-3 activities were determined as described under Section 2. The enzyme activity is represented as DA405/min/mg protein.
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HO-1 expression, A549 cells were infected with adenovirus carry-
ing the LacZ (Ad-LacZ) or Smad7 (Ad-Smad7) gene. Successful
infection and exogenous expression with adenoviral vector carry-
ing the Smad7 gene was confirmed by RT-PCR (Fig. 2A) and immu-
noblot analysis (Fig. 2B). Interestingly, overexpression of Smad7
dose-dependently decreased the HO-1 expression at both mRNA
(Fig. 2A) and protein (Fig. 2B) levels. Consistent with these results,
transient transfection of A549 cells with Smad7 reduced the HO-1-
Luc reporter activity (Fig. 2C). Furthermore, HO-1 enzyme activity
was also dose-dependently suppressed by overexpression of
Smad7 (Fig. 2D). These findings suggest that Smad7 is a negative
regulator of HO-1.
3.3. Smad7 negatively regulates HO-1 through Akt inhibition

Because it has been well known that Akt plays a key role in the
up-regulation of HO-1 expression [18], we assessed the ability of
Smad7 to inhibit Akt phosphorylation at Ser-426, which triggers
activation of Akt. As shown in Fig. 3A, the exogenously expressed
Smad7 dose-dependently reduced the endogenous phosphoryla-
tion of Akt at Ser-426. To explore the potential role of Akt in the
regulation of HO-1 activation, we tested the effect of Akt on inhibi-
tion of HO-1 by Smad7. Co-transfection of Akt with Smad7 resulted
in a remarkable rescue of the decreased HO-1-Luc reporter activity
by Smad7 (Fig. 3B). Similar effect on HO-1 activity was observed in
A549 cells co-infected with adenoviruses carrying the Smad7 (AdS-
mad7) and the constitutively active form of Akt (Ad-Akt(CA)) gene
(Fig. 3C).
3.4. Smad7 decreases resistance to cisplatin through inhibition of Akt
and HO-1

Finally, we examined whether Smad7 relieves the Akt-HO-1-
mediated resistance to cisplatin-induced apoptotic response.



Fig. 4. Smad7 increases A549 cells sensitivity to cisplatin through inhibition of Akt and HO-1. (A) Cells were infected with Ad-LacZ or Ad-Smad7 for 24 h and then incubated
without or with cisplatin for 24 h. Changes in cellular morphologies were observed by phase-contrast microscopy (magnification, 200�). (B) Cells were infected with Ad-
Smad7 at the indicated amounts of m.o.i. At 24 h after infection, cells were incubated without or with cisplatin for 24 h. The cell lysates were immunoblotted with the anti-
PARP, anti-FLAG, and anti-GAPDH antibody. A549-pcDNA or A549-HO-1 cells were infected with Ad-Smad7 or Ad-Akt (CA) for 24 h. At 24 h after infection, cells were pre-
treated without or with ZnPP for 30 min and then incubated with cisplatin (50 lM) for 24 h. (C) Caspase activity were determined as described under Section 2. The enzyme
activity is represented as DA405/min/mg protein. (D) Flow cytometric analysis of apoptosis induction by cisplatin was shown by Annexin V/PI double staining.

Fig. 3. Smad7 suppress HO-1 through Akt inhibition. (A) A549 cells were infected with adenovirus carrying the Smad7 gene (Ad-Smad7) at the indicated amounts of m.o.i.
The extent of phosphorylated Akt, FLAG, and GAPDH was analyzed by immunobloting. (B) A549 cells were co-transfected with HO-1-Luc and pcDNA-Akt for 24 h. After
transfection, cells were infected with Ad-LacZ or Ad-Smad7 for additional 24 h. Luciferase activities were normalized on the basis of b-galactosidase expression to adjust for
variation in transfection efficiency. (C) Cells were co-infected with Ad-Akt (CA) and Ad-LacZ or Ad-Smad7 for 24 h. HO-1 activity was measured as described under Section 2.
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Overexpression of Smad7 induced apoptotic cell death in cisplatin-
treated A549 human lung cells, detected morphological cellular
changes (Fig. 4A), degradation of poly (ADP-ribose) polymerase
(Fig. 4B), activation of caspase-3 (Fig. 4C), and increased subG1
population (Fig. 4D). However, exogenously expressed HO-1 in
Smad7-infected cells rendered them resistant to cisplatin-induced
caspase-3 activation (Fig. 4B) and apoptosis (Fig. 4C). Similar
results were observed in A549 cells that were infected with
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adenovirus carrying Akt (CA) gene (Fig. 4C and D) and addition of
the HO-1 inhibitor ZnPP to the cells increased sensitivity to cis-
platin-induced apoptosis (Fig. 4C and D).

Resistance to death signal of tumor cell is the most important
obstacles in chemotherapy of cancer. A growing body of evidences
indicates that tumor cells defend themselves from oxidative dam-
age by stimulating antioxidant capacity [19]. Because HO-1 passes
a potent anti-oxidant activity and is often upregulated in tumor
tissues, inhibition of HO-1 may contributes to sensitization of can-
cer cells to drug-induced apoptosis. In the present study, we
showed that Smad7 inhibits Akt-dependent HO-1 activation and
suppression of HO-1 expression significantly increased cisplatin
sensitivity of A549 lung cancer cells. Thus we believe that pharma-
cologic augmentation of Smad7 expression can be an important
strategy for overcoming drug-resistance in cancer therapy.
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Cell division cycle 25A (Cdc25A), a dual specificity protein phosphatase, exhibits anti-apoptotic activity,
but the underlying molecular mechanisms are poorly characterized. Here we report that Cdc25A inhibits
cisplatin-induced apoptotic cell death by stimulating nuclear factor-kappa B (NF-jB) activity. In HEK-293
cells, Cdc25A decreased protein level of inhibitor subunit kappa B alpha (Ij-Ba) in association with
increased serine 32-phosphorylation, followed by stimulation of transcriptional activity of NF-jB. Inhibi-
tion of NF-jB activity by chemical inhibitor or overexpression of Ij-Ba in Cdc25A-elevated cancer cells
resistant to cisplatin improved their sensitivity to cisplatin-induced apoptosis. Our data show for the first
time that Cdc25A has an important physiological role in NF-jB activity regulation and it may be an
important survival mechanism of cancer cells.

� 2012 Elsevier Inc. All rights reserved.
1. Introduction stimulates NF-jB activity by destabilizing IjB protein through
Cdc25A is a member of cell division cycle 25 (Cdc25) family of
protein with highly conserved dual-specific phosphatase activity
[1,2]. It plays a key role in G1/S phase transition during normal cell
division through the activation of cyclin E/cyclin-dependent
kinase2 (CDK2) complex [3] and in the G2/M checkpoint mecha-
nisms activated in response to DNA damage [4,5]. Therefore, dys-
regulation of Cdc25A levels results in checkpoint bypass and
genomic instability. Indeed, Cdc25A overexpression has been re-
ported in many high-grade tumors [6–8] and often correlates with
poor progression in human cancers. Cdc25A overexpression also
critically contributes to the resistance of tumor cells to chemother-
apy-mediated cell death [9]. However, the underlying molecular
mechanisms remain to be elucidated.

The nuclear factor jB (NF-jB) is a family of transcription factors
that regulates the expression of various genes involved in cell sur-
vival signaling [10,11]. The prototypical and ubiquitously ex-
pressed NF-jB complex is the p50/p65 heterodimer, of which
RelA or p65 subunit directly regulate expression of Bcl-2 and IAP
family survival proteins [12,13]. In the classical pathway, NF-jB re-
mains in cytosol in an inactive state, complexed with inhibitor sub-
unit kappa B (IjB). Under activation stimulus, IjB is
phosphorylated by IjB kinases, IKKa and IKKb, which is subse-
quently ubiquitinated and degraded by the 26S proteasome, thus
leading to the nuclear translocation and transcriptional activation
of NF-jB [14]. In the present study, we demonstrate that Cdc25A
ll rights reserved.
inducing its phosphorylation and ubiquitination. Our study sup-
ports a novel function of Cdc25A as a positive regulator of NF-jB.
2. Materials and methods

2.1. Materials

Cisplatin was purchased from Sigma Chemical Co. (St. Louis,
MI). Small interfering ribonucleic acids (siRNAs) for control and
human p65/RelA were purchased from Santa Cruz Biotechnology
(Santa Cruz, CA). The N-acetyl-Asp-Glu-Val-Asp-q-nitroanlide
(Ac-DEVD-pNA) was purchased from Enzyme Systems Products
(Dublin, CA).

2.2. Cell culture

HEK-293, a human kidney embryonic cell line, and the
estrogen-independent and invasive human breast cancer cells,
MDA-MB231 and MDA-MB435, were obtained from American
Type Culture Collection (Manassas, VA). The cells were cultured
in Dulbecco’s modified Eagle’s medium supplemented with 2 mM
L-glutamine, 10% heat-inactivated fetal bovine serum, 100 U/ml
penicillin, and 100 lg/ml streptomycin.

2.3. DNA transfection and reporter assay

The HEK-293 cells were transfected using Fugene 6 (Roche,
Mannheim, Germany). To control variations in cell numbers and

http://dx.doi.org/10.1016/j.bbrc.2012.02.152
mailto:bckim@kangwon.ac.kr
http://dx.doi.org/10.1016/j.bbrc.2012.02.152
http://www.sciencedirect.com/science/journal/0006291X
http://www.elsevier.com/locate/ybbrc
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transfection efficiency, all clones were co-transfected with 0.2 lg
of CMV-b-GAL, a eukaryotic expression vector in which Escherichia
coli b-galactosidase (Lac Z) structural gene is under the transcrip-
tional control of the CMV promoter. Luciferase reporter activity
was assessed on a luminometer with a luciferase assay system
(Promega, Madison, WI) according to the manufacturer’s protocol.
Transfection experiments were performed in duplicate with two
independently isolated sets, and these results were averaged.

2.4. Indirect immunofluorescence

HEK-293 cells were plated at 1 � 105 cells onto 18 mm glass
cover slips 24 h prior to transfection. The cells were co-transfected
with GFP-p65/RelA and pCMA-FLAG or pCMV-FLAG-Cdc25A for
24 h. The coverslips were fixed in cold 3.5% paraformaldehyde for
5 min, permeabilized in cold methanol for 2 min and incubated
for 5 min in 50 mM glycine. The GFP-p65/RelA and FLAG-Cdc25A
were then detected by incubation with anti-GFP rabbit polyclonal
antibody (FL; Santa Cruz Biotechnology, Santa Cruz, CA) and anti-
FLAG mouse monoclonal antibody (M5; Sigma, St. Louis, MO) for
2 h at room temperature. After washing in phosphate-buffered
saline (PBS), the coverslips were incubated for 1 h at room temper-
ature with fluorescein isothiocyanate (FITC) conjugated goat anti-
mouse IgG and rhodamine (TRITC) conjugated goat anti-rabbit
IgG secondary antibodies (Molecular Probes). Stained cells were
washed, mounted in medium containing 4,6-diamino-2-phenylin-
dole (DAPI) (h-1200; Vector Laboratories, Burlingame, CA) and
examined using a Olympus Fluoview-FV300 confocal microscope.
Fig. 1. Phosphorylation, ubiquitination, and proteasomal degradation of IjBa by Cdc
concentrations for 24 h. Whole cell lysates were analyzed for IjBa, phosphor-IjBa (Ser-3
transfected with HA-ubiquitin and FLAG-Cdc25A were treated with MG-132 (0.5 lM) for
analysis with anti-ubiquitin and anti-IjBa.

Fig. 2. Nuclear translocation of p65/RelA induced by Cdc25A. HEK-293 cells were tran
localization of FLAG-Cdc25A and p65/RelA were observed by immunofluorescence. Nu
expressed exogenous Cdc25A.
2.5. Immunoblot analysis

Cytosolic extracts were obtained in 1% Triton X-100 lysis buffer
(50 mM Tris–Cl, pH 8.0, 150 mM sodium chloride, 1 mM EDTA,
1 mM EGTA, 2.5 mM sodium pyrophosphate, 1 mM sodium ortho-
vanadate, 1 mM b-glycerophosphate, 1 lg/ml leupeptin, and 1 mM
phenylmethylsulfonyl fluoride). Western blotting was performed
using anti-IjBa (FL; Santa Cruz Biotechnology, Santa Cruz, CA),
anti-p65 (C-20; Santa Cruz Biotechnology, Santa Cruz, CA), antiphos-
pho-IjBa (14D4; Cell Signaling Technology, Beverly, MA), and anti-
b-actin (AC-15; Sigma, St. Louis, MO) antibodies. Protein samples
were heated at 95 �C for 5 min and analyzed by SDS–PAGE. Immuno-
blot signals were developed by Super Signal Ultra chemilumines-
cence detection reagents (Pierce Biotechnology, Rockford, IL). For
immunoprecipitation, the cell lysates were incubated with the
appropriate antibody (Ab) for 1 h, followed by incubation with
Gamma-bind beads (Amersham Pharmacia Biosciences) at 4 �C for
1 h. Beads were washed four times with the buffer used for cell
solubilization. Immune complexes then were eluted by boiling for
3 min in 2� Laemmli buffer (pH 6.8), and then extracts were
analyzed by immunoblotting as described above.

2.6. Caspase-3 assay

Caspase-3 activity in cytosolic extracts was determined with a
spectrophotometric assay, as described previously [15]. Briefly,
the peptide substrate N-acetyl-Asp-Glu-Val-Asp-q-nitroanlide
(Ac-DEVD-pNA) was added to the cell lysates in assay buffer
25A. (A) HEK-293 cells were transfected with pCMV-FLAG-Cdc25A at indicated
2), p65, p105, p50, IKKb, FLAG, and b-actin by immunoblotting. (B) HEK-293 cells co-
12 h. Cell lysates were immunoprecipitated with anti-IjBa followed by immunoblot

sfected with vector control or FLAG-Cdc25A for 24 h. Expression and subcellular
clei are stained with DAPI, 40-6-diamidino-2-phenylindole. Arrows indicate cells



H.-Y. Hong et al. / Biochemical and Biophysical Research Communications 420 (2012) 293–296 295
(50 mM HEPES, pH 7.4, 100 mM NaCl, 0.1% CHAPS, 10 mM dithio-
threitol, 1 mM EDTA, 10% glycerol) and incubated at 37 �C. The
cleavage of the substrate was monitored at 405 nm.

2.7. Statistical analysis

All data presented are expressed as mean ± SD, and a represen-
tative of three or more independent experiments. Statistical analy-
ses were assessed by Student’s t-test for paired data. Results were
considered significant at P < 0.05.

3. Results and discussion

3.1. The phosphorylation and ubiquitin-mediated degradation of IjB-a
induced by Cdc25A

Because Cdc25A plays an important role in determining the sur-
vival of cancer cells to chemotherapeutic agents [9], we examined
Fig. 3. Stimulation of NF-jB-dependent transcriptional activity induced by Cdc25A. (A
indicated concentrations for 24 h. (B) HEK-293 ells were co-transfected with NF-jB-L
Luciferase activities were normalized on the basis of b-galactosidase expression to adju

Fig. 4. Inhibition of cisplatin-induced apoptosis by Cdc25A-NF-jB axis. (A) Cdc25A and
using immunoblot analysis. (B) Capsae-3 activities were determined in MCF10A, MDA-M
were transfected with vector control or IkBa. At 24 h after transfection, cells were incub
(50 lM) for 24 h. The enzyme activity is represented as DA405/min/mg protein.
the effect of Cdc25A to proteins of NF-jB survival pathway. In
HEK-293 cells, overexpression of Cdc25A resulted in the phosphor-
ylation on the Ser32 and subsequent degradation of IjB-a in a
concentration-dependent manner (Fig. 1A). In contrast, p65/RelA
protein level was increased (Fig. 1A). Protein levels of p50, p105,
and IKKb were not changed under same conditions (Fig. 1A).
Because phosphorylation of IjB-a on Ser32 is crucial for its ubiqui-
tination and posterior proteasome degradation, we next tested
whether Cdc25A induces ubiquitination of IjB-a. The polyubiqui-
tinated IjB-a was confirmed using immunoprecipitation with a
specific anti-ubiquitin antibody in cells co-transfected with plas-
mids encoding ubiquitin with or without vectors expressing
Cdc25A (Fig. 1B).

3.2. Nuclear localization of p65/RelA induced by Cdc25A

The phosphorylation and degradation of IjB-a leads to the nu-
clear accumulation of NF-jB [14]. We next examined whether
) HEK-293 cells were co-transfected with NF-jB-Luc and pCMV-FLAG-Cdc25A at
uc, pCMV-FLAG-Cdc25A and pcDNA-p65 or pcDNA-IKKb or pcDNA-IjBa for 24 h.
st for variation in transfection efficiency.

IjBa expression level were tested in MCF10A, MDA-MB231, and MDA-MB435 cells
B231, and MDA-MB435 cells as described under Section 2. (C) MDA-MB435 cells

ated in the absence or presence of sulindac for 30 min before exposed to cisplatin
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Cdc25A can induces translocation of p65/RelA into the nucleus by
indirect immunofluorescence and confocal microscopy. As would
be expected, p65/RelA resides mainly in the cytoplasm in cells
transfected with empty vector, whereas p65/RelA was detected
primarily in the nucleus in cells transfected with Cdc25A (Fig. 2).

3.3. Stimulation of NF-jB transcriptional activity induced by Cdc25A

We examined whether overexpression of Cdc25A enhances the
transcriptional activity of NF-jB. In HEK-293 cells, Cdc25A in-
creased the NF-jB-Luc reporter gene activity in a dose-dependent
manner (Fig. 3A). This effect was further enhanced by co-transfec-
tion of Cdc25A with IKKb or p65, whereas overexpression of Ij-Ba
completely abolished it (Fig. 3B).

3.4. Cdc25A mediates the resistance of cancer cells to cisplatin through
NF-jB activation

The transcription factor NF-jB is a key mediator of cell survival
signaling. We thus determined whether NF-jB activation by
Cdc25A confer antiapoptotic property to cancer cells. We firstly
analyzed the correlation between expression of Cdc25A and
Ij-Ba and resistance to cisplatin-induced cell death. As shown in
Fig. 4A, B, highly invasive human breast cancer cell lines that are
resistance to cisplatin-induced apoptosis, such as MAD-MB231
and MDA-MB435, showed elevated Cdc25A expression and lower
Ij-Ba protein level compared with MCF10A cells that are sensitive
to cisplatin-induced apoptosis. Furthermore, our data showed that
NF-jB inhibition by pharmacological inhibitor, sulindac, or overex-
pression of Ij-Ba sensitized MDA-MB435 cells to cisplatin-induced
activation of caspase-3, as a key regulator of apoptosis (Fig. 4B).

Cdc25A has been reported to be elevated in many types of can-
cer and contributes to the resistance of tumor cells to chemother-
apy-mediated cell death, but the underlying mechanisms are less
understood. In this study, we examined whether the anti-apoptotic
effect of Cdc25A is mediated through NF-jB survival pathway. Our
results provide the first evidence that Cdc25A is a potent stimula-
tor of the ubiquitious transcription factor NF-jB. The phosphoryla-
tion of Ij-Ba at Ser 32 and subsequent its proteasomal degradation
induced by Cdc25A positively modulated the nuclear translocation
of p65/rRelA and its transcriptional activity, which explain the
anti-apoptotic effect of Cdc25A in cancer cells.
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a b s t r a c t

Amorphous nanosilica particles (nSP) are being utilized in an increasing number of applications such as
medicine, cosmetics, and foods. The reduction of the particle size to the nanoscale not only provides ben-
efits to diverse scientific fields but also poses potential risks. Several reports have described the in vivo
and in vitro toxicity of nSP, but few studies have examined their effects on the male reproductive system.
The aim of this study was to evaluate the testicular distribution and histologic effects of systemically
administered nSP. Mice were injected intravenously with nSP with diameters of 70 nm (nSP70) or con-
ventional microsilica particles with diameters of 300 nm (nSP300) on two consecutive days. The intrates-
ticular distribution of these particles 24 h after the second injection was analyzed by transmission
electron microscopy. nSP70 were detected within sertoli cells and spermatocytes, including in the nuclei
of spermatocytes. No nSP300 were observed in the testis. Next, mice were injected intravenously with 0.4
or 0.8 mg nSP70 every other day for a total of four administrations. Testes were harvested 48 h and
1 week after the last injection and stained with hematoxylin–eosin for histologic analysis. Histologic find-
ings in the testes of nSP70-treated mice did not differ from those of control mice. Taken together, our
results suggest that nSP70 can penetrate the blood-testis barrier and the nuclear membranes of spermat-
ocytes without producing apparent testicular injury.

� 2012 Elsevier Inc. All rights reserved.
1. Introduction

With recent developments in nanotechnology, various kinds of
nanomaterials have been designed and produced throughout the
world. The small particle size and large surface area relative to vol-
ume enables nanomaterials to display a number of useful proper-
ties that are different from those of bulk materials, including
high levels of electrical conductivity, tensile strength, electronic
reactivity, and tissue permeability [1]. Because of these properties,
nanomaterials have been widely used in consumer and industrial
applications. In particular, amorphous nanosilica particles (nSP)
possess a variety of unique properties, such as ease of synthesis,
relatively low cost, and availability of sites for surface modifica-
tions [2,3], and nSP are increasingly being used for applications
ll rights reserved.

xicology and Safety Science,
University, 1-6 Yamadaoka,

oka), ytsutsumi@phs.osaka-u.
including cosmetics, foods, and drugs. However, several reports
have shown that nSP might induce adverse effects such as pulmon-
ary inflammation [4] and hemolysis [5]. Because nanomaterials
have the potential to improve the quality of human life, it is essen-
tial to insure their safety and obtain the information necessary for
designing safe nanomaterials. For the development of safe nanom-
aterials, we have been investigating the biologic distribution and
biologic effects of nSP. We have already found that nSP can pass
through biologic barriers, such as skin, the blood-brain barrier
[6], and the blood-placental barrier [7] in mice. In addition, we
found that nSP induces oxidative stress and DNA damage [8], aller-
gic immune responses [9], and pregnancy complications [7] in
mice, although the administration dose of nSP was higher than
the dose of the human occupational exposure situation. Further-
more, we showed that surface modification of nSP with amine or
carboxyl groups altered the intracellular distribution of the nSP
and had an effect on cell proliferation [10], and suppressed toxic
biologic effects of nSP such as pregnancy complications [7], indi-
cating that surface modification prevented adverse effects of nSP
and would be an approach to create safer nanomaterials.

http://dx.doi.org/10.1016/j.bbrc.2012.02.153
mailto:yasuo@phs.osaka-u.ac.jp
mailto:ytsutsumi@phs.osaka-u.ac.jp
mailto:ytsutsumi@phs.osaka-u.ac.jp
http://dx.doi.org/10.1016/j.bbrc.2012.02.153
http://www.sciencedirect.com/science/journal/0006291X
http://www.elsevier.com/locate/ybbrc


(A) (B)

Sc Sc

Sp
Se

0 5 0 50.5 µµm Sc 0.5 µm

(C) (D)

Nb

0.5 µm 0.5 µm

(E)

0.5 µm
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Rates of male infertility continue to increase, and male infertility
has been a difficult problem to solve [11]. Male infertility is for the
most part caused by dysfunction of the testes. The testes are sensi-
tive to many chemicals, such as endocrine disruptors [12], pesti-
cides [13,14], and anticancer agents [15]. Therefore, to insure the
reproductive safety of nSP, it is important to investigate their bio-
logic effects on the testis. The toxicity of nanomaterials [16,17]
and nanoparticle-rich diesel exhaust [18,19] to male reproductive
functions has been investigated. For example, Bai et al. showed that
multiwalled carbon nanotubes are distributed to the testis, where
they induce reversible damage [17]. However, few studies have
investigated the effect of nSP on the male reproductive system or
the distribution of nanomaterials in testis and male germ cells,
although information about the intra-testicular distribution would
greatly help to elucidate the effect of nanomaterials on male repro-
ductive systems.

Here, we qualitatively evaluated the intra-testicular distribution
of nSP after intravenous administration in mice, including penetra-
tion of the blood-testis barrier and the distribution of nSP to germ
cells. We also investigated the histologic effects of nSP on the testis.
2. Materials and methods

2.1. Silica particles

Amorphous silica particles (nSP70, 70-nm diameter; nSP300,
300-nm diameter) were purchased from Micromod Partikeltech-
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nologie (Rostock-Warnemuende, Germany). The silica particles
were used after 5 min of sonication (280 W output; Ultrasonic
Cleaner, AS One, Osaka, Japan) and 1 min of vortexing.

2.2. Physicochemical examination of silica particles

Silica particles were diluted with PBS to 0.25 mg/mL (nSP70) or
0.5 mg/mL (nSP300), and the average particle size and zeta poten-
tial were measured using the Zetasizer Nano-ZS (Malvern Instru-
ments Ltd., Worcestershire, UK). The mean size and the size
distribution of silica particles were measured with the dynamic
light scattering method. The zeta potential was measured by using
laser Doppler electrophoresis.

2.3. Animals

BALB/c mice (male, 9 weeks old) were purchased from Japan
SLC (Shizuoka, Japan). Mice were allowed to habituate to the ani-
mal room for 1 week prior to their use. The experimental protocols
conformed to the ethical guidelines of Osaka University and the
National Institute of Biomedical Innovation, Japan.

2.4. Transmission electron microscopy

BALB/c mice were injected intravenously through the tail vein
with 100 lL (0.8 mg) of nSP70 or nSP300 on two consecutive days.
The mice were anaesthetized and killed 24 h after the second injec-
tion, and the testes were fixed in 2.5% glutaraldehyde for 2 h. Small
pieces of tissue collected from these samples were washed with
phosphate buffer, postfixed in sodium cacodylate-buffered 1.5% os-
mium tetroxide for 60 min at 48 �C, dehydrated using a series of
ethanol concentrations, and embedded in Epon resin. The samples
were examined under a Hitachi electron microscope (H-7650; Hit-
achi, Tokyo, Japan).

2.5. Histology

Mice were given four doses of 100 lL (0.4 or 0.8 mg) nSP70 or
saline (control), given intravenously through the tail vein every
other day. Testes were collected 48 h or 1 week after the last
administration. The testes were weighed and fixed in 10% neutral
buffered formalin solution, dehydrated in a graded series of etha-
nol and xylene solutions, and embedded in paraffin. Sections were
cut with a microtome, deparaffinized, rehydrated in a graded series
of ethanols, and stained with hematoxylin and eosin.

2.6. Plasma biochemical analysis

Liver function was evaluated by measuring the plasma levels of
alanine aminotransferase (ALT) and aspartate aminotransferase
(AST). Nephrotoxicity was evaluated by measuring the plasma le-
vel of blood urea nitrogen (BUN). These markers were assayed by
using a biochemical autoanalyzer, FUJI DRI-CHEM 7000 (Fujifilm,
Tokyo, Japan).

2.7. Statistical analysis

All results are presented as means ± standard deviation (SD).
Differences were compared by using Bonferroni’s method after
analysis of variance (ANOVA).

3. Results

Here we used nanosilica particles with diameters of 70 nm
(nSP70) and conventional microsilica particles with diameters of
300 nm (nSP300). All of the silica particles were confirmed to be
smooth-surfaced spheres, as we had previously described [6].
The hydrodynamic diameters of nSP70 and nSP300 were 77.0
and 269.3 nm, respectively, with zeta potentials of �21.6 and
�31.3, respectively. The size distribution spectrum of each silica
particle showed a single peak, and the hydrodynamic diameter cor-
responded almost precisely to the primary particle size for each
sample, indicating that the silica used in this study were well-
dispersed in solution (data not shown).

We had already found that nSP70 can enter the blood circulation
after dermal administration [6]. To assess the biodistribution from
the blood circulation, we used TEM to analyze the intratesticular
distribution of each silica particle after intravenous injection. Dots
with sharp outlines and appropriate sizes (70 nm for nSP70,
300 nm for nSP300) were identified as silica particles. The nSP70
were found in Sertoli cells, spermatocytes, and near sperm
(Fig. 1A, B) and in both the cytoplasm and nuclei of spermatocytes
(Fig. 1C). No particles were observed in testes of mice injected with
nSP300 or of control mice (Fig. 1D, E). Although TEM provides only
qualitative information, these results suggest that nSP70 were able
to penetrate the blood-testis barrier and into the nuclei of spermat-
ocytes, whereas nSP300 were not. The findings for nSP70, but not
nSP300, are consistent with our previous results showing that
nSP70 is distributed to placenta through blood-placental barrier [7].
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Next, to evaluate whether nSP70 produce histologic effects on
the testis, we administered four doses of 0.4 or 0.8 mg nSP70 intra-
venously every other day. The blood levels of ALT (Fig. 2A), ALT
(Fig. 2B), and BUN (Fig. 2C) remained within the physiologic range,
indicating that nSP70 did not induce liver and kidney damage at
the administered doses, although some significant changes were
observed in ALT and AST. Furthermore, the testes were weighed
and analyzed histologically 48 h and 1 week after the last injection.
Testis weights (Fig. 3A) and histologic findings (Fig. 3B) were not
different in the testes of nSP70-treated mice and control mice.
These results indicate that nSP70 can penetrate the blood-testis
barrier without producing apparent testicular injury.
4. Discussion

In this study, we showed that nSP70, but not nSP300, were able
to cross the blood-testis barrier. The limited histologic effects on
the testes indicated that nSP70 may be actively transported across
it without producing apparent testicular injury, although further
investigation of the function of the blood-testis barrier in nSP70-
treated mice is needed. By imaging fluorescently labeled nanopar-
ticles, Kim et al. showed that 50-nm magnetic nanoparticles can
also penetrate the mouse blood-testis barrier [20]. Therefore, the
penetration of the blood-testis barrier is not specific to nSP. On
the other hand, it is known that high-molecular-weight species
(>500 Da) do not penetrate the blood-testis barrier by passive dif-
fusion [21]. In fact, De Jong et al. showed with inductively coupled
plasma mass spectrometry that gold nanoparticles larger than
50 nm were not distributed in the testis after intravenous admin-
istration [22]. Although differences in the dose or duration of
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administration and in the detection method might account for
the different results, these findings suggest that the testicular dis-
tribution of nanomaterials might depend on the type of material. In
this study, we evaluated the testicular distribution of nSP qualita-
tively, but testicular distribution of nanomaterials has also been
evaluated quantitatively [17,23]. For example, Bai et al. measured
the radioactivity of 64Cu-labeled multiwalled carbon nanotubes
in the testes of mice [17]. In future, the testicular distribution of
nSP should also be quantitatively analyzed to further assess the
reproductive safety of nSP.

We showed that nSP70 cause little overt testicular injury,
although production of reproductive hormones and sperm function
should also be examined. In contrast to our results with nSP70,
intravenous administration of multiwalled carbon nanotubes do
induce testis damage [17]. The total dose of nanomaterials that
we administered in the current report was about five times higher
than the total dose in the previous nanotube study. Therefore, we
presume that nSP70 are safer to the testis than are multiwalled
carbon nanotubes, although the duration of administration should
also be taken into consideration.

Although nSP70 produced little testicular injury, the presence of
nSP70 in the nuclei of spermatocytes suggests that DNA in the
male germ line might be affected by nSP70. Abnormal DNA in
the male germ line has been associated with an increased inci-
dence of morbidity in the offspring [24], and paternal exposure
to environmental factors has been suggested to influence biologic
functions in offspring [25–27]. Therefore, the transgenerational ef-
fects of nSP as well as the direct effects on sperm should be evalu-
ated in future studies.

In conclusion, this study showed that nSP70 can penetrate the
blood-testis barrier without producing apparent testicular injury.
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Trypanosoma cruzi is the causative agent of Chagas disease, a neglected disorder that affects millions of
people in the Americas. T. cruzi relies mostly upon post-transcriptional regulation to control stage specific
gene expression. RNA binding proteins (RBPs) associate with functionally related mRNAs forming ribonu-
cleoprotein complexes that define post-transcriptional operons. The RNA Recognition Motif (RRM) is the
most common and ancient family of RBPs. This family of RBPs has been identified in trypanosomatid par-
asites and only a few of them have been functionally characterized. We describe here the functional char-
acterization of TcRBP40, a T. cruzi specific RBP, and its associated mRNAs. We used a modified version of
the recombinant RIP-Chip assay to identify the mRNAs with which it associates and in vivo TAP-tag assays
to confirm these results. TcRBP40 binds to an AG-rich sequence in the 30UTR of the associated mRNAs,
which were found to encode mainly putative transmembrane proteins. TcRBP40 is differentially
expressed in metacyclogenesis. Surprisingly, in epimastigotes, it is dispersed in the cytoplasm but is con-
centrated in the reservosomes, a T. cruzi specific organelle, which suggests a putative new function for
this parasite organelle.

� 2012 Elsevier Inc. All rights reserved.
1. Introduction

Chagas’ disease is a parasitic illness that compromises the qual-
ity of life of millions of people in the Americas. The causative agent
is Trypanosoma cruzi, a flagellated protozoon from the kinetoplas-
tid order, which infects mammalian hosts through transmission
by a triatomine insect. Its life cycle has at least four well defined
forms. [1]. In kinetoplastids there is no evidence of transcriptional
regulation of protein-coding genes. Transcription occurs on
polycistronic units guided by non-canonical RNA polymerase II
promoters [2]. These promoters show no specific regulation of
transcriptional initiation for the whole polycistron or for individual
genes. These findings strongly suggest that regulation of gene
expression occurs mainly at the post-transcriptional level [3].

RNA binding proteins (RBPs) associate with mRNA molecules
and other regulatory proteins, forming ribonucleoprotein (mRNP)
complexes, which are involved in several levels of RNA regulation
[4]. The RNA Recognition Motif (RRM) is the most common RNA
interacting domain found in proteins. It has 70–90 aminoacids
and two known motifs of 8 and 5 aminoacids, RNP-1 and RNP-2
respectively, which interact directly with the RNA molecule [5].
ll rights reserved.

a).
In T. cruzi De Gaudenzi and cols. [6] identified 77 non-redundant
RRM proteins within the parasite genome. Genome-wide profiling
of the mRNA expression patterns in T. brucei suggests the existence
of multiple post-transcriptional operons in trypanosome parasites
[7].These operons contain transcripts with a variety of functions,
though mRNAs of known metabolic pathways were often co-regu-
lated, strongly suggesting the existence of RNA regulons [8–10].

The ribonomic approach has been used to identify the bound
mRNAs of different RBPs in several organisms [11]. In trypanoso-
matids, some RBPs have been characterized using this approach.
TcPUF6 and TbPUF9 mRNA targets were identified by affinity puri-
fication of tagged proteins and microarray hybridization [12,13].
Alternatively, an immunoprecipitation method was used for purifi-
cation of TcUBP1 and TcRBP3 targets, [14]. Altogether, these stud-
ies show that RBPs are responsible for the regulation of specific
sets of RNAs in the cell. Here we report the functional characteriza-
tion of TcRBP40, a T. cruzi specific RRM protein.
2. Materials and methods

2.1. Parasites

The T. cruzi clone Dm28c [15] was used throughout this work.
Epimastigote forms were maintained at 28 �C in liver infusion

http://dx.doi.org/10.1016/j.bbrc.2012.02.154
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tryptose (LIT) medium supplemented with 10% heat inactivated fe-
tal bovine serum (FBS). Metacyclic trypomastigotes and amastig-
otes were prepared as described [16].

2.2. Bioinformatic analysis

A consensus domain was created based on RRMs from other
eukaryotes. Proteins from the T. cruzi genome database (GeneDB)
containing RRM were identified with HMMER2.0 [17,18]. Retrieved
matches were analyzed according to the e-value number of do-
main. Low-score sequences were manually analyzed. The TMHMM
program was used for predicting transmembrane motifs on default
parameters.

2.3. Cloning and expression of the TcRBP40 recombinant protein

The coding region of TcRBP40 from T. cruzi Dm 28c genomic
DNA was PCR-amplified and cloned into the pDEST17 vector (Gate-
way�, Invitrogen), for the production of an N-terminal His-tagged
recombinant protein. Cell culture was stress-induced with 3% eth-
anol for 1 h prior to IPTG induction (0.1 mM). The recombinant
protein was purified in native conditions, using Ni–NTA Agarose
(Qiagen) as recommended.

2.4. Production of polyclonal antiserum and Western blot analysis

A polyclonal antiserum was raised in Swiss mice as described
[18]. This study was carried out in strict accordance with the rec-
ommendations in the guide for animal use of the FIOCRUZ Com-
mittee on Animal Experimentation, protocol number P-0434/07.
Protein extracts from the different parasite forms were prepared
as described in [18].

2.5. RNA pull-down assay

For the recombinant protein pull-down assays, 50 lg of recom-
binant His-tag TcRBP40 protein were bound to 100 uL of Ni–NTA
resin (Qiagen) overnight at 4 �C. 100 lg of total RNA from epim-
astigotes were incubated with the bound protein in 500 ll EMSA
buffer at 4 �C for 2 h, in the presence of Heparine and Spermidine
as competitors. Bound and supernatant samples were separated.
The bound sample was washed with the same buffer three times,
for 10 min each. After washing, RNAs present in the bound and
supernatant fractions were purified.

2.6. RNA purification and amplification

RNA was extracted using the RNeasy mini kit (Qiagen). Linearly
amplified RNA (aRNA) was generated with the MessageAmp™II
aRNA Amplification kit (Ambion), in accordance with the manufac-
turer’s instructions.

2.7. Microarray analysis

The microarray was constructed with 70-mer oligonucleotides.
All coding regions (CDS) identified in the genome (version 3) were
clustered by the BLASTClust program, using parameters of 40% cov-
erage and 75% identity. For probe design, the software ArrayOligoS-
elector (v. 3.8.1) was used, with a parameter of 50% G+C content.
This obtained 10,359 probes for the longest T. cruzi CDS of each
cluster, 393 probes corresponding to the genes of an external group
(Cryptosporidium hominis), and 64 spots containing only spotting
solution (SSC 3x), giving a total of 10,816 spots. These oligonucle-
otides were spotted from a 50 lM solution onto poly-L-lysine
coated slides and cross-linked with 600 mJ UV. Probes were iden-
tified according to the T. cruzi Genome Consortium annotation
(http://www.genedb.org). We compared bound and unbound to
TcRBP40 protein mRNA, extracted from independent pull-down as-
says, in a dye-swap design. Images were analyzed by Spot soft-
ware. The Limma package [19] was used for background
correction by the normexp method, intra-slide normalization by
the printtiploess method and inter-slide normalization by the
quantile method. Microarray data have been deposited on ArrayEx-
press, with accession number E-MEXP-3057.

2.8. Tandem affinity purification assay

The coding sequence of the TcRBP40 gene was inserted into a
pTcTAPN vector. T. cruzi epimastigotes (5 � 107 cells) were trans-
fected with 30 lg of vector DNA as described [12]. We added
250 lg/ml geneticin 24 h and 500 lg/ml 72 h after electroporation,
for the selection of transfected parasites. TAP-tag assays of bound
proteins and RNAs were performed as previously described [12].
The tagged proteins were purified on IgG-Sepharose columns
(Amersham).

2.9. cDNA synthesis and PCR

cDNA was synthesized from 1 lg of total or affinity-purified
RNAs, with an oligo-dT primer (USB Corporation) and reverse
transcriptase (ImProm-II™ Reverse Transcriptase, Promega), as
recommended. PCR conditions and primers are described in
Table S3. Bands were quantified by Scion Image 4.0.3.2 software
(http://www.scioncorp.com) and fold changes were calculated by
test/control ratio. Two-step real-time reverse transcription-PCR as-
says were performed using the ABI PRISM 7000 sequence detection
system (Applied Biosystems). For relative quantification, the stan-
dard curve method was used, based on cycle threshold values.
Gene expression was normalized against the TcL9 control gene
[18].

2.10. Gel shift assays

Binding reactions and EMSA were performed as previously de-
scribed [20]. Probes were all end-labeled with T4 polynucleotide
kinase (Roche) and [c-32P]ATP (Amersham Biosciences), as recom-
mended, following probe purification. Binding reactions were per-
formed by adding 1 lg of the recombinant TcRBP40 protein to the
reaction mixture. Oligoribonucleotides were obtained from Mid-
land Certified Reagent Co. and are shown in Table S3.

2.11. Immunofluorescence assays

Immunofluorescence assays were performed as described [18].
Serum dilutions were: mouse anti-TcRBP40 1:100 and rabbit anti-
cruzipain 1:200. AlexaFluor 488 conjugated anti mouse and Alexa-
Fluor 546 conjugated anti rabbit secondary antibodies (1:400)
(Molecular Probes, Invitrogen) were used. Sub-cellular localization
images were acquired using a Leica SP5 Laser Confocal Microscope
(Mannheim, Germany).

3. Results

3.1. The T. cruzi RRM protein family

With the aim to characterize RBP protein families in T. cruzi, we
performed an in silico search for RRM-containing proteins within
the parasite’s genome. First, we defined a consensus RRM domain
based on RRM proteins which were deposited in the Pfam data-
bank. The HMMER algorithm scored for seventy-four conserved
aminoacid positions. The resulting matrix was used to search the

http://www.genedb.org
http://www.scioncorp.com
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T. cruzi GeneDB database. We identified 160 gene entries in T. cruzi
matching the consensus domain sequence. Accounting for the re-
ported redundancy of the parasite genome, our search identified
80 proteins bearing the RRM motif (Table S1).

We identified six new proteins, named according to the pro-
posed nomenclature for the RBP family in trypanosomatids [6].
We manually searched for the presence of at least one of the con-
served RNP1 or RNP2 motifs in the RRM domain. We then per-
formed BLAST searches in GenBank and a new manual Pfam
analysis, confirming them as RRM-containing proteins. We also
found two proteins (classified as RRM-like proteins) whose do-
mains resemble the conserved motif, but do not fulfill the previous
requirements. Unexpectedly, four proteins identified in the previ-
ous related study were not found in our study. One of them was
confirmed as an RRM protein coding for a member of the U2AF pro-
tein complex. The other three proteins did not retrieve any RRM
match, and therefore were included in the table as not confirmed.
Considering the data presented, we can conclude that T. cruzi has
81 RRM proteins.

We selected TcRBP40 for further characterization. TcRBP40 was
only identified in the T. cruzi genome, with no orthologues in other
sequenced trypanosome genomes. The protein has 127 aminoac-
ids, a predicted molecular weight of 14.3 kDa and a unique RRM
(Fig. S1A).

We expressed a 17 kDa recombinant protein that was recovered
as a soluble fusion polypeptide with an amino-terminal histidine
tag (Fig. S1B). The ability of the purified recombinant protein to
form complexes with the four synthetic homoribopolymer
probes under standard conditions was tested by EMSA (data not
shown).
Fig. 1. Functional annotation of TcRBP40 putative targets. A) Gene entries were groupe
TcRBP40 associated mRNAs and total T. cruzi proteins classified according to the presence
tag vector, incubated with TcRBP40 antibody (lane 3), showing the 45 kDa tagged protein
tag. Control cells were transfected with vector alone, and incubated with anti-CBP (lane 1
a 2-fold enrichment were considered as positives. Genes named as in Table S2.
3.2. TcRBP40 association with mRNAs

To identify the mRNAs that associate with TcRBP40, we used a
previously described in vitro approach, the recombinant RIP-Chip
[21]. The recombinant soluble protein was used to perform a
pull-down assay to purify RNAs specifically bound to the protein,
under EMSA competitive conditions. Mock assays using nikel-aga-
rose columns with no protein rendered undetectable amounts of
RNA. Amplified RNAs were labeled for microarray competitive
hybridization using the non-bound fraction as the reference popu-
lation. To select the putative associated transcripts we considered
only spots rendering signals with a fold-change at least four times
and a 1% FDR value as positive.

We retrieved 148 genes which associated with TcRBP40 (Table
S2). As a control, we compared our results with those obtained
with a similar assay using the RRM protein TcRBP19 [22] and we
found only 15 transcripts that were shared by both proteins. Ana-
lyzing the functions of the enriched transcripts of TcRBP40, 115 of
them are annotated as coding for hypothetical proteins. Among the
few annotated proteins we found some to be involved in nucleic
acid metabolism and protein folding processes (Fig. 1A). We also
searched for conserved domains that could indicate any putative
function. Almost half of these proteins contained putative trans-
membrane domains. We analyzed the complete proteomic reper-
toire of T. cruzi, excluding redundancy and large protein families,
and calculated the frequency of transmembrane motifs. The per-
centage of proteins bearing putative transmembrane domains
(25%, p < 10�6), compared with the percentage found in the
TcRBP40 (46%) shows the preferential association of TcRBP40 with
this type of proteins (Fig. 1A).
d according to biological function (GO) in upper panel. Bellow, proteins coded by
of a putative transmembrane domain. B) Western blot of cells transfected with TAP-
and 15 kDa endogenous protein. Lane 2, the same extract incubated with anti-CBP

). C) Quantification of RT-PCR of mRNAs purified in TAP-tag assays. mRNAs showing
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A TcRBP40-tagged protein was overexpressed in epimastigote
forms to perform purification of in vivo formed complexes. We
used the episomal pTcTAPN vector to generate two independent
transfectant clones. These populations expressed a protein of about
45 kDa resulting from the fusion with the 30 kDa tag (Fig. 1B).

We performed in vivo purification of the TcRBP40-RNA com-
plexes using affinity chromatography on IgG-Sepharose columns.
As a control, the vector alone was transfected and RNA from cell
extracts was also purified. Precipitated RNAs were extracted and
analyzed by RT-PCR using primers for 10 randomly selected genes.
We obtained an enrichment of at least 2-fold for six of the genes
that were tested (Fig. 1B).

Overexpression of the tagged TcRBP40 protein resulted in no
evident morphological or structural changes of the cells. Moreover,
transfected epimastigotes showed no altered in vitro growth curves
and, when differentiated into metacyclic forms, no differences in
the rate of cell infection were observed (not shown). We investi-
gated whether TcRBP40 overexpression can cause changes in stea-
dy-state transcript levels of associated mRNAs. No significant
changes in the abundance of TcRBP40 targets were observed (not
shown).
3.3. TcRBP40 recognizes an AG-rich element in UTRs

To identify the RNA recognition element in the target tran-
scripts, we carried out EMSAs. We searched Genbank for ESTs that
could include the 30UTRs of the confirmed transcripts. We found
sequences of up to 44 nucleotides into the putative 30 intergenic re-
gion of the RNA polymerase II subunit 9 mRNA. We considered
these 44 nt as the putative 30UTR and synthesized an RNA probe
for EMSA. The recombinant protein formed a stable complex with
the probe (Fig. 2B).

Three overlapping probes spanning the entire putative UTR
were synthesized and tested (Fig. 2A). The recombinant protein
Fig. 2. Identification of TcRBP40 binding element. (A) 30UTR sequence of RNA polymera
TcRBP40 protein complex formation with the entire 30UTR. Lanes 2 and 3 assays with incr
(C) and UTR3 (D) cold probes. Lanes 5 and 13 contains labeled probes with TcRBP40 recom
UTR2 cold probe (6–8) and UTR3 cold probe (9–11) competing with UTR1 labeled probe
labeled probe. 1, 4, and 12 are the respective free probes.
formed complexes with all of the probes (not shown). Competition
assays using the UTR1 labeled probe and the others as cold com-
petitors showed that increasing concentrations of the other two
UTR fragments did not abolish the formation of TcRBP40 com-
plexes (Fig. 2C). When the UTR3 probe was tested, formed com-
plexes were displaced by the cold competitors (Fig. 2D). Similar
negative results were obtained with the UTR2 probe (not shown).
Analysis of this initial portion showed that it has an AG-rich motif.
AG-rich tracts were also present in the putative 30UTRs of the other
confirmed targets. Furthermore, the MEME algorithm also identi-
fied an AG-rich element in all positive sequences, while this motif
was not present in the false positive transcripts identified (Fig. S2).
The UTR1 labeled probe was competed with the probes bearing the
different homoriboplymers and also with both (AG)15 and (UG)15

cold probes. None of these probes were able to compete with the
UTR1 probe efficiently (Fig. S3).
3.4. TcRBP40 is preferentially localized in reservosomes in
epimastigote forms

Antibodies against the recombinant protein were used in Wes-
tern blot analysis of total protein extracts from different parasite
forms. We detected a 14 kDa band, corresponding to the expected
molecular mass of TcRBP40, in epimastigote forms but not in the
infective metacyclic forms. A detailed analysis of the metacyclo-
genesis differentiation extracts showed that the protein is present
in stressed and differentiating parasites and is not detected in fully
differentiated metacyclic forms (Fig. 3).

In cell-derived amastigotes and cellular trypomastigotes
TcRBP40 was localized in the cytoplasm in a granular distribution
(Fig. 4C). As expected, no signal was observed in the metacyclic
trypomastigote forms (Fig. 4B). When epimastigote forms were
analyzed, TcRBP40 showed a diffuse pattern of expression through-
out the cytoplasm with a strong signal localized in discrete foci in
se II subunit 9 mRNA. Overlapping lines indicate the 3 probes, named UTR1–3. B)
easing protein concentrations. (C and D) Competitive binding of TcRBP40 with UTR1
binant protein. Competition assays with increasing concentrations (2, 5 and 10�) of

, and UTR1 cold probe (14–16) and UTR2 cold probe (17–19) competing with UTR3



Fig. 3. Expression of TcRBP40 protein on T. cruzi metacyclogenesis. Western blot of
protein extracts from various stages of the parasite’s life cycle: (1) epimastigotes;
(2) stressed epimastigotes; (3) adhered stressed epimastigotes for 24 h; (4)
metacyclic trypomastigotes. Lower pannel shows loading control using anti-GAPDH
serum.
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the posterior region of the cell (Fig. 4A). These foci resemble the
localization of reservosomes, a T. cruzi specific specialized orga-
nelle [23]. The posterior localization of TcRBP40 is even more evi-
dent in nutritionally-stressed epimastigotes (Fig. 4B), and is also
observed in differentiating epimastigotes albeit slightly reduced
as also occurs with reservosomes. We performed co-localization
Fig. 4. Cellular localization of TcRBP40 at different life-stages. (A) Epimastigote (B) Me
(arrowheads) and cellular trypomastigote forms (arrow); (D) Co-localization of TcRBP40
interference contrast; DAPI: nucleus and kinetoplast staining. Bars = 5 lm.
studies with cruzipain, a specific reservosome marker [24]. Confo-
cal microscopy assays showed that both proteins co-localize in the
interior of reservosomes (Fig. 4D).

4. Discussion

De Gaudenzi and cols. [6] described and annotated the RRM
containing protein family in Tritryps. In the present study, we per-
formed a new search for RRM containing RBPs using a slightly dif-
ferent approach. As expected, most of the previously characterized
proteins were identified, even though we found some new putative
members of this family. These differences are probably due to the
different approaches used in both searches, as most of the new
putative RRM proteins identified showed low identity scores. How-
ever, functional analyses are necessary to define these proteins as
real RBPs.

We selected the TcRBP40 protein because it is a T. cruzi specific
RBP. RBPs are usually regulators of gene expression, and species-
specific RBPs could establish and regulate new or different gene
regulatory networks [26]. The identification and characterization
of these regulatory networks could help in the understanding of
the processes that define and control the particular features of each
parasite [25].
tacyclic trypomastigote (arrowheads) and stressed forms (arrow); (C) Amastigote
and cruzipain in epimastigotes. Arrowhead shows reservosomes. DIC: differential
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In vitro characterization of RNA–protein complexes using re-
combinant proteins raise concerns about the specificity of this kind
of approach. However, stringent conditions competed for binding
site and made it possible to select putative targets in the pull-
down and microarray assays. A comparison of our results with
other studies that used similar assays with different T. cruzi RBPs
showed that, in our experimental conditions, we were able to
select candidate transcripts for the protein and confirmed more
than half of the tested transcripts. Specifically bound transcripts
were identified, showing that the in vitro approach can be
considered as an alternative strategy due to its simplicity and
straightforwardness.

Binding assays suggest that TcRBP40 recognizes an AG-rich ele-
ment present in the 30UTR of the transcripts. EMSA results show
that it binds to this element with low specificity, as TcRBP40 can
bind different sequences in this assay. The low specificity could
also explain the percentage of false positives observed in the
pull-down assays.

It has been suggested that RBPs may bind and regulate func-
tionally related mRNAs. In trypanosomes this kind of analysis is
hampered by the high percentage of hypothetical proteins in the
genomes. Even though, bioinformatic analysis of the hypothetical
protein coding genes showed the preferential association of
TcRBP40 with mRNAs coding for proteins with predicted trans-
membrane localization domains.

Surprisingly, when the cellular localization of TcRBP40 was ana-
lyzed in epimastigote forms, TcRBP40 appeared throughout the
cytoplasm but concentrated particularly in reservosomes. The pro-
tein localization changes along the parasite life cycle to a cytoplas-
mic distribution in amastigotes and cellular trypomastigotes. These
changes in the cellular localization of TcRBP40 could be related to
its regulatory function. It has been observed that other RBPs change
its distribution in response to biological stimuli [12,27]. Reservo-
somes are T. cruzi specific organelles present in the insect epimas-
tigote forms and are related to the accumulation and storage of
nutrients. Reservosomes are exhausted during metaciclogenesis
as a response to the nutritional stress that triggers the differentia-
tion process [23]. The presence of TcRBP40 in this organelle could
suggest a new role of reservosomes in the biology of the parasite.
Recently, the proteome of reservosomes was described showing
the presence of a significant percentage of proteins involved in nu-
cleic acid metabolism [28]. Further work is needed to assess
whether reservosomes are involved in RNA metabolism. We cannot
discard the possibility of a different function of TcRBP40 in this
organelle as moonlighting proteins have been described in trypan-
osomes [29]. Characterizing regulatory proteins that are specific to
a certain species could be essential to understand differences in the
biology of related parasitic protozoa.
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a b s t r a c t

Chronic infection with hepatitis B virus (HBV) is associated with the majority of cases of hepatocellular
carcinoma (HCC) in China. Despite this, there is no effective method for the early detection of HBV-
induced liver cancer. Aberrant fucosylation is known to occur during the development of HCC. We, there-
fore, developed a method of applying matrix-assisted laser desorption/ionization time-of-flight mass
spectrometry (MALDI-TOF MS) to analyze the relationship between aberrant fucosylation, tumor genesis
and progression of HBV-associated HCC, and to establish proteomic profiling of serum for early diagnosis
of HCC. The MALDI-TOF MS was based on Lens culinaris agglutinin (LCA) lectin magnetic beads and their
affinity for separation. The method was applied initially to a ‘training’ cohort of 111 serum samples
obtained from subjects in China with no liver disease (n = 26), chronic hepatitis B without cirrhosis
(n = 21), HBV-infected cirrhosis (n = 32), or HBV-infected HCC (n = 32). In contrast to previous findings,
the results of our profiling analysis demonstrated defucosylation on some of the glycoproteins involved
in HCC. HCC was then diagnostically classified in a ‘blind test’ cohort (n = 96). In this group we demon-
strated that, HCC could be distinguished from all serum samples, HBV-associated chronic liver disease,
and HBV-associated cirrhosis with a sensitivity/specificity of 70%/70%, 78%/74%, and 81%/82%, respec-
tively. When combined with serum alpha-fetoprotein detection (AFP > 20 ng/mL), the sensitivity/speci-
ficity improved to 78%/88%, 85%/88%, and 89%/91%, respectively. In conclusion, serum glycoprotein
fucosylation abnormalities have diverse forms in patients with HCC. MALDI-TOF MS profiling of aberrant
serum fucosylated glycoproteins distinguished HCC from controls with high accuracy.

� 2012 Elsevier Inc. All rights reserved.
1. Introduction

In China, HCC is the third leading cause of cancer death [1]. The
HCC epidemic in China is associated with hepatitis B viral (HBV)
infection. China has the highest prevalence of HBV in the world
[2], with up to 80% of HCC cases in the Chinese population being
attributed to HBV [3]. The natural progression of HBV infection
to hepatitis, cirrhosis, and HCC is slow and studies of HBV progres-
sion to HCC are expected to provide new insights on the manage-
ment of this increasing problem.
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Currently available systemic therapies demonstrate poor to
modest response rates and do not improve survival in patients
with HCC. The slow development and late detection of HCC suggest
that the identification of biomarkers of disease progression and
early detection represent attractive strategies for improving the
prognosis of HCC.

Current diagnosis of HCC relies on clinical information, liver
imaging and serum alpha-fetoprotein (AFP) measurement. AFP is
the serum marker that is most widely used for the diagnosis, and
surveillance of HCC [4,5]. However, AFP levels have been found
to be normal in up to 40% of patients with HCC, particularly during
the early stages indicating the low sensitivity of this marker [4].
Furthermore, elevated AFP levels may also be detected in patients
with cirrhosis or exacerbations of chronic hepatitis indicating low
specificity [5]. By contrast, AFP with core-fucosylation has been
shown to be a very specific marker for HCC [6]. This marker is
referred to as AFP-L3 because it is detected at the L3 fraction on
Lens culinaris agglutinin (LCA) lectin-electorophoresis. At a cut off
level of 10% of total AFP, the reported specificities of AFP-L3 as a
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method of detecting HCC range from 90% to 92.0% [6]. Based on
these observations, AFP-L3 has gained approval from the US Food
and Drug Administration (FDA) in 2005 as the diagnostic assay
for HCC [7].

However, AFP is not present in all patients with HCC, which lim-
its the use of AFP and AFP-L3 as a primary screen for HCC and high-
lights the need for more sensitive serum biomarkers for HCC for
future work.

The molecular mechanism of aberrant fucosylation in HCC is
not clear, but it is known that the abnormalities are not restricted
to AFP [7]. Results from several groups have indicated that other
liver-derived glycoproteins, such as Golgi protein-73 (GP73) and
kininogen, also become fucosylated with the development of
HCC. A recent study has proposed that these glycoforms may be
valuable biomarkers of HCC [8,9]. However, the majority of previ-
ous studies have been performed on individual or very small num-
bers of patients who have the most abundant serum glycoproteins
[10].

It has been proposed that the combination of a biomarker panel
of fucosylated glycoproteins might provide a more reliable diag-
nostic standard [11]. However, a comprehensive comparative anal-
ysis of all the fucosylated glycoproteins in HCC patients has yet to
be performed. This type of study has been limited by the absence of
a suitable technology to allow the examination of large pools of un-
known fucosylated glycoproteins.

In the present study, we developed a method for applying of
matrix-assisted laser desorption/ionization time-of-flight mass
spectrometry (MALDI-TOF MS) which uses LCA magnetic
glyco-capturing beads to analyze the relation between glycopro-
tein fucosylation abnormalities and the onset and development
of HBV-associated HCC in the sera of patients with HBV-HCC and
controls. We used this method to define a specific proteomic pro-
file that could potentially be used for early diagnosis of HBV-HCC.
2. Materials and methods

2.1. Study subjects

Serum samples (n = 207) from patients and healthy controls
were collected from the Eastern Hepatobiliary Surgery Hospital
(Shanghai, China) from November 2007 to October 2009. This
study was approved by the Biomedical Ethics Committee of East-
ern Hepatobiliary Surgery Hospital, and written informed consent
was obtained from all participants. Demographic and clinical infor-
mation were obtained and a blood sample was collected from each
subject. Each subject’s hepatitis B viral (HBV) and C viral (HCV)
infection status was assessed by enzyme immunoassay for anti-
HBV, anti-HCV surface antigen, and by polymerase chain reaction
for HBV DNA.

Four groups of consecutive subjects were enrolled (Table 1). The
first group (n = 52) included subjects with no history of liver dis-
ease and normal liver biochemistry, no risk factors for viral hepa-
titis, and alcohol consumption less than 40 g/week. The second
group (n = 42) consisted of patients with chronic hepatitis B
Table 1
Serum sample numbers used in training and blinded test cohorts.

Training cohort Blind test cohort Total

Healthy 26 26 52
CHB 21 21 42
HBV-Cirrhosis 32 22 54
HBV-HCC 32 27 59
Total 111 96 207

Abbreviations: HBV, hepatitis B virus; CHB, chronic hepatitis B; HBV-Cirrhosis, HBV-
infected cirrhosis; HBV-HCC, HBV-infected hepatocellular carcinoma.
(CHB) based on HBsAg (+), HBeAg (+), HBV DNA (+), HCsAg (�),
and abnormal liver biochemistry. The third group (n = 54) con-
sisted of patients with HBV-infected cirrhosis. Diagnosis of cirrho-
sis was based on liver histology or clinical, laboratory, and imaging
evidence of hepatic decompensation or portal hypertension [12].
Each of the patients with cirrhosis had a normal hepatic ultrasound
(US). If serum AFP was elevated, a contrast computed tomography
(CT) scan or magnetic resonance imaging (MRI) of the liver within
3 months before enrollment and 6 months after enrollment
showed no liver mass. The fourth group (n = 59) consisted of pa-
tients with HBV-infected HCC. The diagnosis of HCC was made
by histopathology [13]. Tumor staging was determined using the
United Network of Organ Sharing-modified tumor-node-metasta-
sis staging system for HCC.

2.2. Blood sample preparation

Blood from patients with HCC was collected preoperatively in
glass tubes without additive (BD Vacutainer™ Franklin Lakes, NJ)
and was allowed to clot at room temperature for 40 min. Serum
was separated by centrifugation at 2000 rpm for 15 min, immedi-
ately split into 200 lL aliquots and frozen at �80 �C until analysis.
The time from collection to frozen storage was no more than
60 min.

The processing, collection, and storage protocols for all individ-
uals were identical. Each sample used for proteomic profiling had
not been thawed more than once. Blood samples from patients
with HCC were drawn before initiation of treatment. Samples of
each group were randomly divided into a ‘training’ cohort and a
blind ‘test’ cohort (Table 1).

2.3. Serum protein fractionation and tryptic digestion

Serum samples were thawed and purified using LCA magnetic
beads (Bruker Daltonics, Germany). Ten microliters of serum was
mixed with 2 lL of beads and the samples were purified by bind-
ing, washing and elution in accordance with the manufacturer’s
protocol. Each incubation step took 1 min. Elution was carried
out with 10 lL of elution buffer. A portion of the eluted sample
(5 lL) was lyophilized and rehydrated in 25 lL of 100 mM
NH4HCO3 containing 50 ng of trypsin. The portion was digested
overnight at 37 �C.

2.4. MALDI-TOF MS

For MALDI-TOF MS analysis, 1 lL of digested sample was mixed
with 0.5 lL of matrix solution (0.4 mg/mL a-cyano-4-hydroxycin-
namic acid in ethanol:acetone 2:1) and allowed to dry onto the
MALDI sample plate (600 lm AnchorChip™, Bruker Daltonics, Ger-
many). Laser desorption was targeted randomly on the sample
plate and samples were measured using an Autoflex II MALDI-
TOF mass spectrometer (Bruker Daltonics, Germany) operated in
positive ion linear (reflection) mode. Ionization was achieved by
irradiation with a 50 Hz nitrogen laser (k = 337 nm). Spectra were
the mean of 100 ionizations with fixed laser power in linear geom-
etry mode and mass maps were obtained in reflectron mode. The
spectra were calibrated externally with a mixture of protein/pep-
tide standards in the range of 1000–10,000 Da (Bruker Daltonics,
Germany). Three MALDI preparations (MALDI spots) were mea-
sured from each sample. For each MALDI spot, 400 spectra were ac-
quired (50 laser shots at eight different spot positions). The spectra
from all samples (training cohort) were imported into CLINPROT™
software (Bruker Daltonics, Germany) for spectra processing,
model building, model recognition, and internal model validation.
The spectra were processed in the following order: (1) spectra
normalization to total ion current; (2) spectra recalibration using
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prominent peaks; (3) baseline subtraction, peak smoothing
(Savitsky–Golay algorithm) and peak detection; (4) calculation of
peak areas for each spectrum. Peak detection was performed using
S/N P 5 and peak areas were calculated using a zero level integra-
tion type.

All MALDI-TOF MS spectra were analyzed with flexAnalysis™
(Bruker Daltonics, Germany) to detect the peak intensities of inter-
est and CLINPROT™ software (Bruker Daltonics, Germany) to com-
pile the peaks across the spectra obtained from all samples of the
training set. This analysis allowed for discrimination between
HCC and control samples. The Supervised Neural Network (SNN)
contained in this software suite was used for selecting clusters of
signals for the model to discriminate the two populations. A
leave-20%-out cross-validation was calculated to avoid over-fitting
of pattern recognitions. The spectra from all samples of the blinded
test cohort were processed by the same method. The spectra data
of two sets were used for internal and external model validation.

2.5. Sample processing and MALDI analysis

Each serum sample from the training cohort was analyzed by
LCA magnetic beads enriched fucosylated glycoproteins, and then
by trypsin digestion. The MALDI-TOF approach was applied to
exhibited spectral peaks in the 1000–10,000 m/z range, as well as
the effect of pre-processing and normalization. Each serum sample
was tested in duplicate. Using ClinprotTools ver. 2.1 (Bruker
Daltonics, Germany) to statistically analyze the differences in peak
positions and intensities.

2.6. Blinding

The analysts were blinded to the origin of the samples. Initially
the established model was used to distinguish HCC from all serum
samples. Then healthy samples were excluded, and the analysts at-
tempted to distinguish HCC from samples with HBV-associated
disease. In the final step the analysts attempted to exclude chronic
hepatitis B, and distinguish HCC from all cirrhosis samples.

2.7. Statistical analysis

The processed spectra were analyzed using Students t-tests and
Wilcoxon tests. Values of P < 0.05 were considered to be statisti-
cally significant.

3. Results

Demographic information and etiology of liver diseases of all
the patients and healthy volunteers are provided in Table 2.

3.1. MALDI analysis

The complete mass spectrum comparison of serum samples
from healthy, CHB, HBV-Cirrhosis and HBV-HCC groups are shown
in Fig. 1. MALDI-TOF analysis of patients in the four groups resulted
in 89 distinguishable peaks in the 1000–10,000 m/z range, with 36
peaks having differential expression and statistical significance
(P < 0.05; data not shown). Twelve peaks shown to have differen-
tial expression and statistical significance (P < 0.005) are shown
in Table 3.

To assess the classification efficiency, the mean ± SD of the mass
of the 12 peaks in the four groups were calculated. Two signifi-
cantly differently expressed peptides, 2263.41 Da and
5199.24 Da, were used for this analysis. A sample spectrum show-
ing the average peak value for these peptides in the four groups
and the corresponding concentrations are shown in Fig. 2. The
levels of the 2263.41 Da and 5199.24 Da peptides were highest in
the healthy group and decreased with disease severity in the
CHB and HBV-Cirrhosis groups. Expression of both peptides in-
creased in the HBV-HCC group, but the degree of expression was
lower than in the healthy group. Thus peptides 2263.41 Da and
5199.24 Da appeared to have general discriminatory potential
(Fig. 3).

3.2. Classification models analysis and blind test

A Supervised Neural Network (SNN) in CLINPROT, established
using the detected peaks from the training cohort was used to gen-
erate cross-validated classification models.

Having established the correct classification of the more clini-
cally relevant scenarios for surveillance of HBV disease progres-
sion, from chronic hepatitis to cirrhosis, we next examined HCC
using specific HCC diagnostic classification models. The peptide
peaks of HCC diagnostic classification models are shown in Table 4.
The accuracy of the models data from the blinded test cohort was
validated with the analysts blinded as to the origin of the samples.

HBV-HCC was distinguished from all serum samples (HBV-HCC
versus HBV-Cirrhosis plus CHB plus healthy samples) with a sensi-
tivity of 70% and a specificity of 70% (Table 5). When both chronic
hepatitis B and HBV-associated cirrhosis samples were combined
and compared with HBV-HCC samples, sensitivity and specificity
increased to 78% and 74%, respectively (Table 5). HBV-HCC samples
were distinguished from HBV-Cirrhosis samples with a sensitivity
of 81% and a specificity of 82% (Table 5).

To test whether the accuracy of classification could be increased
by including clinical data, AFP values were included in the analysis
of all the diagnostic classification models. These values were con-
sidered by the algorithm to be additional ‘peaks’ to be used in con-
junction with those from the MALDI analyses to build new
classification models. As seen in Table 5, inclusion of AFP values
> 20 ng/mL increased sensitivity/specificity of the correct classifi-
cation of disease states to 78%/88%, 85%/88%, and 89%/91%,
respectively, in both cohorts.

4. Discussion

An association between the fucosylation abnormality of glyco-
proteins and liver cancer is becoming increasingly evident [7–
10]. The successful clinical use of fucosylated AFP (AFP-L3) has
made researchers aware that different proteins with fucosylation
abnormalities exist in human sera that may be markers that assist
in the diagnosis of liver cancer. The usual experimental process is
enrichment of fucosylation with special agglutinins, followed by
detection with two-dimensional electrophoresis (2-DE) or liquid
chromatography–mass spectrometry technology. However, this is
a time and labor consuming process which is seldom employed
clinically. Furthermore, identifying which proteins with fucosyla-
tion abnormalities are suitable for diagnosis of liver cancer re-
quires verification one by one [14,15]. Other researchers suggest
that it is necessary to detect the glycoproteome with fucosylation
abnormalities before making an early diagnosis of liver cancer
[9,10].

The agglutinin magnetic bead-based CLINPROT system adopted
in our study combined agglutinin affinity technology with time-of-
flight mass spectrometry (TOF MS), making it possible to rapidly
detect and analyze proteomics with glycosylation abnormalities
[16]. There are no previous reports on applying the LCA affinity
based CLINPROT technology to establish a serum fucosylation
abnormality peptide group fingerprint model associated with liver
cancer.

In our study, healthy, CHB, HBV-Cirrhosis, and HBV-HCC groups
were based on a gradual progression of HBV infection, from viral
infection to hepatitis to cirrhosis and HCC. This finding suggests



Table 2
Demographic information and etiology of liver diseases.

Training cohort Healthy CHB HBV-Cirrhosis HBV-HCC

Num. 26 21 32 32
Male/female 16/10 17/4 29/3 28/4
Age (years) 46.8 ± 11.6 40.3 ± 6.9 48.5 ± 11.4 52.0 ± 10.4
ALT (U/L) 20.2 ± 6.7 112.5 ± 78.8 54.7 ± 104.2 70.6 ± 71.0
AST (U/L) 18.0 ± 4.8 98.5 ± 75.4 62.4 ± 67.8 72.8 ± 52.1
AFP (ng/mL) 2.5 ± 1.0 17.0 ± 27.9 25.4 ± 57.8 13810.6 ± 26999.7
< 20 26 17 26 4
20–200 0 4 5 5
> 200 0 0 1 23
TNM stage (I/II/III/IV) NA NA NA 12/14/4/2

Blind test cohort Healthy CHB HBV-Cirrhosis HBV-HCC

Num. 26 21 22 27
Male/female 14/12 18/3 19/3 24/3
Age (years) 49.1 ± 12.8 40.9 ± 7.1 48.3 ± 10.7 51.2 ± 13.0
ALT (U/L) 17.0 ± 4.7 118.8 ± 74.4 35.9 ± 27.0 69.6 ± 46.2
AST (U/L) 17.5 ± 3.1 94.5 ± 59.5 50.8 ± 48.0 75.2 ± 63.4
AFP (ng/mL) 2.5 ± 1.0 28.2 ± 76.6 28.7 ± 81.7 2590.1 ± 7289.0
< 20 26 17 18 8
20–200 0 3 2 4
> 200 0 1 2 15
TNM stage (I/II/III/IV) NA NA NA 13/10/3/1

Note: data are presented as the mean ± SD where appropriate.
Abbreviations: HBV, hepatitis B virus; CHB, chronic hepatitis B; HBV-Cirrhosis, HBV-infected cirrhosis; HBV-HCC, HBV-infected hepatocellular carcinoma; ALT, alanine
aminotransferase; AST, aspartate aminotransferase; AFP, alpha fetoprotein; TNM, primary tumor/lymph node/distant metastasis; NA, not applicable.

Fig. 1. Complete mass spectrum comparison of serum samples from healthy, CHB, HBV-Cirrhosis, and HBV-HCC subjects in the 1000–10,000 m/z range. Red line: HBV-HCC
group; Green line: HBV-Cirrhosis group; Blue line: CHB group; Yellow line: Healthy group. Vertical blue bar representing the four groups in the peptide peaks detected.
Abbreviations: HBV, hepatitis B virus; CHB, chronic hepatitis B; HBV-Cirrhosis, HBV-infected cirrhosis; HBV-HCC, HBV-infected hepatocellular carcinoma.
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that the method not only diagnoses HCC, but also provides infor-
mation on the relationship between fucosylation abnormalities of
glycoproteins and the onset and development of HCC.

In most previous research it has been reported that high levels of
fucosylation occurs in many glycoproteins [9,10,14,15]. In our study
we showed that with some glycoproteins, such as the 2263.41 Da
peptide and 5199.24 Da peptide, the fucosylation protein levels
were highest in the healthy group and decreased in the HBV-HCC
group (Fig. 2). Similar results have also been found in our another
experiment on the glycoproteins with fucosylation abnormalities
in sera of the healthy people, patients of chronic liver disease
(CLD) and HCC patients with two-dimensional electrophoresis (data



Table 3
Mass spectral characteristics of peptides with differential expression among four groups (P < 0.005).

m/z DAve P value Ave1 Ave2 Ave3 Ave4 SD1 SD2 SD3 SD4

2263.41 61.3 0.00000101 75.8 47.74 50.8 109.03 32.36 26.33 22.06 34.75
5199.24 21.37 0.0000185 30.99 16.66 27.49 38.03 19.3 6.02 12.38 14.2
2293.81 94.65 0.000043 112.06 96.63 128.8 191.27 62.43 34.09 43.6 68.28
4871.87 8.06 0.000127 16.38 14.07 18.35 22.13 4.4 3.95 7.31 5.05
2542.93 38.37 0.000141 69.11 83.55 71.91 45.18 21.61 27.19 30.9 15.13
1644.33 82.16 0.000433 134.31 95.88 148.63 178.04 53.87 47.7 63.97 51.73
1186.58 17.14 0.000433 21.83 17.19 27.24 34.33 11.75 7.61 12 14.91
6838.5 8.31 0.000591 9.78 8.97 10.68 17.28 4.73 3.6 3.95 7.98
1664.32 66.73 0.000718 101.52 76.84 122.3 143.58 45.83 35.7 53.99 45.65
5139.36 12.66 0.00177 24.46 18.83 24.54 31.49 8.93 8.15 11.73 8.44
1855.83 24.99 0.00285 58.69 59.78 60.11 83.68 21.32 18.88 16.11 26.08
7766.09 10.44 0.00285 20.87 20.42 30.85 30.87 10.93 29.41 28.88 17.16

Note: 1: HBV-HCC; 2: HBV-Cirrhosis; 3: CHB; 4: healthy.
m/z: the mass/charge characteristic of each protein/peptides.
DAve: difference between the maximal and minimal average peak area.
P value of Wilcoxon test (2 class) or Kruskal–Wallis (> 2 class).
Ave N: peak area (intensity) average of class N.
SD N: standard deviation of the peak area average of class i.
Abbreviations: HBV, hepatitis B virus; CHB, chronic hepatitis B; HBV-Cirrhosis, HBV-infected cirrhosis; HBV-HCC, HBV-infected hepatocellular carcinoma.

Fig. 2. Sample spectrum showing an average peak value for peptides 2263.41 Da (A) and 5199.24 Da (B) in each group. Corresponding peptide concentrations (mean ± SD) are
shown in the lower box-plot for peptides 2263.41 Da (C) and 5199.24 Da (D). Levels of the 2263.41 Da (A, C) and 5199.24 Da (B, D) peptides were highest in the healthy group
and decreased with disease severity in CHB group and HBV-Cirrhosis group. Expression of both peptides increased in the HBV-HCC group, but the remained lower than in the
healthy group. Red line: HBV-HCC group; Green line: HBV-Cirrhosis group; Blue line: CHB group; Yellow line: Healthy group. 2263.41 Da and 5199.24 Da are the mass of
peptide peaks. Abbreviations: HBV, hepatitis B virus; CHB, chronic hepatitis B; HBV-Cirrhosis, HBV-infected cirrhosis; HBV-HCC, HBV-infected hepatocellular carcinoma.
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not show). Other studies in cancer patients have shown that a large
range of glycoproteins are fucosylated as a result of the actions of
fucosyltransferase [17]. In our study we demonstrated that defu-
cosylation occurred in certain glycoproteins in HCC. It can therefore
be speculated that there might be cellular enzymes that catalyase
the opposite effect of fucosyltransferase, and that these enzymes
might be activated in liver cancer to facilitate defucosylation on
some of the fucosylation glycoproteins.

The mechanism causing defucosylation of glycoproteins in HCC
has yet to be defined. However, the existence of different forms of



Fig. 3. Bivariate plot of two peptide peaks 2263.41 Da and 5199.24 Da showing general distinction between distributions in four groups. The yellow, blue, green and red
symbols show samples from the training cohorts of healthy, CHB, HBV-Cirrhosis and HBV-HCC groups respectively. 2263.41 Da and 5199.24 Da are the mass of peptide peaks.
The x-axis values represent the relative expression of peptide 2263.41 Da in each group. The y-axis shows the relative expression of peptide 5199.24 Da in each group.
Abbreviations: HBV, hepatitis B virus; CHB, chronic hepatitis B; HBV-Cirrhosis, HBV-infected cirrhosis; HBV-HCC, HBV-infected hepatocellular carcinoma.

Table 4
Peaks of the HCC diagnostic classification models.

Condition Peaks of the classification model (m/z)

HBV-HCC vs. HBV-
Cirrhosis + CHB + Healthy

4838.07, 1871.54, 3227.09, 5260.74, 3051.4,
2474.13, 3322.01

HBV-HCC vs. HBV-
Cirrhosis + CHB

1073.61, 3556.64, 1833.66, 1741, 4837.76

HBV-HCC vs. HBV-Cirrhosis 3847.71, 1517.64, 6891.23, 5955.53,
1871.31

Abbreviations: HBV, hepatitis B virus; CHB, chronic hepatitis B; HBV-Cirrhosis, HBV-
infected cirrhosis; HBV-HCC, HBV-infected hepatocellular carcinoma.

Table 5
Blind test results of HCC diagnostic classification models and the results of joint
detection AFP.

Condition Sensitivity Specificity

HBV-HCC vs. HBV-Cirrhosis + CHB + Healthy 70% (19/
27)

70% (48/
69)

HBV-HCC vs. HBV-Cirrhosis + CHB + Healthy
(+AFP > 20 ng/ml)

78% (21/
27)

88% (61/
69)

HBV-HCC vs. HBV-Cirrhosis + CHB 78% (21/
27)

74% (32/
43)

HBV-HCC vs. HBV-Cirrhosis + CHB (+AFP > 20
ng/ml)

85% (23/
27)

88% (38/
43)

HBV-HCC vs. HBV-Cirrhosis 81% (22/
27)

82% (18/
22)

HBV-HCC vs. HBV-Cirrhosis (+AFP > 20 ng/ml) 89% (24/
27)

91% (20/
22)

Abbreviations: HBV, hepatitis B virus; CHB, chronic hepatitis B; HBV-Cirrhosis, HBV-
infected cirrhosis; HBV-HCC, HBV-infected hepatocellular carcinoma.
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fucosylation abnormality indicates a complex relationship be-
tween the fucosylation abnormality and HCC.

Our diagnostic classification model was established through
pairwise comparisons between the HCC group and the control
groups. The control groups were divided into the healthy people
plus CHB plus HBV-Cirrhosis, CHB plus HBV-Cirrhosis, and HBV-
Cirrhosis by the severity the disease. Blind testing revealed the sen-
sitivity/specificity for HCC as 70%/70%, 78%/74%, and 81%/82% in all
serum samples (healthy people plus CHB plus HBV-Cirrhosis), the
HBV-CLD group (CHB plus HBV-Cirrhosis), and the HBV-Cirrhosis
group, respectively (Table 5).

Both sensitivity and specificity were shown to increase with the
severity of diseases in the control group, indicating that this diag-
nostic model may be suitable for distinguishing HCC from the HBV-
Cirrhosis, which is helpful for the early diagnosis of HCC. Further-
more, the sensitivity (81%) for distinguishing HCC from HBV-Cir-
rhosis in our model was higher than that of AFP detection (56%)
(AFP > 200 ng/mL). When the diagnostic model was combined with
AFP detection (AFP > 20 ng/mL), there was significantly improved
sensitivity and specificity for HCC diagnosis indicating that this
model may have potential for clinical use.

In conclusion, we have shown that fucosylation abnormalities
of glycoproteins are a complicated and mutable process, and that
the onset and development of HCC does not simply involve high
fucosylation. A serum fucosylation abnormality peptide fingerprint
diagnosis model has been established using LCA magnetic bead
affinity based MALDI-TOF MS technology to analyze the relation-
ship between glycoprotein fucosylation abnormalities and the on-
set and development of HBV-HCC. Preliminary verification has
been undertaken for the clinical diagnosis of HCC. The combination
of this diagnostic model and AFP detection provides a favorable ba-
sis for future clinical use for diagnosing HCC. Our study lacks com-
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parative data with other cancers which will be the subject of future
research.
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a b s t r a c t

All members of epidermal growth factor (EGF) family are expressed as transmembrane precursors on cell
surfaces and then proteolytically converted to soluble ligands for EGF receptor (EGFR) by a disintegrin
and metalloproteases (ADAMs). As enzyme-substrate complex formation is essential for this ‘‘ectodomain
shedding’’, alteration of cell surface retention could affect their physical interaction with ADAMs and
eventually contribute to shedding efficiency. Here, we showed that monoubiquitination of pro-amphireg-
ulin (pro-AREG, an EGFR ligand) accelerated its half-life on cell surface. Monoubiquitination occurred at
lysine 240 of pro-AREG as the primary acceptor site. Using a chimeric protein of pro-AREG and a
monomeric ubiquitin mutant (pro-AREGmUb), immunocytochemical analysis and a cell surface biotinyl-
ation assay revealed that a significant portion of pro-AREGmUb was expressed on the cell surface, imme-
diately endocytosed, and predominantly localized to early endosomes. Importantly, ectodomain shedding
of pro-AREGmUb induced by tetradecanoyl phorbol acetate was significantly reduced in comparison to
wild-type pro-AREG. These results suggested that pro-AREG monoubiquitination and the subsequent
trafficking to intracellular organelles is a novel shedding regulatory mechanism that contributes to the
secretion of EGFR ligands in growth factor signaling.

� 2012 Elsevier Inc. All rights reserved.
1. Introduction In normal cells, ectodomain shedding and secretion of soluble
Cell surface proteins are dynamically controlled during cell
growth and differentiation. The proteolytic release of extracellular
domains from transmembrane proteins is an important regulatory
event occurring on the plasma membrane for cell signaling. The pro-
cess, ectodomain shedding, is executed by members of the a disin-
tegrin and metalloproteases (ADAMs) family of transmembrane-
metalloproteases, which have a profound impact on the regulation
of membrane-anchored growth factors and cytokines, their recep-
tors, and cell adhesion molecules [1,2]. Epidermal growth factor
receptor (EGFR) ligands consist of seven members, including EGF,
amphiregulin (AREG), heparin binding EGF-like growth factor
(HB-EGF), transforming growth factor a (TGFa), betacellulin,
epiregulin, and epigen, which are also representative membrane-
anchored growth factors and appear to be primary ADAMs
substrates [3].
ll rights reserved.
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EGFR ligands should be tightly regulated [3]. In contrast, enhanced
ectodomain shedding of EGFR ligands has been reported in tumor
cells, causing aberrant EGFR signaling hyperactivation followed by
tumor progression [4]. To date, the regulatory mechanism of ecto-
domain shedding still remains to be elucidated, but it is conceivable
that intracellular localization of EGFR ligands could serve as an
important determinant in the spatial regulation of ectodomain
shedding, because colocalization of EGFR ligands and ADAMs is
essential for the proteolytic event. The amino acid sequences of
the EGFR ligand cytoplasmic domains affect their intracellular local-
ization. In polarized epithelial cells, pro-AREG and pro-TGFa are
selectively delivered to basolateral membranes [5–7], and a recent
study identified a basolateral sorting motif within the pro-AREG
cytoplasmic domain [8]. Notably, this cytoplasmic domain has been
reported to specify pro-TGFa cleavage to form soluble growth factor
[9]. These results suggest a possible link between intracellular local-
ization of EGFR ligands and ectodomain shedding, and also imply
the importance of cytoplasmic domains when considering physical
interactions between EGFR ligands and ADAMs.

Based on these observations, we hypothesized that the modifica-
tion of cytoplasmic domains of EGFR ligands regulates their intra-
cellular localization, thereby eventually affecting ectodomain
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shedding. Accumulating evidence has established that ubiquitina-
tion at lysine residues of various transmembrane proteins influ-
ences their intracellular localization, and the best-studied
example is ubiquitin modification of EGFR in regards to its internal-
ization and degradation [10,11]. As EGFR ligands are synthesized as
transmembrane proteins and their cytoplasmic domains are acces-
sible by cytoplasmic ubiquitin ligases, it could be possible that cyto-
plasmic domains of EGFR ligands are also modified by ubiquitin. In
this study, a ligand for EGFR, AREG, was examined to determine
whether it possessed a sequence for ubiquitin conjugation and the
results suggested that monoubiquitination of the pro-AREG cyto-
plasmic domain was involved in endocytosis and subsequent ecto-
domain shedding.
2. Materials and methods

2.1. Cells and plasmids

MCF7 and HT1080 cells were obtained from American Type Cul-
ture Collection (Manassas, VA, USA) and RIKEN Cell Bank (RIKEN
Bioresource Center, Ibaraki, Japan), respectively. Expression vec-
tors encoding enhanced green fluorescent protein-GTP-binding
protein (EGFP-Rabs) were kindly provided by Dr. Fukuda (Tohoku
University, Sendai City, Japan) [12,13]. Expression vectors encoding
lysine substitution mutants were generated by site-directed muta-
genesis using pro-AREGwt-pME18SIII as a template [14]. FLAG-
ubiquitin-pcDNA3.1 was generated by subcloning PCR-amplified
ubiquitin cDNA into pcDNA3.1 with the FLAG epitope. According
to information regarding EGFR-Ub-mut (EGFR-UbK48R/DGG, [10]),
wild-type (wt) ubiquitin was converted to UbK48R/DGG and fused
to pro-AREGwt, generating a pro-AREGmUb chimera. Residue 107
to the C-terminus of wt and uncleavable pro-AREG (pro-AREGuc)
was fused to alkaline phosphatase (AP) [15] and subcloned into
pcDNA3.1, generating AP-tagged constructs.
2.2. Transfection, immunoprecipitation, and western blot analysis

Ubiquitinated pro-AREG endogenously expressed in MCF7 was
detected by lysing 1 � 107 cells with 1 mL of RIPA buffer solution
supplemented with Protease inhibitor cocktail (F. Hoffman-La
Roche, Ltd., Basel, CH). Debris was removed by centrifugation and
the supernatants were incubated with 0.5 lg anti-AREG antibodies
(AF262, R&D Systems, Inc., Minneapolis, MN, USA) for 4 h with
rotation. Then, protein G sepharose (bed volume, 30 lL) were
added and incubated a further 2 h. Beads were washed 3 times
with 800 lL of wash buffer (Tris–HCl, pH 8.0, 150 mM NaCl, 0.1%
NP40, v/v). The eluted immunoprecipitates were boiled in Laemmli
SDS buffer for 3 min, separated by SDS–PAGE, and analyzed by
western blotting using antibodies against AREG, ubiquitin
(P4D10, Cell Signaling Technology, Inc., Danvers, MA, USA) and b-
actin (AC-15, Sigma–Aldrich, St. Louis, MO, USA). To determine
the lysine residue responsible for ubiquitination, HT1080 cells
were transfected with expression plasmids encoding pro-AREGwt
and mutant derivatives together with FLAG-ubiquitin using Lipo-
fectamine2000 (Invitrogen, Life Technologies, Grand Island, NY,
USA) according to the recommended protocol. The next day, cell ly-
sates were immunoprecipitated with anti-AREG antibodies as de-
scribed above. To remove the putative pro-AREG binding protein
conjugated with ubiquitin, immunoprecipitates were denatured
by boiling for 5 min, immunoprecipitated again using anti-AREG
antibodies, and analyzed using anti-FLAG antibody.
2.3. Immunocytochemistry

Conventional immunocytochemistry was performed by fixing
cells with 4% paraformaldehyde for 20 min and permeabilizing
them in phosphate buffered saline (PBS) containing 1% TritonX-
100 (v/v) for 5 min. After subsequent incubation in blocking buffer
(PBS containing 10% fetal bovine serum and 1% TritonX-100, v/v),
cells were incubated with antibodies (as described in figure leg-
ends). The next day, antibodies were removed by rinsing and the
cells were stained with secondary antibodies and Hoechst33342
(Molecular Probes, Life Technol.); secondary antibodies were anti-
goat IgG-FITC (705-095-147), anti-goat IgG-Cy3 (705-165-147),
and anti-mouse IgG-FITC (715-165-151, Jackson ImmunoResearch
Laboratories, Inc., West Grove, PA, USA). In the antibody uptake
experiment, HT1080 cells were transfected with empty vector or
expression plasmids encoding pro-AREGwt or pro-AREGmUb. The
following day, living transfected cells were incubated with anti-
AREG antibodies (2 lg/mL) at 37 �C for 30 min and then fixed. After
permeabilization, cells were stained with anti-early endosome-
associated protein (EEA1) antibody (14/EEA1, BD Transduction Lab-
oratories, Lexington, KY, USA). Primary antibodies and nuclei were
detected by the secondary antibodies above and Hoechst33342.
2.4. Other cell based assays

The cell surface biotinylation assay and the AP assay were car-
ried out essentially as described previously [15,16]. Biotinylated
bands were detected and quantified by ImageQuant LAS 4000
(GE Healthcare, Buckinghamshire, UK). The result of the AP assay
was presented as mean ± standard deviation. Student’s t-test was
used to compare mean values. A p-value of <0.01 was defined as
statistical significance.
3. Results

3.1. Pro-AREG was monoubiquitinated at lysine 240

To examine whether pro-AREG was modified by ubiquitination,
endogenous pro-AREG was enriched by immunoprecipitation from
whole cell lysates of MCF7, a human breast cancer carcinoma cell
line from which AREG was initially identified [17]. HT1080, a human
fibrosarcoma cell line, was used as a negative control that does not
express any detectable levels of AREG protein (Fig. 1A). Immunopre-
cipitation and immunoblotting using antibodies against extracellu-
lar domains of pro-AREG allowed detection of endogenous pro-
AREG as multiple bands in MCF7 (Fig. 1B, left panel). Based on a pre-
vious study [18], approximately 40-, 35-, and <20-kDa were judged
as glycosylated full-length, non-glycosylated full-length, and N-ter-
minal-processed pro-AREG, respectively. Western blot analysis of
the immunoprecipitates revealed that ubiquitinated pro-AREG
was detected at�50-kDa with smeared high molecular weight spe-
cies from MCF7 but not in control precipitates (Fig. 1B, right panel).
These results suggested that, in the steady state, a portion of MCF7
endogenous pro-AREG was ubiquitinated.

As there are three lysine residues in the cytoplasmic domain of
pro-AREG, the responsive lysine for ubiquitination was identified
by constructing seven pro-AREG mutants (mut 1–7), which pos-
sessed lysine (K) to arginine (R) substitutions (Fig. 1C). These mu-
tants were coexpressed with FLAG-tagged ubiquitin in HT1080
cells, immunoprecipitation by anti-AREG antibodies, and analyzed
using anti-FLAG antibody. The most prominent signal was de-
tected at �50-kDa (Fig. 1D, right panel), suggesting that mono-
ubiquitination of full-length pro-AREG occurred in HT1080 as
well as MCF7. The other ubiquitinated forms were presumed to
be monoubiquitinated pro-AREG produced by HT1080-specific



Fig. 1. Modification of pro-AREG by monoubiquitination. (A) Expression of pro-AREG, ubiquitin, and b-actin in whole cell lysates of MCF7 and HT1080 by western blot
analysis. (B) Ubiquitinated pro-AREG in MCF7. Lysates in (A) were subjected to immunoprecipitation with anti-AREG antibodies. Precipitates were analyzed by SDS–PAGE and
western blotting using anti-AREG (left) and anti-ubiquitin (right) antibodies. Left panel: parentheses (40-kDa), white arrow (35-kDa), white arrowhead (20-kDa), and
asterisks indicate glycosylated full-length, non-glycosylated full-length, N-terminus-processed pro-AREG, and IgG chains, respectively. Right panel: black arrow (50-kDa) and
parentheses (poly-Ub) indicate monoubiquitinated and polyubiquitinated pro-AREG, respectively. (C) Amino acid sequences of pro-AREG derivatives. Lysine (K) to arginine
(R) substitutions are underlined. (D) Ubiquitination of pro-AREG in HT1080. HT1080 were transfected with expression vectors encoding wt, mutant pro-AREG, and FLAG
epitope-tagged ubiquitin. After the immunoprecipitation with AREG antibodies, immunoprecipitates were analyzed by the FLAG antibody. Left panel: expression of pro-AREG
derivative. Right panel: Ubiquitinated AREG detected by the FLAG antibody. The black arrow (50-kDa) indicates monoubiquitinated pro-AREG.
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N-terminal processing/glycosylation and polyubiquitinated pro-
AREG.

Ubiquitination was not affected when K230 was substituted to
arginine and barely detectable with mut 6 and 7 (Fig. 1D, right pa-
nel, wt and mut 1, 6, and 7), which excluded K230 being the
responsive residue. Ubiquitination of mut 3 and 5, which carried
an arginine substitution at K240 in common, was significantly im-
paired in comparison to mut 2 and 4 (Fig. 1D, right panel, mut 2–5).
Taken together with the MCF7 results, these data suggested that
K240 was the primary ubiquitin acceptor site in the cytoplasmic
domain of pro-AREG and that K239 also acted as a potential ubiq-
uitination site. In further experiments, the focus was on the possi-
ble role of pro-AREG monoubiquitination.
3.2. Pro-AREGmUb mutant predominantly localized at early
endosomes, but not recycling endosome

A previous study has shown that a monoubiquitination event is
sufficient for EGFR internalization [10]. The role of monoubiquiti-
nated pro-AREG was studied in detail by use of a fusion protein com-
posed of pro-AREGwt and a previously reported ubiquitin mutant
(hereafter we referred to as pro-AREGmUb). The mutated ubiquitin
possessed a lysine to arginine substitution at the major polyubiqui-
tination residue K48 and also lacked two carboxyl-terminal glycine
residues (UbK48RDGG, [10]). Plasmids encoding pro-AREGwt and pro-
AREGmUb were transfected into cells and the intracellular localiza-
tion in the steady state was analyzed by immunocytochemistry.
Pro-AREGwt was found to be localized at plasma membranes as well
as in the intracellular compartment, while pro-AREGmUb predom-
inantly accumulated at intracellular vesicles (Fig. 2A). The organelle
type at which pro-AREGmUb located was identified by cotransfec-
tion of cells with pro-AREGmUb and EGFP-Rab cDNAs; Rab5,
Rab7, and Rab11 are known to be distributed primarily on early,
late, and recycling endosomes, respectively [12,13]. Pro-AREGmUb
primarily colocalized with EGFP-Rab5 and, to some extent, with
EGFP-Rab7 but scarcely colocalized with EGFP-Rab11 at all
(Fig. 2B). These results suggested that monoubiquitination of pro-
AREG affected intracellular trafficking, leading to its accumulation
at early and late endosomes, but not in recycling endosomes.
3.3. Pro-AREGmUb mutant was delivered to the cell surface and
rapidly endocytosed

Next, the question was addressed as to whether the pro-AREG
and monoubiquitin chimera was (1) transported to the plasma
membrane, followed by endosomal targeting, or (2) directly trans-
ported to early endosomes immediately after protein synthesis
without targeting to the cell surface. The intracellular trafficking



Fig. 2. pro-AREG-monoubiquitin chimera mainly localized in early endosomes. (A) HT1080 transfected with empty vector or vectors encoding pro-AREGwt or pro-AREGmUb.
Cells were fixed, permeabilized, and immunostained with anti-AREG antibodies (red); nuclei were stained with Hoechst33342 (blue). Scale bar: 20 lm. (B) HT1080
transfected as in (A), together with plasmids that express EGFP-Rab5, EGFP-Rab7, or EGFP-Rab11. GFP-Rabs proteins, pro-AREGmUb, and nuclei are shown in green, red, and
blue, respectively. Scale bar: 20 lm.
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of pro-AREGwt and pro-AREGmUb was tracked by adding anti-
AREG antibodies to the culture medium, which then bound to
pro-AREG on cell surfaces of living HT1080 cells. After a 30 min
incubation, the cells were fixed, stained with an early endosomal
marker, EEA1, and the primary antibodies were detected using
their secondary antibodies. In empty vector-transfected cells, no
anti-AREG signal was observed, excluding nonspecific incorpora-
tion of antibodies into transfected cells (Fig. 3A, left). We detected
anti-AREG antibodies incorporated into pro-AREGwt- and pro-
AREGmUb-expressing HT1080 (Fig. 3A, middle and right). Immu-
nostaining revealed that pro-AREGmUb significantly colocalized
with EEA1 (Fig. 3A, right) and, in part, also merged with a lysosome
marker, lysosome-associated membrane protein (Lamp1, data not
shown).

In a parallel experiment, the amounts of pro-AREGwt and pro-
AREGmUb expressed on cell surfaces were compared by labeling
with a membrane impermeable biotin reagent. After cyclohexi-
mide treatment, pro-AREGwt and pro-AREGmUb were immuno-
precipitated using anti-AREG antibodies, separated by SDS–PAGE,
and analyzed by horseradish peroxidase (HRP)-conjugated strepta-
vidin. The results showed that pro-AREGmUb as well as pro-ARE-
Gwt were expressed on cell surfaces, but the full-length and
N-terminus-processed forms of pro-AREGmUb present on cell
surface rapidly disappeared from the surfaces, compared with
pro-AREGwt (Fig. 3B). These results suggested that, after protein
synthesis, a significant portion of pro-AREGmUb was transported
to the cell surface, but then rapidly endocytosed by the ubiqui-
tin-mediated mechanism and localized at early and late
endosomes.

3.4. Ectodomain shedding was abrogated when pro-AREG was fused to
monoubiquitin

As pro-AREGmUb rapidly disappeared from plasma membranes
where TPA-activated ADAMs cleave pro-AREG [19], the frequency
of enzyme/substrate encounters might be altered. Therefore, it
was hypothesized that monoubiquitination could affect pro-AREG
shedding. The effect of monoubiquitination on the ectodomain
shedding was examined using a quantitative alkaline phosphatase
(AP) assay that estimated shedding efficiency of pro-AREG [15].
The expression level of AP-pro-AREGmUb was slightly lower than
that of wild-type and uncleavable (uc) AP-pro-AREG due to the
accelerated turnover (Fig. 4A). In these cells, the expression of
AP-pro-AREG derivatives was driven by the simian virus 40 early
promoter, suggesting that variability in their expression was post-
translationally regulated by the monoubiquitin moiety. Based on
the observed AP activity released into the culture medium, TPA
stimulation induced >10-fold increase in the amount of shed AP-
pro-AREGwt, whereas that of AP-pro-AREGuc was completely
abrogated (Fig. 4B). In the case of AP-pro-AREGmUb, although
the amount of the released AP was severely reduced in comparison
to with pro-AREGwt, a �3.8-fold increase in the release of shed AP-
pro-AREGmUb was observed after TPA stimulation (Fig. 4B). Taken
together, these results suggested that monoubiquitination and
subsequent pro-AREG endocytosis exerted an inhibitory effect on
the ectodomain shedding through regulation of intracellular
localization.
4. Discussion

In the present study, we report that pro-AREG is a substrate for
ubiquitin modification mainly at the lysine 240. The fusion protein
pro-AREGmUb was rapidly endocytosed and predominantly local-
ized to early but not recycling endosomes. Furthermore, unstimu-
lated and TPA-induced pro-AREG ectodomain shedding was
abrogated by fusion to the monoubiquitin moiety. Based on these
observations, transmembrane protein ubiquitination on the cell
surface and subsequent endocytosis is proposed to be one of the



Fig. 3. Pro-AREGmUb chimera was expressed on the cell surface and rapidly internalized. (A) Antibody incorporation assay. HT1080 cells were transfected with plasmids as in
Fig. 2A. Living cells were incubated with anti-AREG antibodies and then fixed. Cells were permeabilized and stained with anti-EEA1 antibody. Primary antibodies were
detected by their respective secondary antibodies (anti-AREG, green; anti-EEA1, red). Nuclei were stained with Hoechst33342 (blue). Scale bar: 40 lm. (B) The amount of pro-
AREGwt and pro-AREGmUb on cell surface. HT1080 cells transfected with plasmids encoding pro-AREGwt or pro-AREGmUb were treated with cycloheximide (10 lg/mL) for
4 h (defined as time point 0). After incubation (0–4 h), cell surface proteins were labeled with biotin and immunoprecipitated with anti-AREG antibodies. Precipitated pro-
AREG was detected by avidin-HRP, and the band intensity of relative amounts of cell-surface pro-AREG was quantified. Note that cell surface biotinylation does not label non-
glycosylated pro-AREG because it localizes to the intracellular compartment.
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shedding regulatory mechanisms that eventually down-regulates
conversion from the proform to soluble form.

Previously, we have shown that the full-length and carboxy-ter-
minal fragments (CTFs) of pro-AREG and pro-HB-EGF translocate to
the perinucleus and nuclear envelope and to engage in transcrip-
tion [14,20]. However, the physiological significance of CTFs, par-
ticularly their roles in ectodomain shedding, remains elusive.
Recent efforts have identified a large number of interaction part-
ners with ADAMs [1], but considering the spatiotemporal regula-
tion of ectodomain shedding, we have to pay much attention to
the involvement of the shedding substrate-binding proteins. Naked
2 (NKD2), a negative regulator of the canonical Wnt signaling, has
been reported to bind to pro-TGFa’s cytoplasmic tail and escort it
to the basolateral membrane of MDCK cells [21]. Although NKD2
acts in the anterograde trafficking of pro-TGFa, and pro-AREG does
not interact with NKD2, the report strongly suggests that cytoplas-
mic domain-binding protein-dependent regulation of intracellular
trafficking of EGFR ligands would be crucial. Based on the present
results, ubiquitin modification is speculated to possibly have chan-
ged the interaction partner of pro-AREG, thereby limiting the dura-
tion of pro-AREG retention on the plasma membrane.

The binding of EGFR ligands to EGFR acts as a trigger for the
conjugation of ubiquitin to EGFR by the multidomain c-Cbl protein
[10,21], whereas here pro-AREG ubiquitination was observed un-
der steady-state conditions. Examination of the properties of pro-
AREG mut 7, in which all cytoplasmic domain lysine residues were
arginine-substituted, found that the intracellular localization and
shedding efficiency of mut 7 were indistinguishable from that of



Fig. 4. Ectodomain shedding of pro-AREG is abrogated by ubiquitin conjugation. (A)
Expression of AP-tagged proAREG derivatives in HT1080 cells. (B) AP activity
released into the culture medium in response to the TPA stimulation. Cells were
transfected with expression plasmids encoding AP-tagged pro-AREGwt, pro-ARE-
GmUb, or pro-AREGuc (negative control). Cells were treated with 100 nM TPA for
30 min and AP activity in the conditioned medium was measured. Data are
indicated as mean ± standard deviation; * and n.s. indicate p < 0.01 and not
significant by the Student’s t-test, respectively.
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pro-AREGwt (data not shown). Although ubiquitinated pro-AREG
was reproducibly detected under the present experimental condi-
tion, these results indicated that pro-AREG ubiquitination occurred
at a low frequency in the steady state. In further studies, it would
be necessary to identify signals or enzymes that efficiently induce
ubiquitination and to uncover their related physiological signifi-
cance in the regulation of pro-AREG function. Monoubiquitina-
tion-mediated endocytosis of transmembrane substrates for
ADAMs could be an important posttranslational regulatory mecha-
nism of ectodomain shedding, because this process could directly
and immediately compete with an ADAM-mediated overproduc-
tion of soluble ligands at the posttranslational level, when cells
are exposed to excess environmental shedding stimuli, such as
high doses of ultraviolet irradiation or severe wounding.

Overexpression of AREG mRNA and protein has been reported
in a wide variety of human epithelial carcinomas from breast, lung,
colon, and liver [22]. It has also been reported that pro-AREG is in-
volved in resistance to radiation and chemotherapeutic agents
[22,23]. In the present study, as the amount of released ectodomain
was reduced by fusing pro-AREG to ubiquitin, it might be possible
that ubiquitination-inducing signals or enzymes could suppress
aberrant activation of EGFR signaling through the reduction of
AREG secretion. Future investigations to elucidate the molecular
mechanism for pro-AREG cytoplasmic domain modification would
provide valuable clues not only for full understanding of the regu-
lation of EGFR ligand activity but also for the development of a
therapeutic target for cancer treatment.
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a b s t r a c t

Linker histone H1, one of the most abundant nuclear proteins in multicellular eukaryotes, is a key com-
ponent of the chromatin structure mainly due to its role in the formation and maintenance of the 30 nm
chromatin fiber. It has a three-domain structure; a central globular domain flanked by a short N-terminal
domain and a long, highly basic C-terminal domain. Previous studies have shown that the binding abil-
ities of H1 are at large determined by the properties of the C-terminal domain; much less attention has
been paid to role of the N-terminal domain. We have previously shown that H1 can be reconstituted via
cytoplasmic mRNA injection in Xenopus oocytes, cells that lack somatic H1. The heterologously expressed
H1 proteins are incorporated into in vivo assembled chromatin at specific sites and the binding event is
monitored as an increase in nucleosomal repeat length (NRL). Using this setup we have here compared
the binding properties of wt-H1.4 and hH1.4 devoid of its N-terminal domain (DN-hH1.4). The DN-
hH1.4 displays a drastically lower affinity for chromatin binding as compared to the wild type hH1.4.
Our data also indicates that DN-hH1.4 is more prone to unspecific chromatin binding than the wild type.
We conclude that the N-terminal domain of H1 is an important determinant of affinity and specificity of
H1-chromatin interactions.

� 2012 Elsevier Inc. All rights reserved.
1. Introduction

The linker histone, often collectively called H1, is located at the
surface of the nucleosome, interacting with the DNA at its entry
and exit points. Despite being the key molecule in formation and
maintenance of the higher order chromatin structure [1] and its vi-
tal role in mammalian development [2] histone H1 is not as well
studied as the core histones. Histone H1 consists of a globular
‘‘winged-helix’’ domain flanked by lysine rich C- and N-terminal
domains [3]. Multicellular organisms have several different linker
histone subtypes, present simultaneously in the same cell type.
Individual H1 variants demonstrate both apparent inter-species
conservation and pronounced intra-species divergence. Within
one species the H1 globular domain tends to be highly conserved
while the N- and C-terminal domains are more divergent. The C-
terminal tail comprises almost half of the protein and thus, much
of the heterogeneity between subtypes can be attributed to this
part (reviewed in [4]). The C-terminal domain has been implicated
to be a major contributor to H1s binding abilities [5] and much
ll rights reserved.

Nase, micrococcal nuclease;
ain.

berg), sergey.belikov@ki.se
effort has been spent elucidating the role of the C-terminal domain
in the maintenance of higher order chromatin structure [6]. The N-
terminal domain has received much less attention. It is known that
the N-terminal affects H1’s behavior in terms of chromatin binding
since deletion of the N-terminal domain results in reduced affinity
for chromatin binding as shown by FRAP-studies [5].

The Xenopus oocyte is a giant cell that can be used as an ‘‘in vivo
test tube’’ for studies of DNA–protein interactions. By microinjec-
tion of in vitro synthesized mRNA in the cytoplasm these cells
can be programmed to express (a) protein(s) of interest. ssDNA is
introduced via intranuclear injection and will then undergo second
strand DNA synthesis concomitantly with chromatin assembly
[7,8]. Xenopus laevis oocytes lack somatic H1 [9,10] and, thus, are
especially well suited for in vivo studies of histone H1-DNA inter-
actions mediated by heterologously expressed linker histones.
We have previously used this approach to study linker histone
H1 binding to chromatin. The binding event was monitored as a
shift in the nucleosome repeat length (NRL) obtained from in situ
micococcal nuclease (MNase) digestion [11]. This showed that
the binding of linker histones, xH10 and H1A, is saturable as mon-
itored by an increase in the NRL that reached a plateau and stays
constant within a wide range of H1 concentrations [11]. We have
then exploited this method to analyze the chromatin structural
effects by various linker histone H1 subtypes (Öberg and Belikov,
to be published elsewhere).

http://dx.doi.org/10.1016/j.bbrc.2012.02.157
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Here we use the same method to address the role of N-terminal
domain of the human somatic subtype histone H1.4 in its interac-
tion with chromatin in vivo. Our results imply that the N-terminal
domain is an important contributor both to the affinity and to the
specificity of the hH1.4-chromatin interactions in vivo.
2. Methods

2.1. mRNA synthesis

Plasmids for in vitro production of the hH1.4/DN-hH1.4 mRNA
were generated by PCR amplification of hH1.4 cDNA, NCBI refer-
ence sequence number NM_005321.2, cDNA clone using specific
primers that generated BamHI and NotI sites in the 50 and 30 end
of the inserts, respectively (available upon request). For the DN-
hH1.4 construct the primers were chosen so that the 34 first amino
acid of H1 was removed. The resulting fragments were inserted
into the RN3P-vector [11,12] between the BamHI and NotI sites.
2.2. Xenopus oocyte preparation

The handling of the frogs as well as the experiments have been
approved of by the Central commission for animal research (Centr-
ala försöksdjursnämnden, CFN), reference number N61/09. Prepa-
ration of Xenopus oocytes and oocyte injections were performed
as described earlier [13,14]. Briefly, the linker histone variants
were expressed in the oocytes by cytosolic injection of 23 nl mRNA
solutions (see figure legends for details). After 4–6 h incubation in
oocyte media [13] at 19 �C, 7 ng of M13mp18 single stranded DNA
(USB, P/N 71706) was co-injected with a-[P33]�dCTP (NEG613H,
Perkin Elmer) in a volume of 18.3 nl in the oocyte nucleus.
2.3. MNase digestion

Oocytes were harvested 24 h after DNA injection and digested
with micrococcal nuclease (MNase). The oocytes were homoge-
nized with a Dounce homogenizer in the volume of 18 ll � num-
ber of oocytes (at least 15 oocytes were used) in 15 mM Tris–HCl
pH 8.1, 50 mM KCl, 1 mM dithiothreitol (DTT), 5% glycerol and
1 mM CaCl2. Three aliquotes of homogenate containing 3.3 oocytes
each were digested with 8.2 U MNase (USB, P/N 70196Y) for 5 min
at 15 oC. The reaction was stopped by the addition of 2� STOP-
solution; 10 mM Tris–HCl pH 8.0, 10 mM EDTA, 1% SDS and
0.1 mg/ml proteinase K and sample incubated over night in
37 �C. The DNA was extracted twice with phenol:chloroform mix
(2:1), isopropanol precipitated and treated with 5 lg RNase A for
at least 1 h at 37 �C and finally extracted once with phenol:chloro-
form mix and isopropanol precipitated. DNAs were dissolved in a
mix of 8 ll 5 mM Tris (8.0) and 1 mM EDTA supplemented with
4 ll 6� Orange DNA loading dye (Fermentas, #R0631). 4 ll were
loaded on a 1.3% agarose gel (0.5� TBE solution).
2.4. Analysis of NRL to monitor H1-chromatin binding

The agarose gels were dried and scanned using a Fuji Bio-Imag-
ing FLA-7000 analyzer and analyzed using Image Gauge V4.1 Soft-
ware. The profiles of the MNase digestion pattern were exported as
an Excel-file and reconstituted using PeakFit� v.4.12 (Seasolve
Software Inc., USA). The MNase digestion pattern was smoothened
using the Loess algorithm and the size marker ladders were
smoothened using the FFT filtering, which is more suitable for
these sharp peaks. The program estimates the maxima of the
MNase and the marker profiles. The marker DNA lengths were
plotted as a function of the electrophoretic mobility. The equation
for this graph was used for determination of the size of the three
nucleosomal band, which was used to calculate NRL.

2.5. Quantification of expressed protein

Eight oocytes per group were incubated in 3 mCi/ml of 14C-ly-
sine (NEC280E, Perkin Elmer). The linker histones were extracted
in 5% perchloric acid and resolved in SDS–PAGE. The relative inten-
sity of the bands corresponding to H1 was determined by the Im-
age Gauge V4.1 Software. Relative protein amount was expressed
in arbitrary units accounting for the difference in lysine content
between the wt H1.4 and DN-H1.4.

3. Results

The role of the N-terminal domain of linker histone H1.4 was
addressed by expression of increasing amounts of either hH1.4wt
or DN-hH1.4 in the Xenopus oocytes as described previously [11].
The intracellular level of linker histones was monitored by 14C-la-
beled lysine incorporation and subsequent analysis of the gel
(Fig. 1A). Protein expression is presented in arbitrary units, and
thus the particular unit counts have no relation to absolute molar
amounts, but only to their ratios and relative amounts. Evidently
hH1.4wt and DN-hH1.4 have a different number of lysines; this
has been taken into account when comparing the relative protein
expression levels. Introduction of H1 into the system results in
incorporation of H1s in the newly assembled chromatin that can
be seen by the slower migration of polynucleosomal DNA on the
agarose gel, i.e. as an upward shift in the nucleosome ladder after
digestion with micrococcal nuclease, MNase. This reflects the in-
crease in nucleosome repeat length, NRL (Fig. 1B). The analysis of
the agarose gel was done using Image Gauge software (Fujifilm).
Since it is difficult to determine the maxima of the peaks of the
MNase cleavage pattern with high precision we used a computer
based curve-fitting algorithm by the program PeakFit� (Seasolve
Software Inc., USA) to estimate the position of each maximum.
The DNA size corresponding to trinucleosomal band was calculated
by using the known DNA standard as a reference and used for NRL
estimation.

The increase in NRL was plotted as a function of the relative
protein amount as shown in Fig. 1C. In order to strengthen our data
by statistical evaluation each group of oocytes was divided into
three parts and digested with MNase and analyzed individually.
Isolated DNAs were run side by side on the agarose gel (see Supple-
mentary File 1). Both hH1.4wt and DN-hH1.4 results in a stepwise
increase in the NRL with a final increase in NRL of roughly 20 bp,
from 161.5 ± 0.4 bp to 181.6 ± 0.8 bp for hH1.4 and to
181.9 ± 3.6 bp for DN-hH1.4. Importantly, the NRL concentration
curves for hH1.4 and DN-hH1.4 reach a plateau indicating that
the binding of both H1 variants to chromatin is saturable, and thus,
specific. However, at high concentrations of DN-hH1.4 (see lanes 6
and 7 in Fig. 1B) the regular nucleosome ladder is gradually
replaced by a smear indicating unspecific DN-hH1.4 binding to
chromatin at indicated concentrations of DN-hH1.4 (see also
[11]). The deterioration of the pattern at the highest concentration
of DN-hH1.4 makes it difficult to determine the maxima of the
peaks, and results in the big standard deviation. The fact that the
effect of both histones on the NRL is saturable, and thus, the H1-
chromatin interaction reflects a specific binding event is in agree-
ment with previously obtained in vitro and in vivo data [11,15]. We
observed that three to four times higher levels of DN-hH1.4 as
compared to wt hH1.4 are required to reach saturating effect on
the NRL (Fig. 1C). This indicates that the truncated protein has a
lower affinity for chromatin binding.

Chromatin containing hH1.4 shows ‘‘canonical’’ MNase diges-
tion profiles and corresponding scans reveals matching pattern



Fig. 1. (A) Expression of hH1.4 and DN-hH1.4 as monitored by incorporation of 14C-labeled lysines. The different number of lysines in hH1.4 and DN-hH1.4 has been
accounted for when determining protein amount. (B) 5.5, 2.8, 1.4 and 0.7 ng of mRNA coding for hH1.4wt and 5.2, 3.5, 1.5, 0.92, 0.66 ng mRNA coding for DN-hH1.4 were
injected to express increasing amounts of hH1.4 and DN-hH1.4, respectively. At the two highest concentrations of DN-hH1.4, lane 6 and 7, the nucleosomal ladder is
disturbed. (C) Saturation curves for hH1.4 and DN-hH1.4. Both result in an increase of roughly 20 bp, from 161.5 in the DNA only control to 181.6 ± 0.8 bp for hH1.4 and
181.9 ± 3.6 bp for DN-hH1.4 at saturating amount. Three to four times more DN-hH1.4 than hH1.4 is needed to reach saturation. (D) The scans of lane 4 as compared to lane 8
and of lane 7 as compared to lane 5 are shown.
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within a wide range of concentrations used (see Fig. 1B, lanes 2–5
and 1D, scans for lanes 4 and 5). DN-hH1.4 containing chromatin
demonstrates the similar type of pattern at low H1 concentrations
(Fig. 1B, lanes 8–10 and Fig. 1D scans for lanes 4 and 8). However,
already at the second highest concentration of DN-hH1.4 the
digestion pattern becomes ‘‘smeary’’ with lower amplitude of
MNase-induced nucleosome ladder (compare lanes 7 and 8 in
Fig. 1B and corresponding scans in Fig. 1D). Interestingly, at the
same concentration the effect of hH1.4 on NRL reaches a plateau,
i.e. hH1.4 binding reaches saturation (Fig. 1C). This, however, did
not render any significant smearing of the MNase ladder. (compare
lanes 5 and 7 in Fig. 1B; see also Fig. 1C and corresponding scans in
Fig. 1D, see also [11]). From this we conclude that the smearing of
the MNase-pattern observed at the two highest concentrations of
DN-hH1.4 is not simply due to vast protein overexpression but
rather indicate that saturation cannot be reached without signifi-
cant amount of unspecifically bound DN-hH1.4.
4. Discussion

In a previous study using the Xenopus oocyte system we demon-
strated that ubiquitously expressed H1 subtypes that usually
Fig. 2. Amino acid sequence of hH1.4 (NCBI re
coexist in most cell types of higher eukaryotes do differ in their ef-
fects on the NRL (Öberg and Belikov, to be published elsewhere).
Here we show that the lack of N-terminal domain does not have
any role in the hH1.4 induced increase in the NRL since the final in-
crease in NRL is the same both in the absence and presence of N-
terminal domain (Fig. 1). However, the DN-hH1.4 displays a con-
siderably lower affinity for chromatin binding as illustrated by
the three to four fold higher levels of H1 protein needed to reach
saturation. The lack of N-terminus seems to impair the ability of
hH1.4 to bind specifically to chromatin, and a larger fraction of
the protein takes part in unspecific chromatin interactions, as
reflected by the progressive deterioration of the pattern. Thus,
DN-hH1.4 is more prone to unspecific chromatin binding than its
wild type counterpart and it is not surprising that more protein
is needed to reach saturation as compared to the wild type hH1.4.

Our results support the notion that the N-terminus may be pri-
marily involved in the proper binding of H1 at the appropriate
location within the nucleosome. This is in line with previous data
showing that H1 without N-terminus does not position itself prop-
erly on the nucleosome in vitro, as seen by less protection from
MNase digestion [16]. Data by Vyas and Brown indicate that the
N-terminal domain is the primary determinant of H1.2 and H10

chromatin binding characteristics [17]. Using FRAP analysis the
ference sequence number NM_005321.2).
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authors elegantly showed that swapping of the N-terminal do-
mains between these two H1 subtypes result in swapping of their
chromatin binding characteristics, i.e. their N-terminal domains
were important determinants of their different chromatin binding
affinities.

The hH1.4 N-terminus can be divided into two distinct parts
that are fairly well conserved within paralogs [4,18] (Fig. 2). The
part proximal to the globular domain is rich in lysines while the
distal segment is rich in alanines and prolines [18]. We speculate
that the proximal part may help the H1 to bind properly on the
nucleosome surface. To gain further insight into the role of the
H1 N-terminal domain it would be interesting to perform N-termi-
nal domain swapping experiments and also to test H1 devoid of
only the alanine/proline rich or basic part of N-terminus. It would
also be of interest to randomize the order of the amino acids in the
N-terminal domain, as it was done previously in studies of the C-
terminal domain [19,20].

A recent study has made it clear that the globular domain and
the C-terminal domain of H1 bind to chromatin with intramolecu-
lar cooperativity [21]. We suggest that the N-terminal domain also
may play a role in this cooperativity since our data show that the
lack of N-terminal domain affects histone H1 binding affinity and
specificity. A previous study has shown that globular domains of
H1 subtypes H1(0) and H1C bind to the nucleosome via distinct
interaction surfaces [22]. We speculate that the N-terminal
domains of the different H1 subtypes also have different modes
of interaction with nucleosome and/or linker DNA. If that is the
case then these different modes of interaction can help explain
the different affinity for effect on chromatin structure that previous
studies have demonstrated for the H1 subtypes [23,24].
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a b s t r a c t

Deleted in liver cancer (DLC1), a tumor suppressor gene in multiple cancers, is recurrently down regu-
lated or inactivated by epigenetic mechanisms in primary prostate carcinomas (PCAs). In this study
the methylation and acetylation profile of the DLC1 promoter region was examined in three PCA cell lines
with low or undetectable DLC1 expression: LNCaP, its derivative C4-2B-2, and 22Rv1. Two histone deace-
tylase inhibitors (HDAC), suberoylanilide hydroxamic acid (SAHA) and trichostatin A (TSA) induced his-
tone acetylation of the DLC1 promoter in all three lines. DLC1 promoter methylation and deacetylation
were detected in LNCaP and C4-2B-2 cells while in 22Rv1 cells DLC1 is silenced by deacetylation. Treat-
ment with SAHA or TSA efficiently increased DLC1 expression in all lines, particularly in 22Rv1 cells, and
activated the DLC1 promoter through the same Sp1 sites. The 22Rv1 cell line was selected to evaluate the
efficacy of combined DLC1 transduction and SAHA treatment on tumor growth in athymic mice. Individ-
ually, DLC1 transduction and SAHA exposure reduced the tumor size by 75–80% compared to controls
and in combination almost completely inhibited tumor growth. The antitumor effect was associated with
the induction of apoptosis and inhibition of RhoA activity. SAHA alone significantly reduced RhoA activ-
ity, showing that this RhoGTPase is a target for SAHA. These results, obtained with a reliable preclinical
in vivo test, predict that combined therapeutic agents targeting the pathways governing DLC1 function
and HDAC inhibitors may be beneficial in management of prostate cancer.

� 2012 Elsevier Inc. All rights reserved.
1. Introduction

Human cancer is regarded as a genetic disorder originating from
a single precursor cell by cumulative acquisition of multiple genet-
ic or epigenetic alterations. Over the past several years the trend in
cancer therapy has been increasingly focused on therapeutics
based on epigenetic changes in cancer cells. Epigenetic changes
commonly down regulate or inactivate tumor suppressor genes
(TSGs) by promoter hypermethylation or histone deacetylation
[1]. Agents that reverse the inhibitory effect of epigenetic processes
such as Vidaza, Decitabine, Zebularine or suberoylanilide hydroxa-
mic acid (SAHA), have been developed and shown promise in clin-
ical trials used alone or in combination.

DLC-1 (deleted in liver cancer) that encodes a Rho GTPase-acti-
vating protein is an established TSG and functions as a metastasis
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suppressor in several common cancers [2–5]. Down regulation of
the DLC-1 expression is mediated by genetic and epigenetic
changes in many forms of cancer and in certain cancers is more fre-
quently deleted than the well-known TSGs [4,5]. However, the epi-
genetic mechanisms are the major contributing factors in
deregulation of DLC-1 in various cancers [4].

Among solid tumors prostate carcinoma (PCA) provides a good
example for the role of epigenetic mechanisms in negative regula-
tion of DLC1 expression. DLC1 has been found to be down regu-
lated or silenced by epigenetic modifications in a high number of
primary PCAs [6].

Because DLC1 transduction and histone deacetylase (HDAC)
inhibitors exert antineoplastic functions, their combined action
could be exploited for a more effective cancer therapy. We opted
to test the antioncogenic action of SAHA, the most advanced HDAC
inhibitor proven to have therapeutic efficacy in certain types of can-
cer [7,8]. Based on these considerations, we undertook present
study to evaluate the combinatorial effect of SAHA and DLC-1
in vivo, as a conclusive preclinical test. The major finding in this
study is the robust inhibitory effect of combined SAHA and DLC1
transduction on tumor growth in nude mice of highly tumorigenic
PCA 22Rw1 cells. Importantly, inhibition of tumor growth was asso-
ciated with reduction of RhoA activity and induction of apoptosis.

http://dx.doi.org/10.1016/j.bbrc.2012.02.158
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2. Materials and methods

2.1. Cell lines and culture conditions

The human PCA cell lines 22Rv1 and LNCaP were obtained from
the American Type Culture Collection (ATCC, Manassas, VA). LNCaP
and 22Rv1 cells were cultured in RPMI 1640 and DMEM/F12 med-
ium, respectively (Invitrogen, Carlsbad, CA). C4-2B cell, a meta-
static androgen-independent PCA cell line derived from LNCaP,
was purchased from ViroMed (Minneapolis, MN) and was cultured
in T medium (Invitrogen). All cell culture medium were supple-
mented with fetal bovine serum (10%), penicillin/streptomycin
(100 U/ml) and the cell cultures were maintained in a humidified
atmosphere containing 5% CO2 at 37 �C.

2.2. Chemicals and administration

SAHA (Selleck Chemicals LLC, Houston, TX) and trichostatin A
(TSA) (Sigma, St. Louis, MO) were prepared as 10 mM or 1 mM
stock solution in dimethylsulphoxide (DMSO), respectively. For
in vitro experiments, cells were treated with 5 lM of SAHA or
0.5 lM TSA of for 24 or 48 h after seeding. For in vivo experiments,
mice received 50 mg/kg SAHA daily by i.p. injection for 21 days.
The injection volume was kept constant at 1 ll/g body weight.

2.3. Methylation-specific PCR (MSP)

MSP for detection of DLC1 promoter methylation was carried
out with minor modifications as previously described [6].

2.4. Chromatin immunoprecipitation assay (ChIP)

Histone acetylation detection was carried out using an acetyl-
histone H3 immunoprecipitation (ChIP) assay Kit (Millipore, Bille-
rica, MA) according to the manufacturer’s instructions. Two sets of
primers spanning different DLC1 promoter regions were used, the
primer sets are Chip-F1: 5-GCT AGA GGG CGG CCT GAG GC-3,
Chip-R1: 5-CAG TCG GAG CGA ACT GTC TC-3; Chip-F2: 5-AGA-
GGAGAGGCGGGGCCT-3, Chip-R2: 5-CTTAGCGACGGGCTGTTCTCC-
3, which yield products of 124 bp and 215 bp in length, respectively.

2.5. Real-time RT-PCR

PCA cell lines, 22Rv1, C4-2-B2, and LNCaP were treated with
5 lM SAHA or 0.5 lM TSA or DMSO for 24 h and harvested. Total
RNAs were isolated using RNeasy kit (Qiagen, Valencia, CA) and
first-strand cDNAs were synthesized from 1 lg of total RNA by a
SuperScript III system (Invitrogen) according to the manufacture’s
instructions. Real-time PCR reactions were performed using
TaqMan� Universal PCR Master Mix (Applied Biosystems, Carlsbad,
CA). The 2�DDCt method was used to calculate the relative fold dif-
ference of DLC1 mRNA.

2.6. Construction of fragments from DLC-1 promoter region

DLC1 promoter construct �577/+117-pGL3b was kindly pro-
vided by Drs. Yung-Jue Bang and Tai Young Kim. Five truncated
fragments from DLC1 promoter region (�374/�203, �374/186,
�293/+26, �203/+26, �189/+26, numbered relative to the tran-
scription start site + 1) were generated by PCR using the following
primers: F (�374): 5-CTT GTG ACC TTT GCC TTT GC-3; F (�293): 5-
GGG AAA CAT TCC AGC CTT C-3; F (�203): 5-CTG GGC GGG GCG
GGG CTA G-3; F (�189): 5-GCT AGA GGG CGG CCT GAG GC-3; R
(203): 5-CCC CGC CTC TCC TCT GTC CCG -3; R (�186): 5-TAG
CCC CGC CCC GCC CAG-3; R (+26): 5-CAG TCG GAG CGA ACT GTC
TC-3, respectively. The resulting PCR products were inserted into
the Topo TA pCR2.1-vector (Invitrogen) and subcloned into KpnI/
XhoI-cut pGL3-basic vector (Promega, Madison, WI). The se-
quences and orientations of the inserts were verified directly by
DNA sequencing.

2.7. Transient transfection and luciferase assay

The effect of SAHA and TSA on DLC-1 promoter activity was
determined by transient transfection and luciferase assay. The
truncated DLC-1 promoter-luciferase constructs were transfected
into 22Rv1 cells using Lipofectamine 2000 (Invitrogen). After
24 h post-transfection, cells were treated with 5 lM SAHA or
0.5 lM of TSA, for additional 24 h. Cell lysates were collected for
luciferase assays with britelite™ plus Reporter Gene Assay System
(Waltham, MA 02451) according to the manufacturer’s instruc-
tions. Luciferase activities were measured using a Vector2, 1420
Multulabel counter (Perkin Elmer, San Jose, CA) and normalized
for total protein concentration determined using BCA assay (Pierce,
Rockford, IL).

2.8. In vivo tumorigenicity assay

All procedures involving animals were reviewed and approved
by NCI Animal Care and Use Committee. The stably transfected
22Rv1 cells expressing a DLC1-luciferasion protein were generated
by inserting the full-length wtDLC1 into pPK-CMV-F4 vector (Pro-
moKine, Heidelberg, Germany) followed by selection with 750 lg/
ml of neomycin. To establish subcutaneous tumors, 6-week-old
BALB/c AnNCr-nu/nu male mice (NCI-Frederick, Frederick, MD)
were injected with 3 � 106 exponentially growing 22Rv1 cells.
When tumors in each treatment group reached a similar size
(5 � 5 mm, around 6–8 days), 50 mg/kg (50 lg/g) SAHA or DMSO
were administrated daily by intraperitoneal injections for 21 days.
The injection volume was kept constant at 1 ll/g body weight.
Tumor size was measured using a digital caliper and average tumor
volume was calculated using the standard formula: tumor vol-
ume = (W2 � L) � 0.5. To quantify the tumor size, luciferase biolu-
minescent images were measured using Xenogen IVIS system
according to the manufacturer’s instruction (Caliper Life Sciences,
Hopkinton, MA). Data presented are representative of three inde-
pendent experiments. The significant differences between means
was determined by Student’s t test. A P value of <0.05 was consid-
ered statistically significant.

2.9. Rho activation, apoptosis and cell cycle

An adenoviral vector carrying human DLC1 cDNA was prepared
and purified as previously described [9]. The effects of DLC1 and
SAHA alone or in combination on cell cycle, apoptosis and RhoA
activation were tested as previously described [10]. The DNA histo-
grams have been gated to include only single cells and the data
were analyzed with CellQuest software (BD Bioscience, San Jose,
CA). Active RhoA level in SAHA and solvent treated cells were
determined by an ELISA-based RhoA activation assay (G-LISA,
Cytoskeleton, Inc. Denver, CO) according to the manufacturer’s
instructions.
3. Results

3.1. Methylation and acetylation profile of PCA cells

Three PCA cell lines, LNCaP, its derivative metastatic C4-2B-2
and highly tumorigenic 22Rv1 lines were selected for this study.
The cells from all three lines express either a negligible level of
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or lacking endogenous DLC1 [6,9]. LNCaP and 22Rv1 but not C4-2B-
2 cells that are metastatic to bone have been previously examined
for the epigenetic modifications responsible for DLC1 down regula-
tion. Thus, we decided to reexamine all three lines under identical
conditions. DLC1 promoter methylation was detected in LNCaP and
C4-2B-2 cells and not in 22Rv1 (Fig. 1A). In our previous study
using 22Rv1 cells, direct evidence showing that TSA induced
DLC-1 mRNA re-expression is mediated through acetylation of
the DLC1 promoter region has been presented [6]. To determine
whether promoter methylation was exclusively responsible for
DLC1 deregulation in LNCaP and C4-2B-2 cells, we compared the
effect of SAHA and TSA on histone acetylation using ChIP assay
for two sets of primers from DLC1 promoter region. In all three cell
lines, DLC1 specific amplification products of fragments 124 bp and
201 bp were detected in cells treated with either SAHA or TSA,
indicating that DLC1 promoter is both methylated and acetylated
in LNCaP and C4-2B-2 cells (Fig. 1B).

3.2. Restoration of DLC1 expression by HDAC inhibitors

Based on these results, we then tested the effectiveness of SAHA
and TSA in inducing DLC1 mRNA expression in these lines. The le-
vel of DLC1 transcriptional re-expression after exposure to SAHA or
TSA was 22–35-fold higher over the control samples and as ex-
pected, DLC1 expression was 13 fold higher in 22Rv1 cells than
in LNCaP and C4-2B-2 cells (Fig. 1C).

3.3. Activation of DLC1 promoter by HDAC inhibitors

In gastric cancer cells, others have demonstrated that TSA acti-
vates DLC1 promoter activity through Sp1 sites located at �219
and �174 relative to the transcription start site, thus providing
possible clues for the mechanism responsible for the induction of
DLC1 expression through TSA-mediated chromatin modifications
[11]. To see whether SAHA and TSA activate the DLC1 promoter
through the same sites we constructed several DLC1 promoter
fragments covering a series of Sp1 binding sites and linked them
to a luciferase reporter gene (Fig. 2A). The promoter activity driven
by these fragments was measured after exposure to SAHA or TSA.
The DLC1 promoter fragments most responsive to both HDAC
inhibitors were fragment F1 (�293/+26) and F6 (�577/+177)
(Fig. 2B). Seemingly, these Sp1 sites are essential for both SAHA
and TSA -mediated DLC1 promoter activation. Fragment F2
(�203/+26) containing three Sp1 sites, and fragment F3 (�189/
+26) containing the fourth Sp1 site, also elicit a significant capacity
Fig. 1. SAHA and TSA restore DLC1 expression in prostate cancer cells. (A) Methylation o
human DNA; M, methylated; U, unmethylated. (B) Chromatin immunoprecipitation ana
were treated with TSA or SAHA. Two sets of primers spanning different DLC1 promoter re
M, DNA marker. (C) Restoration of DLC1 expression lines 22Rv1, C4-2-B2 and LNCaP cel
to activate the DLC1 promoter (Fig. 2B). Fragment F4 (�374/-203)
containing the first Sp1 site and F5 (�374/�186) carrying three sp1
sites had a similar capacity. Overall, these observations suggest
that not all Sp sites are equally responsive on HDAC inhibitors -
mediated DLC-1 promoter activation.

3.4. SAHA and/or DLC1 inhibition of tumor growth in vivo

Once relevant information on interaction of the two HDAC
inhibitors were generated, we proceeded with the central aim of
present study, to assess the therapeutic efficacy of combined
DLC1 transduction and SAHA treatment on 22Rv1 tumor growth
in nude mice. 22Rv1 cells are highly tumorigenic, as only 6–
10 days after injection of all animals developed small palpable tu-
mors. At this time SAHA or solvent was administrated i.p. daily for
21 days. The kinetics of tumor growth was monitored regularly
using digital caliper and quantitative measurements of biolumi-
nescent images. Either DLC1 transduction or exposure to SAHA
had an inhibitory effect on tumor growth as early as 13 days, and
after 21 days at the end point of the experiment, the size of the tu-
mors was reduced by 70–88% (Fig. 3A, B). The size of tumors devel-
oped in mice inoculated with DLC1 transfected cells and treated
with SAHA was reduced as compared to either DLC1 or SAHA treat-
ment alone (Fig. 3A, B). Quantitative data analysis showed that
combined DLC1 transduction and exposure to SAHA had a robust
inhibitory effect on tumor growth, and bioluminescent signals of
the tumors were reduced to less than 2% (Fig. 3B).

To evaluate the toxicity of SAHA, the weight of all animals was
checked twice a week and their general condition monitored daily.
Among 40 mice from both control and DLC1 vector injected with
SAHA for 16 and 19 days, 4 did not survive, most likely due to
SAHA toxicity. In contrast, DLC1 transduction did not affect their
survival, but contributed to slight weight loss.

3.5. Reduction of RhoA activity, induction of apoptosis and. cell cycle
progression

To gain insights into mechanisms involved in the process of
SAHA and DLC1 inhibitory effects of tumor growth, we next exam-
ined the effects on RhoA activity, induction of apoptosis and cell
cycle progression in 22Rv1 cells (Fig. 4). An ELISA-based RhoA acti-
vation assay was employed to determine whether re-expression of
DLC1 and exposure to SAHA affect RhoA activity in 22Rv1 cells. The
level of active GTP-bound RhoA was 57% lower in cells transduced
with DLC1, 66% lower in SAHA treated cells and up to 87% in
f DLC1 promoter in 22Rv1, LNCaP and C4-2-B2 cells. P control, universal methylated
lysis of histone H3 acetylation on the DLC1 promoter. 22Rv1, LNCaP, and C4-2-B2
gions were used, which yield products of 124 bp and 215 bp in length, respectively.
ls by SAHA and TSA. DLC1 expression level was measured by real-time PCR.



Fig. 2. SAHA and TSA activate DLC1 promoter with the same Sp1 sites. (A) Schematic representation of the DLC1 promoter region, which spans from �577 to +177 and
contains four Sp1sites locate between �210/�206, �201/�196, �196/�191, �183/�178. Fragments with different combinations of Sp1 sites are shown in the bottom. The
numbers refer to the transcription start site (left panel). (B) Activation of the truncated constructs of DLC-1 promoter in 22Rv1 cells. The constructs were transiently
transfected into 22Rv1 cells followed by treatment with TSA or SAHA. Luciferase activity was measured and normalized to protein concentration. Data presented are
representative of three independent experiments (right panel).

Fig. 3. SAHA and/or DLC1 effect of in vivo tumor growth of 22Rv1 cells. Exponentially growing 22Rv1 cells were injected subcutaneously in BALB/c AnNCr-nu/nu male mice,
50 mg/kg (50 lg/g) SAHA or DMSO were administrated daily by intraperitoneal injections for 21 days beginning after all animals developed palpable tumors. The
bioluminescent signal was acquired and illustrated as a pseudocolor image (A) and quantitative data from the region of interest are shown as the photon counts (B).
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combination as compared with controls vector and solvent treated
cells (P = 0.035, Fig. 4A).

For apoptosis and cell cycle analysis, 22Rv1 cells were transfec-
ted with the DLC1 expression vector, the vector only or exposed to
SAHA for 24 h. We detected a significant accumulation of subG1
cells in cells treated with DLC1, SAHA, and DLC1 plus SAHA (ar-
rows, Fig. 4B–D), indicative of apoptosis, compared to the control
(Fig. 4A). The populations in G1 and G2 phase were not signifi-
cantly affected (Fig. 4).

4. Discussion

Recurrent loss of DNA copy number and loss of heterozygosity
on the short arm of chromosome 8, non randomly affecting the re-
gion 8p21-22 harboring the DLC1 gene, have been detected in sev-
eral earlier studies with in PCAs. Subsequently, it has been firmly
demonstrated that promoter methylation and histone deacetyla-
tion are major mechanisms for the down regulation and silencing
of DLC1 expression in primary PCAs [6]. In a recent genome-wide
array analysis of copy number alterations of PCAs, the highest fre-
quencies of loss DNA copy number was found to be confined on
chromosomes 8p and 6q and affected the DLC1 and WWOX gene
loci, respectively. Both genes were found to be involved in the
apoptosis pathway and associated with increasing disease grade.
Based on these results and our previous data with epigenetic
deregulation of DLC1, this study concluded that DLC1 is involved
in pathogenesis of prostate cancer [12].

Here we examined three PCA cell lines with low level, or lacking
DLC1 expression to identify the mechanism responsible for DLC1
deregulation. Both promoter methylation and histone deacetyla-
tion were detected in LNCaP and C4-2B-2 cells but only deacetyla-
tion in 22Rv1cells. Treatment of cells from all three lines with
SAHA or TSA efficiently restored DLC1 expression and activated
the DLC1 promoter through the same Sp1 sites. Also, we showed



Fig. 4. Effects of SAHA on RhoA activity, apoptosis and cell cycle progression. (A) Effect of SAHA and DLC1 on RhoA activity. DLC1 or vector only transduced 22Rv1 cells were
treated with SAHA or DMSO. Twenty-four hours after treatment, cells were lysed and equal amounts of cell lysates were subjected to G-Lisa RhoA assay. (B) Effects of SAHA
and DLC1 on apoptosis and cell cycle. DLC1 or vector only transduced 22Rv1 cells were treated with SAHA or DMSO. The percentage of cells in the sub-G1 phase (arrow) was
significantly increased upon DLC1 or/and SAHA treatment for 24 h. Vector and DMSO (a), DLC1 and DMSO (b), Vector and SAHA (c), DLC1 plus SAHA (d).
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that not all the Sp1 sites confer the same DLC1 promoter respon-
siveness to both HDAC inhibitors, and this difference might due
to the uneven distribution of these Sp1 sites.

22Rv1 cell line was used for in vivo tumorigenicity assay be-
cause these cells do not express endogenous DLC1 due to histone
deacetylation. Restoration of DLC1 expression combined with
SAHA treatment resulted in significant inhibition of tumor devel-
opment in nude mice. This effect on tumor growth in vivo is con-
sistent with the synergistic inhibitory effect of DLC1 and SAHA
on cell migration and anchorage independent growth of 22Rv1
cells in vitro [13]. 22Rv1 cell line was established from PCA xeno-
graft, CWR22 [14]. SAHA treatment of xenotransplanted CWR22
tumors in nude mice caused a 97% reduction of tumor size com-
pared to controls [15]. Current results and those with CWR22
transplanted tumors clearly show that these tumor cells lacking
DLC1 expression are highly susceptible to SAHA.

The antitumor effect of DLC1 and SAHA in 22Rv1 cells was asso-
ciated with the induction of apoptosis and inhibition of RhoA activ-
ity, both known contributing factors in the inhibition of tumor cell
growth. Accumulating evidence indicates that inactivation of DLC1
may represent the most frequent mechanism for aberrant activa-
tion of RhoGTPases in human oncogenesis [16]. The suppressive ef-
fect on tumor cell growth and tumorigenicity induced by DLC1
requires RhoGAP activity, which can negatively regulate Rho GTP-
ases, most commonly RhoA [5,17–19]. As expected, DLC1 transduc-
tion of 22Rv1 cells reduced RhoA activity and the addition of SAHA
enhanced this effect. However, the most important and unantici-
pated finding with multiple implications, was the significant inhib-
itory effect of SAHA alone on RhoA activity. This finding certainly
requires further confirmation with other types of cancer cells, yet
raises the possibility that RhoA and perhaps other RhoGTPases
are targets for SAHA or different HDAC inhibitors. It also adds a
new antitumor action of SAHA [7,8,20–24].

In clinical trials SAHA has been considerably more effective in
hematological malignancies than in solid tumors [7]. As previously
discussed in detail, DLC1 is most frequently inactivated by epige-
netic mechanisms in over 80% of patients with acute lymphoblastic
leukemia and non-Hodgkin’s lymphoma and multiple myeloma
[10]. Because inactivation or down regulation of DLC1 expression
is commonly associated with an increase RhoA activity, SAHA
might be more effective in hematological malignancies than in so-
lid tumors.

Despite the antitumor effects of HDAC inhibitors in multiple
cancers, it is increasingly documented that combinatorial treat-
ment with DNA demethylating agents may enhance the therapeu-
tic efficacy. Both agents efficiently restore DLC1 expression in
cancer cells and their combined use has been highlighted as an
attractive therapeutic approach [25]. Both promoter methylation
and acetylation are responsible for the reduction of DLC1 expres-
sion in androgen-independent C4-2B-2 cells that metastasize to
bone. Thus, these cells are ideal for testing the effect of combined
of DNA demethylating agents and HDAC inhibitors in DLC1-nega-
tive and DLC1 transduced cells. Such experiments are in progress.

Given the high incidence of primary PCA with low or lacking
DLC1 expression, we propose that DLC1 deficiency may serve as
an independent diagnostic factor in prostate cancer. In a recent
article, it has been suggested that DLC1 is a therapeutic target for
future cancer treatment in conjunction with other factors [26].
Current results with in vivo inhibition tumor growth show that
DLC1-negative PCA cells are susceptible to antitumor action of
SAHA. The development of novel therapies of prostate cancer is a
clinical priority. Thus, taking into consideration the large number
of patients with disabled DLC1 expression, SAHA alone or in com-
bination with other agents may be therapeutically beneficial in
prostate cancer.
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a b s t r a c t

Tropomyosin receptor kinase B (TrkB) is best known as the receptor for brain-derived neurotrophic factor
(BDNF). In humans, three major isoforms of TrkB, the full-length receptor (TrkB-TK+) and two C-terminal
truncated receptors (TrkB-TK� and TrkB-Shc) are expressed in various tissues. In comparison to TrkB-TK+
and TrkB-TK�, TrkB-Shc is less well characterized. In this study, we analyzed the biological function of
the TrkB-Shc receptor in response to exogenous BDNF treatment. In experiments transiently overexpress-
ing TrkB-Shc in CHOK1 cells, we found that TrkB-Shc protein levels were rapidly decreased when cells
were exposed to exogenous BDNF. When we assessed the functional impact of TrkB-Shc on TrkB-TK+
activity, we found that phosphorylated TrkB-TK+ protein levels were significantly decreased in the pres-
ence of TrkB-Shc and moreso following BDNF exposure. Interestingly, while the reduction of phosphor-
ylated TrkB-TK+ protein was more pronounced in the presence of TrkB-Shc following BDNF exposure,
the stability of TrkB-Shc protein itself was increased. Our findings suggest that cells may increase
TrkB-Shc protein levels in response to exogenous BDNF exposure to regulate TrkB-TK+ activity by
increasing degradation of activated receptor complexes as a means to prevent overactivation or inappro-
priate temporal and spatial activation of BDNF/TrkB-TK+ signaling.

Crown Copyright � 2012 Published by Elsevier Inc. All rights reserved.
1. Introduction

Tropomyosin receptor kinase B (TrkB) is best known as the
receptor for brain-derived neurotrophic factor (BDNF), although
it has also been demonstrated to bind neurotrophin-4/5 and neuro-
trophin-3 [1,2]. TrkB is a member of the Trk receptor family of type
III receptor tyrosine kinases that is linked to various cell signaling
cascades including Akt, ERK1/2, and PLCc. The mammalian full-
length TrkB receptor (TrkB-TK+) was discovered more than two
decades ago and since then at least 36 possible alternative tran-
script variants and protein isoforms have been identified [3]. In hu-
mans, three major isoforms of TrkB, the full-length and two C-
terminal truncated receptors are expressed.

The full-length TrkB receptor, TrkB-TK+, consists of an N-termi-
nal signal sequence followed by numerous domains including a
cysteine- and leucine-rich sequence followed by a second
cysteine-rich domain, 2 immunoglobulin (Ig)-like domains that
012 Published by Elsevier Inc. All r
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also include the BDNF-binding region, a transmembrane domain,
an Shc-binding motif, a catalytic tyrosine kinase domain near the
C-terminus that is necessary for activating second messenger
signaling [1,4], and a C-terminal PLCc-docking site. TrkB-TK+ is
the principal mediator of the neurotrophic effects of BDNF. Upon
ligand binding, monomeric TrkB-TK+ homodimerizes and
undergoes trans-phosphorylation at key tyrosine residues in the
C-terminal domain that couple it to downstream signaling
pathways.

The two truncated TrkB receptor isoforms include TrkB-
TK� and TrkB-Shc. Both truncated isoforms are generated from
alternatively spliced transcripts and are truncated at the C-termi-
nus, thus lacking the tyrosine kinase domain [5,6]. However, the
TrkB-TK� and TrkB-Shc receptors differ in that each contain
unique amino acid sequences at their C-terminus. The TrkB-Shc
isoform includes the Shc binding domain that is absent in TrkB-
TK� [6].

Both truncated TrkB receptors show differential tissue and cell-
type expression. TrkB-TK� is expressed in multiple tissues includ-
ing brain, heart, lung, skeletal muscle, kidney, and pancreas [6]. In
the brain, TrkB-TK� is expressed by both neurons and glia [7–9]. In
contrast, TrkB-Shc is expressed in the spinal cord and multiple
brain regions including the cerebellum, cortex, pons, hind brain,
and diencephalon [6]. Interestingly, TrkB-Shc mRNA is detected
in neurons but not in astrocytes [6].
ights reserved.

http://dx.doi.org/10.1016/j.bbrc.2012.02.159
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In comparison to TrkB-TK�, the function of TrkB-Shc is not fully
elucidated. In vitro, TrkB-TK� has been demonstrated to inhibit
neurotrophin signaling either by sequestering or trapping neuro-
trophins (when expressed in glia) and thereby preventing binding
and signal transduction via TrkB-TK+ homodimers [10,11] and/or
act as a dominant-negative receptor by forming inactive heterodi-
mers with TrkB-TK+ and hence, preventing neurotrophin signaling
[12,13]. To date, similar co-transfection studies in vitro using TrkB-
TK+ and TrkB-Shc have demonstrated that TrkB-Shc cannot be
tyrosine phosphorylated [6] also suggesting a dominant negative
function. However, Haapasalo et al. [14] demonstrated that co-
expression of TrkB-Shc leads to increased cell surface expression
levels of the TrkB-TK+ receptor in N2a neuronal cells and primary
hippocampal neurons but did not investigate the phosphorylation
state of TrkB.

In this study, we further characterize the biological function of
the TrkB-Shc receptor in response to brief BDNF exposure. We re-
port that TrkB-Shc protein levels are regulated by exogenous BDNF
and that binding results in the regulation of phosphorylated TrkB-
TK+ protein levels.
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Fig. 1. Effect of BDNF on TrkB-Shc protein levels. CHOK1 cells were transfected with
TrkB-Shc-myc for 24 h and treated with 15 ng BDNF for 15 min before harvest.
Proteins were separated by SDS–PAGE and immunoprobed. (A) Representative
western blot image. (B) Bands were quantitated by densitometry and presented as
protein expression normalized to b-actin + SEM. ⁄p = 0.04. Representative of n = 4
independent experiments.
2. Materials and methods

2.1. Materials

Chemicals and reagents used are listed below with the supplier.
From Life Technologies: Dulbecco’s modified Eagle’s medium/
Ham’s F-12 medium (DF12 1:1 mixture); fetal bovine serum;
glutamax, Lipofectamine 2000; myc antibody. From Sigma: bo-
vine-serum albumin fraction V; BDNF (Sigma; recombinant protein
Cat # B3795); cycloheximide; protease inhibitor cocktail; b-actin
antibody. Other reagents were bicinchoninic acid assay and phos-
phatase inhibitor cocktail (Pierce); phospho-TrkB antibody (Epito-
mics); mouse and rabbit peroxidase-conjugated affinity purified
secondary antibodies (Dako); Immobilon-P enhanced chemilumi-
nescence reagent (Millipore).

2.2. Cell culture, transfections and treatments

Chinese Hamster Ovary K1 (CHOK1) cells were obtained from
the American Type Culture Collection and grown at 37 �C in a 5%
CO2 atmosphere. CHOK1 cells were cultured in Dulbecco’s modi-
fied Eagle’s medium/Ham’s F-12 medium (DF12 1:1 mixture) con-
taining 10% (v/v) FBS supplemented with 2 mM glutamax (Life
Technologies).

2.3. Western blotting

CHOK1 cells were plated at a density of 5 � 105 in 12 well plates
and transfected with overexpression plasmids as indicated in the
figures and figure legends [pcDNA3.1 (empty vector), pcDNA3.1-
TrkB-Shc-myc and/or pcDNA3.1-TrkB-TK+ (500 ng/well)] for 24 h
using Lipofectamine 2000 (2 ll/well). Cells were treated with
15 ng of BDNF (Abcam; recombinant protein Cat # AB9794)
post-transfection in 0.1% BSA-DF12 medium for 15 min and then
harvested or switched to 0.1% BSA-DF12 containing 100 lg/ml
cycloheximde (without BDNF) and incubated for an additional
3 h before harvest. Cells were harvested for total protein using
RIPA buffer supplemented with protease inhibitors (2 mM AEBSF,
0.015 mM aprotinin, 0.038 mM leupeptin, 0.030 mM pepstatin A,
0.028 mM E-64, 0.08 mM bestatin) (Sigma) and phosphatase inhib-
itors (Pierce). Protein concentrations were determined by the
bicinchoninic acid method. Fifteen or twenty micrograms of each
sample were mixed with 5� SDS loading buffer (containing b-
mercaptoethanol), boiled at 95 �C for 5 min, and separated on
10% SDS–PAGE gels. Proteins were transferred onto nitrocellulose
membranes and blocked using 5% (w/v) non-fat milk, 0.1% (v/v)
Tween-20 in TBS (TBST) at room temperature for 1 h. Membranes
were incubated with primary antibodies overnight at 4 �C: phos-
pho-TrkB (1:5000) (Epitomics); myc (1:5000) (Invitrogen) and b-
actin (1:10,000) (Sigma). Membranes were washed 3 � 10 min
with TBST and incubated with mouse or rabbit peroxidase-conju-
gated affinity purified secondary antibody for 1 h (Dako). After fur-
ther washing, bound antibodies were detected with Immobilon-P
enhanced chemiluminescence reagent (Millipore) and visualized
by autoradiography. Immunoreactive species were quantitated by
densitometry using Image J (version 1.37v) (National Institutes of
Health USA). The brightness/contrast of images have been adjusted
using Adobe Photoshop CS (version 8).
2.4. Data presentation and statistics

All results shown are representative of 2–4 separate experi-
ments as detailed in the figure legends. Data are presented as
mean + standard error of the mean (SEM). Where appropriate,
statistical differences were determined by student t-tests using
STATISTICA 7 (StatSoft Inc., 2000, STATISTICA for Windows). A
p-value 6 0.05 (two-tailed) was considered statistically significant.
3. Results

3.1. TrkB-Shc protein expression is regulated by BDNF

Previously, cell surface expression of TrkB-TK+ was shown to be
reduced by concentrations of BDNF that could stimulate TrkB-TK+
phosphorylation [14]. Since TrkB-Shc is also capable of binding
BDNF, we determined whether its protein expression could be
modulated by BDNF exposure. Using CHOK1 cells transiently trans-
fected with myc-tagged TrkB-Shc, we found that expression of
TrkB-Shc protein levels was significantly reduced when cells were
briefly incubated with 15 ng of BDNF (t = �2.95, df = 4, p = 0.04)
(Fig. 1A, B). Treatment of cells with BDNF did not affect b-actin pro-
tein levels (Fig. 1A).
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3.2. TrkB-Shc protein stability is increased following exposure to BDNF

The rapid change in TrkB-Shc protein levels suggested that
BDNF exposure might have an effect on TrkB-Shc protein stability.
To test this, we assessed the stability of TrkB-Shc protein levels be-
fore and after BDNF exposure by blocking protein synthesis with
cycloheximide. Inhibition of protein synthesis using cycloheximide
enables the assessment of protein stability as protein degraded
would not be replaced by newly synthesized protein. We found
significantly higher levels of TrkB-Shc protein in cells exposed to
BDNF for 15 min in comparison to non-exposed cells (t = 4.31,
df = 2, p = 0.04) (Fig. 2A, B). b-Actin protein levels were not affected
by any of the treatment conditions (Fig. 2A).
3.3. TrkB-Shc functions as a dominant negative receptor by
attenuating TrkB protein phosphorylation and increasing its turnover

We next determined whether TrkB-Shc could regulate BDNF-
stimulated TrkB-TK+ activity by examining phosphorylated TrkB-
TK+ protein levels in CHOK1 cells co-transfected with both TrkB-
Shc and TrkB-TK+. In cells transfected with TrkB-TK+ alone, we
were able to detect phosphorylated TrkB-TK+ protein in the ab-
sence of BDNF exposure (Fig. 3A). This is consistent with previous
reports of auto-phosphorylation of the TrkB-TK+ receptor [6,15].
Interestingly, BDNF exposure for 15 min produced a small but
non-significant increase in phosphorylated TrkB-TK+ protein levels
compared to the vehicle-treated controls suggesting that TrkB-TK+
phosphorylation may be near saturation (Fig. 3A, B). Phosphory-
lated TrkB-TK+ protein was not detected in conditions where only
the TrkB-Shc receptor was overexpressed, consistent with
TrkB-Shc lacking the tyrosine kinase domain that is present in
TrkB-TK+ (Fig. 3A). In the absence of BDNF exposure, we observed
a significant decrease in phosphorylated TrkB-TK+ protein levels in
cells co-expressing both TrkB-TK+ and TrkB-Shc compared to cells
overexpressing TrkB-TK+ alone (t = �3.13, df = 3, p = 0.05) (Fig. 3A,
B). However, in the presence of BDNF an even greater reduction in
phosphorylated TrkB protein levels was observed in cells co-
expressing TrkB-TK+ and TrkB-Shc (t = �8.42, df = 4, p = 0.001).
When both TrkB-TK+ and TrkB-Shc were co-expressed in cells,
we observed a significant decrease in phosphorylated TrkB-TK+
protein levels in the presence of BDNF compared to cells co-
expressing TrkB-TK+ and TrkB-Shc in the absence of BDNF
(t = �5.25, df = 3, p = 0.02). No significant changes were observed
in b-actin protein levels (Fig. 3A).

We next examined the stability of phosphorylated TrkB-TK+
levels in the presence and absence of exogenous BDNF and in com-
bination with TrkB-Shc expression. Interestingly, when we inhib-
ited protein synthesis using cycloheximde, we observed that in
cells exposed to BDNF, the stability of phosphorylated TrkB-TK+
protein was significantly reduced compared to non-exposed cells
(t = �11.69, df = 2, p = 0.007) (Fig. 4A, B). In cells co-expressing
TrkB-Shc, we found that stability was highly reduced in all condi-
tions compared to cells expressing TrkB-TK+ alone (compare
Fig. 4A and Fig. 4C). b-Actin protein levels were not significantly al-
tered by any of the conditions tested (Fig. 4A, C).
4. Discussion

In this current study, we found that TrkB-Shc protein levels can
be regulated by exogenous BDNF exposure. When cells were trea-
ted with BDNF at a time and quantity known to induce TrkB-TK+
phosphorylation, we observed a rapid decrease in TrkB-Shc protein
levels. However, subsequent to BDNF exposure, TrkB-Shc protein
levels were found to be more stable with increased levels of
expression compared to control conditions. Importantly, when
we assessed the functional impact of TrkB-Shc on TrkB-TK+ activ-
ity, we found that phosphorylated TrkB-TK+ protein levels were
significantly decreased in the presence of TrkB-Shc and even
moreso following BDNF exposure.

Previous studies have demonstrated cellular and sub-celluar
co-localization of TrkB-Shc with TrkB-TK+ [6,14]. Moreover,
co-expression of TrkB-Shc has been shown to inhibit TrkB-TK+
phosphorylation [6]. In this study, we confirmed that TrkB-Shc
negatively impacts TrkB-TK+ phosphorylation, but importantly,
we extend upon this observation by demonstrating that TrkB-Shc
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inhibits TrkB-TK+ phosphorylation by decreasing phosphorylated
TrkB protein stability and thus, increasing its turnover. Interest-
ingly, while the reduction of phosphorylated TrkB-TK+ protein
was more pronounced in the presence of TrkB-Shc following BDNF
exposure, the stability of TrkB-Shc protein itself was increased.
This would suggest that in addition to functioning as a dominant
negative receptor to hinder or inhibit BDNF/TrkB-TK+ signaling
(via reducing TrkB-TK+ phosphorylation), cells might increase
TrkB-Shc protein levels in response to BDNF as a mechanism to
regulate TrkB-TK+ activity by increasing degradation of activated
receptor complexes, a manner akin to feedback regulatory loops
observed in metabolic pathways.
4.1. Why limit BDNF activation?

While BDNF signaling via TrkB is important in multiple aspects
related to neuronal viability and differentiation, overactivation or
inappropriate temporal and spatial activation of BDNF/TrkB-TK+
signaling during brain development or ‘‘leakage’’ of BDNF to adja-
cent neurons or brain regions can negatively impact brain function.
For instance, during embryonic brain development and early neu-
rogenesis, increased expression of truncated TrkB receptors in non-
neuronal cells has been described [10]. Expression of truncated
TrkB has been demonstrated to bind to BDNF with high avidity
and affinity followed by rapid internalization [10]. This suggests
that expression of truncated TrkB receptors can act as efficient
and selective barriers to prevent diffusion of BDNF to adjacent
brain regions to enable independent development and maturation
of multiple structures and different neuronal populations at vari-
ous periods during brain development [10]. At present, the role
of TrkB-Shc in brain development and neurogenesis is largely
unexplored. Considering that TrkB-Shc is expressed by neurons
and shares similar function to TrkB-TK�, we predict that expres-
sion of TrkB-Shc in development may also function to limit BDNF
diffusion and dispersion to neighboring neurons and/or brain re-
gions. Further studies into the function of TrkB-Shc during brain
development using in vivo models would be required to address
this issue.

Our findings also have implications with regard to the therapeu-
tic application of BDNF to stimulate TrkB-TK+ activation in neuro-
degenerative diseases (e.g. Alzheimer’s Disease). At present,
infusion of high doses of BDNF into the brain is required as the neu-
rotrophin has limited diffusion potential [16–18]. Considering that
TrkB-Shc and TrkB-TK+ share identical ligand binding domains, the
limited diffusion of BDNF from injected to target sites or limited
activation of TrkB-TK+ receptors may likely be due to the presence
of truncated TrkB isoforms. In regions that are neuron-enriched, we
predict that TrkB-Shc may function similarly to TrkB-TK� [10,19] in
limiting BDNF diffusion and TrkB-TK+ activation.

In contrast to under activation of TrkB-TK+ activity in neurode-
generative diseases, over activation of BDNF/TrkB-TK+ signaling
can also be deleterious to neuronal viability. Studies have demon-
strated that BDNF signaling is increased and localized in areas
implicated in epileptogenesis [20,21]. Seizure activity increases
the expression of BDNF mRNA and protein. However, it has been
demonstrated that BDNF signal transduction via TrkB is responsi-
ble for the development of the epileptic state in vivo [22]. In studies
using the kindling model to induce epileptogenesis in conditional
TrkB knockout mice, it was demonstrated that a reduction in TrkB
activity, rather than the reduction in BDNF expression, was associ-
ated with impairment of epileptogenesis [20,21]. Moreover, in
transgenic mouse models of mesio-temporal lobe epilepsy over-
expressing TrkB-TK+ or truncated TrkB-T1 receptors, it was shown
that the development of epileptogenesis in the hippocampus fol-
lowing intra-hippocampal injections of kainic acid was signifi-
cantly increased in mice with increased TrkB signaling (TrkB-TK+
overexpressing mice) but delayed in mutants with reduced TrkB
signaling (TrkB-T1 overexpressing mice) [23]. Thus, while in-
creases in truncated TrkB isoforms may be deleterious to neuronal
viability and function in certain brain disorders where neurotro-
phin signaling is reduced, in other disorders of the brain, such as
epileptogensis where increased TrkB signaling is detrimental for
neuronal survival, increased expression of truncated TrkB recep-
tors, such as TrkB-Shc, in neurons may be beneficial.

In summary, we report a novel role for TrkB-Shc in the feedback
regulation of TrkB-TK+ activation in response to BDNF stimulation.
Our findings have important implications in regard to TrkB func-
tion in current disease models, in brain development, and in the
application of BDNF for the treatment of neurodegenerative dis-
eases and suggest that future research into TrkB-TK+ activation
and downstream signaling should consider the role of the trun-
cated TrkB receptors.
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Vascular endothelial growth factor-correlated chemokine 1 (VCC-1), a recently described chemokine, is
hypothesized to be associated with carcinogenesis. However, the molecular mechanisms by which aber-
rant VCC-1 expression determines poor outcomes of cancers are unknown. In this study, we found that
VCC-1 was highly expressed in hepatocellular carcinoma (HCC) tissue. It was also associated with prolif-
eration of HepG2 cells, and inhibition of cisplatin-induced apoptosis of HepG2 cells. Conversely, down-
regulation of VCC-1 in HepG2 cells increased cisplatin-induced apoptosis of HepG2 cells. In summary,
these results suggest that VCC-1 is involved in cisplatin-induced apoptosis of HepG2 cells, and also pro-
vides some evidence for VCC-1 as a potential cellular target for chemotherapy.

� 2012 Elsevier Inc. All rights reserved.
1. Introduction

Hepatocellular carcinoma (HCC) is one of the most common
malignant neoplasms in the world especially, in sub-Saharan Africa
and Southeast Asia including China [1,2]. Surgical resection or liver
transplantation still remains the most important therapeutic ap-
proach for patients with HCC. However, the recurrence rate of
HCC after curative treatment is high in the remnant liver [3,4]. Che-
motherapy is of limited value in the treatment of HCC because of
chemoresistance.

Chemokines are a family of low molecular weight (8–10 kDa)
proteins or peptides that bind to their cognate G protein-coupled
receptors (GPCRs). Chemokines and receptors regulate the devel-
opment and migration of various cell types. Recent studies have
found that chemokines and their receptors play important roles
in processes of cell proliferation, survival, apoptosis, angiogenesis,
and metastasis [5–8]. Many studies have indicated that chemokine
receptors in HCC are involved in carcinogenesis [9]. VCC-1 (VEGF-
correlated chemokine 1) is a recently described CXC chemokine re-
lated to interleukin (IL)-8 and VEGF. It is also known as chemokine
(C-X-C motif) ligand 17 (CXCL17; gene ID: 284340). The receptor
for VCC-1 is still unknown. VCC-1 was found to be significantly
up-regulated in various breast carcinoma and colon tumors, and
constitutively expressed in lung, stomach, and colon tissue
[10,11]. Expression levels of VCC-1 were shown to be up-regulated
ll rights reserved.

ine 1; HCC, hepatocellular
17.
in intraductal papillary mucinous adenoma (IPMA), but absent in
intraductal papillary mucinous carcinoma (IPMC) [12]. Over-
expression of VCC-1 has also been found to result in increased pro-
liferation of SMMC-7721 cells [13].

In the current study, by measuring expression and distribution
of VCC-1 in hepatocellular carcinoma (HCC), we proposed to exam-
ine the role of VCC-1 in tumor growth, and evaluate the effects on
the apoptotic rate of HepG2 cells exposed to cisplatin.

2. Materials and methods

2.1. Cell cultures

The human hepatocellular carcinoma cell line, HepG2, was ob-
tained from the American Type Culture Collection (Manassas, VA,
USA). The human HCC cell line SMMC-7721 was obtained from
the Cell Bank of Type Culture Collection of Chinese Academy of Sci-
ences (Shanghai, China). All cell lines were maintained routinely in
RPMI 1640 medium supplemented with 10% fetal bovine serum
(FBS), 100 U/ml penicillin and 100 lg/ml streptomycin at 37 �C in
a humidified atmosphere of 5% CO2.

2.2. Plasmids and transfections

A VCC-1 expression vector pcDNA3.1-VCC-1 was provided by Dr. X.
Mu (School of Biotechnology, Southern Medical University,
Guangzhou, China) [13]. The pGPU6/GFP/Neo-shRNA expression vec-
tors against human VCC-1, PGPU6/GFP/Neo-VCC-1 (shRNA-VCC-1),
and a negative control (PGPU6/GFP/Neo-shNC, shRNA-NC) were pro-
duced by Genepharma Co., Inc. (Shanghai, China). HepG2 cells were
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transfected separately with the expression constructs pcDNA3.1-VCC-
1 and shRNA-VCC-1 using Lipofectamine™ 2000 (Invitrogen, Carlsbad,
USA) according to the manufacturer’s protocols. Parental cells trans-
fected with the empty vectors pcDNA3.1 and shRNA-NC were used
as controls.

2.3. RT-PCR

Total RNA was isolated from cultured cells using Trizol (Invitro-
gen), and cDNA was synthesized using RT-PCR kit (TaKaRa, Tokyo,
Japan) according to the manufacturer’s instructions. The sequences
of the primers were as follows: CTCGAGATGAAAGTTCTAATCTCT
TCCC (forward), and GGATCCCAAAGGCAGAGCAAAG (reverse) for
VCC-1, CAAGGTCATCCATGACAACTTTG (forward), and GTCCACCA
CCCTGTTGCTGTAG (reverse) for GAPDH. The amplified products
were analyzed by 0.8% agarose gel electrophoresis. The results were
expressed as the relative expression of VCC-1 normalized to GAPDH.

2.4. Western blot analysis

Western blot analysis was performed as previously described
[13]. Total cell protein was extracted with lysis buffer on ice, and
equal amounts of protein were separated by 15% sodium dodecyl
sulfate polyacrylamide gel electrophoresis, and transferred to a
PVDF membrane using a standard protocol. The membrane was probed
with anti-VCC-1 antibody (10 lg/ml, R&D Systems, Minneapolis, USA),
and GAPDH (DAKO, Denmark) as an internal control. The membranes
were incubated with horseradish peroxidase-conjugated goat anti-
rabbit immunoglobulin G for 1 h at room temperature. Positive
bands were detected using an ECL system (Pierce, Chicago, USA).
The results were expressed as the relative expression of VCC-1 nor-
malized to that of GAPDH. The Western blot analyses were per-
formed in triplicate.

2.5. MTT assay

Cell proliferation was measured by an MTT [3-(4,5-dimethylthi-
azol-2-yl)-2, 5-diphenyltetrazolium bromide] assay as previously
described [13]. Cells were cultured in 96-well plates at a density
of 1000 cells/well for 1, 2, 3, 4, 5, and 6 days. At each time point,
20 ml of MTT was added to each well followed by 4 h incubation.
Then, the medium was removed, and 150 ml of dimethyl sulfoxide
was added. The optical density (OD) of each well was measured
using a microplate reader set at 570 nm.

2.6. Flow cytometric assay

Cells were collected and resuspended at a density of
1 � 106 cells in 500 ll of binding buffer containing 1 ll of annexin
V-PE and 5 ll 7-amino actinomycin D (7-AAD) [14], and analyzed
by a FACSCalibur flow cytometer (BD Biosciences). Data are pre-
sented as mean ± SEM of three independent experiments.

2.7. DAPI analysis

The nuclear chromatin of apoptotic cells was stained with 4,
6-diamidino-2-phenylindole (DAPI) as previously described [15].
After treatment with cisplatin, cells were stained with DAPI solu-
tion (1 g/ml) at 37 �C for 15 min, and subsequently washed with
phosphate-buffered saline. The stained cells were examined under
a fluorescence microscope (Nikon Corp.) at 460 nm.

2.8. Electron microscopy

For electron microscopic analysis, the cells were fixed with 2.5%
glutaraldehyde. After fixation and dehydration through an acetone
series, samples were embedded in Spurr’s medium. Ultrathin sec-
tions (40–60 nm) were placed on grids, and double-stained with
uranyl acetate and lead citrate. Images were obtained from a Hit-
achi 7500 electron microscope.

2.9. Tissue samples

Hepatocellular carcinoma tissue samples were obtained from
148 patients who had undergone surgical resection at Southern
Medical University (Guangzhou, China). In each case, the removed
liver tissue was histologically divided into cancerous and paired
non-cancerous specimens after the surgical resection. The morpho-
logical classification of the carcinomas was conducted according to
the Edmondson grading system. All samples were fixed in 10% for-
malin, embedded in paraffin, and sliced into 3 lm sections. In-
formed consent was obtained from each patient before entering
the study.

2.10. Immunohistochemical staining

The slides were prepared for immunohistochemical staining
with an anti-human VCC-1 antibody (10 lg/ml, R&D). Immunore-
activity was detected using an EnVision™ Detection Kit (DAKO).
The nuclei were counterstained with hematoxylin. Slides incu-
bated with PBS instead of the primary antibody were used as neg-
ative controls in every experiment. In addition, the slides of HCC
specimens and corresponding adjacent non-HCC livers were
stained by immunohistochemistry, and the percentage of immuno-
positive cells assessed by visual inspection. The HCC specimens
with less than 10% immunopositive cells were considered to be
negative.

2.11. Statistical analysis

All experiments were performed in triplicate, and the data were
expressed as means ± SD. The significance of differences between
experimental conditions was determined by one-way analysis of
variance with SPSS 13.0. The relationship between VCC-1 status
and clinicopathological variables was tested by v2 and Fisher exact
tests. Differences were considered significant at P < 0.05.

3. Results

3.1. Alteration of VCC-1 gene expression in HepG2 cells by gene
transfection and gene disruption

To investigate the role of the VCC-1 gene in the control of tumor
development, we altered VCC-1 gene expression in HepG2 cells. As
expected, HepG2 cells transfected with the recombinant plasmid
pcDNA3.1-VCC-1 resulted in significantly higher levels of VCC-1
mRNA (Fig. 1A) and protein (Fig. 1C). Inhibition of VCC-1 gene
expression by transfection of VCC-1 shRNA resulted in significantly
down-regulated VCC-1 mRNA levels in HepG2 cells compared with
the control cells (Fig. 1E). Western blot assays confirmed that the
VCC-1 protein levels were significantly decreased in the shRNA
transfected cells compared with the control cells (Fig. 1G).

3.2. Increased VCC-1 gene expression promoted cell proliferation in
HepG2 cells

MTT assays were used for measurement of cell proliferation. As
shown in Fig. 2A, HepG2 cells transfected with the pcDNA3.1-VCC-
1 grew much faster compared with non-transfected cells or mock
transfected cells. There was a significant difference in the average
growth rate from day 3 to day 6 (P < 0.05). Similar results were also



Fig. 1. Expression analysis of VCC-1 under various experimental conditions. HepG2 cells transfected with the VCC-1 expression vector pcDNA3.1-VCC-1 and then VCC-1
mRNA (RT-PCR, A) and protein (Western blot, C) were determined as described in Section 2. Expression of VCC-1 in the cells transfected with the shRNA-VCC-1 was confirmed
by RT-PCR (E) and Western blot (G). Parent HepG2 cells transfected with the empty vector were used as controls. (B, D, F, and H) VCC-1/GAPDH density ratio (n = 3). ⁄P < 0.05
compared with vector control.
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confirmed in SMMC-7721 cells (Fig. 2B), which indicated that VCC-
1 gene expression increased cell proliferation in hepatocellular
carcinoma.
3.3. Aberrant VCC-1 gene expression in HepG2 cells alters the rate of
apoptosis

To further investigate the involvement of VCC-1 in the control
of tumor cell apoptosis, we compared the effect of aberrant VCC-
1 expression on cell apoptosis induced by a chemotherapeutic
drug. The data demonstrated that VCC-1 over-expression resulted
in a significant decrease in cisplatin-induced apoptosis in HepG2
cells. HepG2 cells transfected with the empty vector and exposed
to various concentrations of cisplatin for 12 h had early apoptosis
rates of 15.42%, 29.74%, 48.56% and 62.44% in response to 50,
100, 200 and 300 lM cisplatin, respectively. In contrast, HepG2
cells transfected with the pcDNA3.1-VCC-1 revealed decreased
early apoptosis rates of 12.99%, 18.55%, 36.97% and 57.47% in re-
sponse to 50, 100, 200 and 300 lM cisplatin, respectively
(Fig. 2E). We also observed that decreased VCC-1 expression in
HepG2 cells after shRNA-VCC-1 transfection significantly increased
early apoptosis rates (Fig. 2G). Similar results were also confirmed
in SMMC-7721 cells (Fig. 2F and H). These results strongly sug-
gested that VCC-1 contributes to an anti-apoptotic response in
hepatocellular carcinoma.
3.4. Aberrant VCC-1 gene expression in HepG2 cells alters cell
morphology

To further understand whether over-expression of VCC-1 pro-
motes the growth of HepG2 cells through inhibition apoptosis in
HepG2 cells, we next examined the apoptotic morphological
changes after cisplatin treatment. Various morphological changes
that occur during apoptosis have been identified by light and elec-
tron microscopy observation [16]. After 12 h treatment with vari-
ous concentrations of cisplatin, marked morphological changes
were observed. With DAPI staining, we found that cisplatin-treated
cells displayed typical apoptotic morphology, which included cell
shrinkage, fragmentation, and irregularity by reverse fluorescence
microscopy [17]. As shown in Fig. 3A, HepG2 cells transfected with
the pcDNA3.1-VCC-1 had normal morphology, and only a small
number of cells were dyed. In comparison, the cells transfected
with the shRNA-VCC-1 had more obvious damage in cell morphol-
ogy in contrast to the control.



Fig. 2. The effect of VCC-1 expression on the cell growth and apoptosis of HCC cells. The growth curve of HepG2 (A) and SMMC-7721 (B) cells exposed to exogenous VCC-1.
Cells transfected with the empty vector pcDNA3.1 served as controls. Flow cytometric analysis of apoptotic cells in HepG2 (C) and SMMC-7721 (D) by PE annexin V and 7-
AAD staining. Representative dot plots showing cells transfected with the pcDNA3.1-VCC-1. Percentage of annexin V-positive apoptotic cells in HepG2 (E and G) and SMMC-
7721 cells (F and H). The cells were transfected with the pcDNA3.1-VCC-1 (E and F) or shRNA-VCC-1 (G and H). The empty vector served as controls. Data shown are
means ± SEM of three independent experiments. ⁄P < 0.05 compared with vector groups.
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The morphologic characteristics of apoptotic cells were also
clearly observed by transmission electron microscopy (Fig. 3C).
Treatment with cisplatin at 50 lM produced no obvious morpho-
logic changes in either cell line at 12 h. With 100 lM cisplatin
treatment, marked morphologic changes were observed. In the
cells transfected with the shRNA-VCC-1, ‘‘budding’’ and chromatin
condensation appeared. With 200 lM cisplatin treatment, a signif-
icant increase in the number of shRNA-VCC-1 cells with progres-
sive nuclear shrinkage, and cellular fragmentation was clearly
evident. There were also many apoptotic bodies.
3.5. Increased VCC-1 expression in human hepatocellular carcinoma

To evaluate the correlation between VCC-1 expression and tu-
mor development, we measured the VCC-1 expression in clinical
HCC specimens using immunohistochemical staining. Fig. 4 shows
representative results in the resected HCC tissue specimens. We ob-
served the positive staining of VCC-1, which was mainly located in
the cytoplasm (Fig. 4A). The average rate for VCC-1 positive staining
in the HCC group was around 83%, and 124 out of 148 HCC samples
were found to be positive for VCC-1 (Table 1). By contrast, all of the
samples from non-cancerous human liver were negative for VCC-1
staining (N = 30). Therefore, this result demonstrated increased
VCC-1 expression in human hepatocellular carcinoma cells.
4. Discussion

Chemokines are members of a super-family of chemotactic
cytokines, initially characterized because of their association with
inflammatory responses, and by stimulation of leukocyte chemo-
taxis during inflammation [18]. Chemokines interact with G pro-
tein-coupled receptors. It is now known that they have many
roles, including in homeostasis, cell proliferation, hematopoiesis,
host–virus interactions and angiogenesis [19]. Many studies have
been conducted on chemokines and their receptors in hepatocel-
lular carcinoma. In hepatocellular carcinoma, chemokines play
multiple roles in cell invasion, metastasis, survival and growth
[20]. VCC-1 is a newly identified chemokine, also known as VEGF
co-regulated chemokine 1, which now is designated as CXCL17
[10,12].

In the current study, we examined the expression of VCC-1 in
HCC and non-cancerous liver samples by immunohistochemistry
staining. VCC-1 has been reported to be highly expressed in hu-
man breast cancer, colon carcinomas [10], and constitutively ex-
pressed on bronchial and bronchiolar epithelium [11]. In
agreement with these findings, our results showed that the
expression of VCC-1 in HCC tissue was much higher than that
in adjacent non-cancerous tissue. In addition, increased VCC-1
expression was also observed in colon, gastric, pancreatic, breast,
lung, bladder, and uterine cervical cancers (data not shown). In



Fig. 3. The morphology of apoptotic cells. (A) Representative micrographs showing cells stained with DAPI. The HepG2 cells were transfected with the pcDNA3.1-VCC-1 (i) or
shRNA-VCC-1 (ii), and cultures treated for 12 h with the indicated concentrations of cisplatin. Scale bars, 100 lm. (B) The percentage of DAPI-positive cells is shown as
means ± SEM of five fields from three separate experiments as shown in (A), ⁄P < 0.05 compared with vector groups. (C) Electron microscopy analysis of apoptotic cells in
HepG2. The cells were transfected with the pcDNA3.1-VCC-1 (i) or shRNA-VCC-1 (ii), and cultures treated for 12 h with the indicated concentrations of cisplatin.

Fig. 4. Representative immunohistochemical staining for VCC-1. (A) VCC-1 expression in HCC, (B) non-cancerous liver did not express VCC-1. Histological analysis of HCC (C)
and non-cancerous liver (D) by H&E staining. The scale bars indicate 50 lm.

340 Z. Zhou et al. / Biochemical and Biophysical Research Communications 420 (2012) 336–342
contrast, Hiraoka et al. reported that the expression of VCC-1 was
up-regulated exclusively in IPMA, and down-regulated in IPMC. It
was found to be induced in IPMA and associated with dendritic
cells (DC) infiltration [12]. Mu et al. indicated that the over-
expression VCC-1 in HCC cell lines could enhance cellular prolifer-
ation, tumor growth and invasiveness [13]. These studies indicated



Table 1
Correlation of VCC-1 status and clinicopathologic features in hepatocellular
carcinoma.

Characteristic n = 148 VCC-1 expression P value

Negative n (%) Positive n (%)

Age 0.045*

<50 years 71 16(23) 55(77)
P50 years 77 8(10) 69(90)

Sex 0.632
Female 13 1(8) 12(92)
Male 135 23(17) 112(83)

Tumor size 0.785
<5 cm 34 5(15) 29(85)
P5 cm 114 19(17) 95(83)

Stage 0.287
I 5 0 5(100)
I–II 5 0 5(100)
II 86 13(15) 73(85)
II–III 22 7(32) 15(68)
III 30 4(13) 26(87)

* P < 0.05.
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that VCC-1 played a causative role in promoting the tumor
growth progression of HCC, and that loss of VCC-1 in tumors
might also contribute to the regulation of immunologic responses
to tumors.

HCC is one of the most common cancers in worldwide. Hepatitis
C virus (HCV) and hepatitis B virus (HBV) infections are the major
risk factors for its development [21–24]. Surgical resection or liver
transplantation remains the most important first-line treatment.
However, tumor recurrence is still a major reason for failure of sur-
gical therapy. HCC recurs or develops de novo in 50–80% of patients
within 5 years after resection, the majority occurring within
2 years [25,26], and 50–90% of post-operative deaths are due to
recurrent disease [27]. Therefore, there is a need for more effective
adjuvant treatments to improve survival after resection and liver
transplantation. Radiotherapy and chemotherapy are the conven-
tional second-line treatments.

Cisplatin is an effective chemotherapeutic agent, displaying sig-
nificant clinical activity against a variety of tumors including hepa-
tocellular carcinoma [28–30]. Cisplatin exerts its cytotoxic effect
by forming DNA–Pt adducts, which in turn activate a complex net-
work of pathways that finally culminate in apoptosis [31]. The
induction of apoptosis in tumor cells is a major goal of cancer che-
motherapy. In this study, we observed that cisplatin inhibited cell
growth, and induced apoptotic cell death in human HepG2 cells.
With annexin V/7-AAD staining, we were able to distinguish viable
cells from the apoptotic cells. The cisplatin-induced apoptosis was
further demonstrated morphologically, which showed obvious cell
shrinkage and deep condensation of the nuclei with large gaps
around the nuclei. The condensed chromatin showed large sharply
marginated electron dense masses that abutted the nuclear enve-
lopes. Extensive plasma membrane blebbing occurred followed
by karyorrhexis, and separation of cell fragments into apoptotic
bodies during a process called ‘‘budding’’. These results showed
that the HepG2 cells underwent apoptosis in response to cisplatin
treatment.

Evasion of apoptosis is one of the basic features of cancer [32].
VCC-1 has been shown to co-regulate apoptosis along with CXCL-
8, GRO-1, and VEGF [10]. Over-expression of CXCL-8 in colorectal
cancer cells has been shown to lead to evasion of apoptosis, and sig-
nificant resistance to the cytotoxic effects of oxaliplatin [33]. In
addition, CXCL-8 and its receptors were demonstrated to be in-
volved in the processes of invasion and metastasis in human gastric
cancer cell lines [34]. CXCL12 expression was found to correlate well
with decreased apoptosis in human myelodysplastic syndrome
[35]. CXCL12–CXCR4 was demonstrated to stimulate the prolifera-
tion of HCC [36], and the CXCR4/CXCL12 axis was shown to increase
cell migration and survival of hepatomas [37]. CCL25–CCR9 interac-
tions in ovarian cancer cells inhibit cisplatin-induced cell death
[38]. In agreement with these findings, our results showed that
apoptosis was significantly increased in the down-regulated VCC-
1 group compared with the control group. HepG2 cells transfected
with the recombinant plasmid pcDNA3.1-VCC-1 became more
resistant to cisplatin induced apoptosis. Taken together, these
observations demonstrated that VCC-1 may play a crucial role in cell
growth and tumorigenicity. The over-expression of VCC-1 de-
creased the cisplatin-induced apoptosis, which suggests that VCC-
1 may exert its function by the inhibition of the intracellular apop-
tosis signaling pathway.

In conclusion, our data suggested that the recently described
chemokine, VCC-1, plays a crucial role in control of tumor develop-
ment, and up-regulation of VCC-1 expression in HepG2 cells in-
creases cellular proliferation rates, and decreases rates of
apoptosis. Immunochemical staining of clinical specimens demon-
strated that the expression levels of VCC-1 were significantly up-
regulated in HCC tissues. In addition, we have shown that cis-
platin-induced apoptotic rates in HepG2 cells were related to
changes in expression levels of the VCC-1 gene. However, it is un-
clear whether the over-expression of VCC-1 is associated with the
induction of apoptosis or cell survival in cisplatin-treated cells. A
detailed mechanistic study is needed to address this issue. Taken to-
gether, our data suggested that VCC-1 plays an important role in the
development of hepatocellular carcinoma, and may serve as an
important target for the HCC therapy in the future.
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a b s t r a c t

The selective ER modulator tamoxifen (TAM1) is the most widely used ER antagonist for treatment of
women with hormone-dependent breast tumor. However, long-term treatment is associated with an
increased risk of endometrial cancer. The aim of the present study was to demonstrate new insight into
the role of G-protein coupled receptor 30 (GPR30) in the activity of TAM, which promoted endometrial can-
cer. In endometrial cancer cell lines ISHIKAWA and KLE, the potential of 4-hydroxytamoxifen (OHT), the
active metabolite of TAM, 17b-estradiol (E2) and G1, a non-steroidal GPR30-specific agonist to promote cell
proliferation and invasion was evaluated. All agents above induced high proliferative and invasive effects,
while the down-regulation of GPR30 or the interruption of MAPK signal pathway partly or completely pre-
vented the action of the regent. Moreover, the RNA and protein expression of GPR30 was up-regulated by
G1, E2 or OHT in both cell lines. The present study provided a new insight into the mechanism involved in
the agonistic activity exerted by TAM in the uterus.

� 2012 Elsevier Inc. All rights reserved.
1. Introduction

Estrogen is vital hormone, which regulates the growth and dif-
ferentiation of many tissues, and is the one of the risk factors for
endometrial cancer and breast tumors, which accounts for 40% of
cancer among the women [1]. The estrogen binding to estrogen
receptors (ER) a and b was the main mechanism responsible for
the diverse effects [2]. Approximately 50% of all breast cancers
demonstrated elevated levels of ER. Consequently, ERa antagonists
such as tamoxifen (TAM) and raloxifene have been used clinically
and demonstrated advantages in treating ERa-positive breast can-
cer [3,4]. Although primarily considered an anti-estrogen, TAM also
exhibited some mild estrogenic effects in the uterus, bone, and the
cardiovascular system [5]. Studies have suggested that incidence
and severity of endometrial cancer increased in women treated
with TAM [6]. TAM and its active metabolite 4-hydroxytamoxifen
(OHT) stimulated the proliferation of uterine cell growth in vivo
and cultured human endometrial carcinoma cells [7–9].
ll rights reserved.
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The G-protein coupled receptor 30 (GPR30) is a membrane-
associated estrogen receptor, that might alter gene expression
independently of the nuclear ERs [10]. GPR30 belongs to the se-
ven-transmembrane GPCR family, which signals through heterotri-
meric guanine nucleotide-binding proteins to alter the activity of
effector proteins. Cellular activation by GPR30 occurs through a
mechanism involving transactivation of epidermal growth factor
receptors (EGFRs) via a G protein-dependent pathway and activa-
tion of mitogen activated protein kinase (MAPK), adenylyl cyclase,
and phosphoinositide 3-kinase (PI3K) [10–12]. GPR30 acted in
physiological processes such as the attenuation of liver injury
and pubertal adrenal development [13,14], and mediated the pro-
liferative effects of estrogen in a number of cancer cell lines
[15,16]. Furthermore, it has been shown that 17b-estradiol (E2)
and G1, a GPR30-specific ligand, stimulated the production and
activity of matrix metalloproteinase (MMP), the proteolysis of
which was involved in cancer invasion and metastasis, increased
secretion of interleukin-6, the activation of which was associated
with tumor growth, and mediated invasion and carcinogenesis in
endometrial cancer cell line in a GPR30 dependent manner
[17,18]. The classical ERa antagonists TAM also acted as GPR30
agonists [10,19].

To demonstrate the possible role of GPR30 in the mediating the
signal of TAM in endometrial cancer cell, experiments and found
E2, G1 and OHT promote the proliferation and invasion in a
GPR30-dependent manner in ISHIKAWA and KLE human endome-
trial cancer cells. Moreover, GPR30 was also up-regulated by the

http://dx.doi.org/10.1016/j.bbrc.2012.02.161
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same agents. The results showed insights into the mechanism
through which OHT exerted an action in the endometrial cancer
cells.

2. Materials and methods

2.1. Cell culture

The human endometrial cell line ISHIKAWA and KLE was ob-
tained from the Chinese Academy of Sciences Committee Type Cul-
ture Collection cell bank. The cells were grown in Dulbecco’s
modified Eagle’s medium (DMEM)/F12 (11030; Gibco, Auckland,
New Zealand) supplemented with 10% fetal bovine serum (FBS)
(16000-44; Gibco, Carlsbad, CA), 100 units/ml penicillin, and
100 lg/ml streptomycin in a humidified atmosphere of 5% CO2/
95% air at 37 �C.

2.2. Stable transfection

One hundred thousand cells were plated into 24-well dishes
with 500 ll regular growth medium per well on the day before
transfection. According to the manufacturer’s instructions, the cells
were transfected with short hairpin RNA (shRNA) constructed
against GPR30 in pGFP-V-RS (TG316565; OriGene Technologies,
Rockville, MD) (Fig. 1A), and the HuSH 29-mer non-effective
against enhanced GFP vector (pRS.TR30003; OriGene Technologies)
using Lipofectamine 2000 reagent (Invitrogen, Carlsbad, CA). To
obtain a stable cell line, selection pressure was maintained with
puromycin at a concentration of 0.5–1.0 lg/ml in the growth
medium for two weeks. Clonal populations of cells were selected
by transferring well-isolated single clumps of cells (the clonal
Fig. 1. Expression of GPR30 is stably down-regulated in KLE and ISHIKAWA cell lines. (A
with an integrated turboGFP element to readily verify transfection efficiency. It also inco
capabilities .The shRNA expression cassette consists of a 29 nt GPR30-specific sequence, a
of the human U6 promoter. A termination sequence (TTTTTT) is located immediately d
transcription by RNA Pol III. (B) The expression level of GPR30 protein in ISHIKWA an
(Control) were detected using western-blot. (C) Cells were then visualized by fluorescenc
with ShGPR30-pGFP-V-RS under fluorescence (1) or white light (5); ISHIKAWA cells tra
transfected with ShGPR30-pGFP-V-RS under fluorescence (3) or white light (7); KLE
Magnification (1,5,2,6) �200; (3,7,4,8) �100. (For interpretation of the references to col
ancestor and cells divided from it) into a six-well plate, and the
growth of these cells were continued in the selection medium for
two additional passages.

2.3. Real-time RT-PCR

Total RNA was extracted from the cells using TRI Reagent
(TR118; Molecular Research Center, Cincinnati, OH). The cDNA
was generated with oligo (dT) 18 primers using a Revert Aid First
Strand cDNA Synthesis Kit (K1622; Fermentas Life Science, St.
Leon-Rot, Germany). A 50 ll PCR amplification of single-strand
cDNA was performed with 40 cycles of denaturation (94 �C) for
60 s, annealing (55 �C) for 30 s, and elongation (72 �C) for 30 s
using PerfectShot Ex Taq (Loading Dye Mix) (DRR05TA; Takara, Da-
lian, China). The primer sequences were as mentioned in Supple-
mentary material Table 1.

2.4. Proliferation assay

Cells were seeded in 96-well plates at 2 � 105 cells/ml and cul-
tured for 24 h. The cells were then transferred to phenol red-free
and serum-free medium (DMEM/F12, 11039; Gibco, Carlsbad, CA)
and cultured for 24 h, followed by the addition of G1 (371705; Cal-
biochem, Darmstadt, Germany), E2 (E2758-250MG; Sigma Aldrich,
St. Louis, MO) or OHT (H7904-5MG; Sigma Aldrich, St. Louis, MO)
in the presence or absence of the MAPK inhibitor U0126 (30 lM)
(9903; Cell Signaling Technology, Beverly, MA). The cells were
further cultured with phenol red-free DMEM/F12 containing 5%
dextran-coated charcoal-treated FBS (S181F; Biowest, Nuaillé,
France). Cell proliferation was evaluated using a Cell Counting
Kit-8 (CK04-11; Dojindo Molecular Technologies, Gaithersburg,
) The pGFP-V-RS plasmid vector pattern. The pGFP-V-RS plasmid vector was created
rporates both a kanamycin and puromycin resistance elements for greater selection
7 nt loop, and another 29 nt reverse complementary sequence, all under the control

ownstream of the second 29 nt reverse complementary sequence to terminate the
d KLE cells transfected with ShGPR30-pGFP-V-RS (AntiGPR30) or shiv-pGFP-V-RS
e microscopy after stable transfection with pGFP-V-RS: ISHIKAWA cells transfected
nsfected with shiv-pGFP-V-RS under fluorescence (2) or white light (6); KLE cells
cells transfected with shiv-pGFP-V-RS under fluorescence (4) or white light (8).
or in this figure legend, the reader is referred to the web version of this article.)
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MD). The controls were treated with vehicle (0.1% dimethyl sulfox-
ide or ethanol in phenol red-free DMEM/F12).

2.5. Transwell� assay

The cell culture inserts (8 lm pore size, 6.5 mm diameter; Corn-
ing, Corning, NY, USA) coated with 5 lL pure Matrigel (356237, BD
Biosciences) were placed in a 24-well plate. Before use, the Matri-
gel was rehydrated with 100 ll warm DMEM for 2 h. The lower
chamber was filled with 800 lL DMEM with 1% FBS. The cells were
allowed to invade for 12 h in 5% CO2 at 37 �C. The cells were plated
in the upper chamber, and were treated as in ‘‘Proliferation assay’’.
The lower chamber was filled with 800 lL DMEM/F12 containing
5% dextran-coated charcoal-treated FBS. The cells were then incu-
bated at 37 �C for 48 h. After swabbing of non-invaded cells in the
upper chambers, cells that migrated to the lower chambers were
fixed with 3.7% paraformaldehyde in PBS and stained with hema-
toxylin. For quantification, the cells that had migrated to the lower
surface were counted under a light microscope in five predeter-
mined fields at a magnification of �100. The assay was repeated
three times, and the results are expressed as a percentage to the
mean number of three controls. Each experiment was carried out
in triplicate and repeated three times.

2.6. Sandwich ELISA assay

Cells were seeded in 24-well plates at 1 � 106 cells/ml, cultured,
and starved as described above. The cells were incubated with G1
(10–8 M), E2 (10–7 M) or OHT (10–7 M) in the presence or absence of
U0126 (30 lM). The cells were further cultured for 48 h with phe-
nol red-free DMEM/F12 containing 5% dextran-coated charcoal-
treated FBS and the supernatants were harvested. Each superna-
tant was centrifuged at 200g and stored at �80 �C until detection.
The concentrations of human MMP-2 and MMP-9 were deter-
mined according to the manufacturers’ instructions by ELISA kits
(MMP-9, BMS2016/2; Bender MedSystems, Campus Vienna Bio-
center, Vienna, Austria; MMP-2, SMP200; R&D Systems, Minneap-
olis, MN, USA). The MMP-9 assay sensitivity was 0.05 ng/ml, and
the intra-assay and inter-assay CV of 7.3% and 10.2%, respectively.
For MMP-2, the assay sensitivity was 0.16 ng/ml, and the intra-as-
say and inter-assay CV were 4.8% and 7.6%, respectively.

2.7. Western blotting

Cells were grown in 10-cm dishes and exposed to ligands. After
two rinses with ice-cold PBS, the cells were scraped and lysed in
ice-cold HNTG buffer (50 mmol/l HEPES [pH 7.5], 150 mmol/l NaCl,
10% glycerol, 1% Triton X-100, 1.5 mmol/l MgCl2, 1 mmol/l EDTA,
10 mmol/l sodium PPI, 100 lmol/l sodium orthovanadate,
100 mmol/l NaF, 10 lg/ml aprotinin, 10 lg/ml leupeptin, and
1 mmol/l phenylmethylsulfonyl fluoride) on ice for 30 min. Total
protein was measured using Bio-Rad protein assay reagent accord-
ing to the manufacturer’s protocol. Twenty micrograms of protein
was separated on 10% sodium dodecylsulfate polyacrylamide elec-
trophoresis gels and transferred to nitrocellulose membranes. After
blocking with 10% bovine serum albumin in 1� Tris-buffered sal-
ine, the membrane was incubated at 4 �C overnight with various
primary antibodies against GPR30 (1:250 dilutions, ab39742, Ab-
cam, UK) and b-actin (1:1000 dilutions, 4697s, Cell Signaling Tech-
nology, USA). The membranes were washed three times with PBS
and then incubated with peroxidase-linked secondary antibody
(1:10,000) for 1 h at room temperature. The signals were devel-
oped using an ECL kit (Pierce), scanned, and analyzed with TotalLab
software. The relative expression of target proteins was presented
as the ratio to b-actin.
2.8. Statistics

Statistical analysis was performed using the t-test or one way
analysis of variance. All tests were performed using Statistical
Product and Service Solutions software version 17.0 (SPSS Inc., Chi-
cago, IL). The p-value <0.05 was considered statistically significant.
3. Results

3.1. Expression of GPR30 was stably down-regulated by transfection
with ShGPR30-pGFP-V-RS

The commercial plasmid pGFP-V-RS (Fig. 1A) contained an in-
serted sh sequence that either suppressed the expression of
GPR30 (ShGPR30-pGFP-V-RS) or was invalid (shiv-pGFP-V-RS).
The vector also contained the pCMV driven tGFP gene, which en-
coded the tGFP protein constitutively in mammalian cells. The
transfected ISHIKAWA and KLE cells in stable condition were ob-
tained after 30 d. The interferential efficiency of the different vec-
tors was then determined using western-blot assay. The expression
of GPR30 protein was down-regulated significantly in the cells
transfected with ShGPR30-pGFP-V-RS compared with the control
(Fig. 1B). The successfully transfected cells were also examined un-
der a microscope, and green fluorescence from tGFP protein ex-
pressed by pGFP-V-RS was observed (Fig. 1C).

3.2. GPR30 signaling induced by hydroxytamoxifen stimulated
proliferation of endometrial cancer cell line ISHIKAWA and KLE

Proliferation assays were conducted, to determine GPR30 sig-
naling induced by hydroxytamoxifen induced growth of endome-
trial cancer cells. It was observed that several doses of E2, OHT
and G1 enhanced the proliferation of cell lines including KLE and
ISHIKAWA after 48 h culture. The proliferation-promoting activity
induction peaked at a concentration of 10–6–10�7 M E2, 10�7 M
OHT and 10–8 M G1 in KLE cells, and at a concentration of 10–7 M
E2, 10�7 M OHT and 10–8 M G1 in ISHIKAWA cells (Fig. 2A). After
treatment of 6 d with E2 (10–7 M), OHT (10–7 M) and G1 (10–

8 M), it was observed that a longer duration of treatment had a
greater proliferation-promoting effect (Fig. 2B). The stimulation
of proliferation by E2, OHT and G1 was disrupted by U0126, an
inhibitor of MAPK (Fig. 2C). The cells transfected with ShGPR30-
pGFP-V-RS showed decline in proliferation, even in the presence
of E2, OHT and G1, as compared to the negative control group
(Fig. 2D). These results suggested that GPR30-mediated MAPK
pathway had a crucial signaling role in the proliferation of the
endometrial cancer cell line induced by E2, OHT and G1.

3.3. GPR30 signaling induced by hydroxytamoxifen increased MMP
production of endometrial cancer cell line ISHKAWA and KLE

OHT promoted ISHIKAWA and KLE cell proliferation via GPR30
signaling, and its effect on MMP production via GPR30 signaling
was evaluated. The MMP-2 (Fig. 3A) and MMP-9 (Fig. 3B) produc-
tion increased when ISHIKAWA and KLE cells were treated with E2,
OHT or G1 (Fig. 3). Moreover, the increase in secretion of MMP-9
and MMP-2 was blocked by the presence of U0126 or down-regu-
lation of GPR30 protein expression (Fig. 3A and B).

3.4. GPR30 signaling induced by hydroxytamoxifen promoted invasion
of endometrial cancer cell line ISHKAWA and KLE

The effect of E2, OHT and G1 on ISHKAWA and KLE invasion was
determined by a Transwell� assay. ISHIKAWA and KLE cells with-
out transfection or transfected with ShGPR30-pGFP-V-RS or



Fig. 2. G protein-coupled receptor 30 via the MAPK pathway stimulates proliferation of the endometrial cancer cell line. (A) Cells were treated with E2 (10–5–10–9 M), OHT
(10–5–10–9 M) or G1 (10–5–10–9 M) in medium containing 5% charcoal-stripped FBS, then analyzed after 48 h. (B) Cells were treated with E2 (10–7 M), OHT (10–7 M) or G1 (10–

8 M), then analyzed on the indicated day. (C) Cells were treated with E2 (10–7 M), OHT (10–7 M) or G1 (10–8 M) with or without U0126 (30 lM) for 96 h before evaluation of
cell proliferation. ⁄P < 0.05 versus the group with the same treatment but U0126. (D) Cells transfected with ShGPR30-pGFP-V-RS (AntiGPR30) or shiv-pGFP-V-RS (Control)
were treated with E2 (10–7 M),OHT (10–7 M) or G1 (10–8 M) for 96 h before evaluation of cell proliferation. ⁄P < 0.05 versus the control cell line with the same treatment. The
proliferation of cells treated with vehicle was set as 1, from which all the cell proliferation data in the figures was calculated. Vehicle: 0.1% dimethyl sulfoxide (versus G1) or
ethanol (versus E2, OHT) in phenol red-free and serum-free DMEM/F12. Medium was refreshed and treatments were renewed every 2 d. Each data point is the mean ± SD of
three independent experiments. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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shiv-pGFP-V-RS were treated with E2 (10–7 M), OHT (10–7 M) or G1
(10–8 M). The results revealed that incubation with U0126 mark-
edly decreased cell invasion compared to the control (Fig. 3C). Fur-
thermore, reduction of GPR30 inhibited ISHKAWA and KLE cell
invasion, induced by E2, OHT or G1 (Fig. 3D). These data suggested
that GPR30 signaling mediated invasive effects induced by OHT in
endometrial cancer cell lines via the MAPK pathway.
3.5. GPR30 expression was up-regulated by hydroxytamoxifen in
endometrial cancer cell line ISHKAWA and KLE

It was observed that the GPR30 had a role in mediating effects
of E2, OHT and G1, and it was further studied that there was impact
of these ligands on GPR30 expression. A concentration course
study performed by real time quantitative RT-PCR revealed that
the mRNA expression of GPR30 were induced by E2, OHT or G1
treatments in ISHIKAWA and KLE cells (Fig. 4A). In both cell types,
E2, OHT and G1 up-regulated GPR30 protein levels (Fig. 4B). Cumu-
latively, the data indicated that the GPR30 responded to E2, OHT
and G1 in endometrial cancer cell line ISHKAWA and KLE.
4. Discussion

One major concern with TAM therapy for breast cancer was the
carcinogenic effect in the endometrium. The previous studies have
demonstrated that the TAM was converted into reactive species
forming DNA adducts, which led to endometrial carcinogenesis
[20]. Cell- and promoter-specific factors have been reported, and
were involved in the mechanism, that caused TAM act as an estro-
gen agonist in the uterus [21]. Moreover, co-regulator proteins



Fig. 3. G protein-coupled receptor 30 stimulates invasion in endometrial cancer cell line via the MAPK pathway. Enzyme-linked immunosorbent assay (ELISA) was made for
MMP-2 (Fig. a) and MMP-9 (Fig. b). #P < 0.05 compared with vehicle; ⁄P < 0.05 compared with the group with the same treatment but U0126; &P < 0.05 compared with the
groups transfected with shiv-pGFP-V-RS vector with the same treatment. In Transwell� assay, KLE and ISHIKAWA cells with no transfection or stable transfection with shiv-
pGFP-V-RS (Control) or ShGPR30-pGFP-V-RS (AntiGPR30) were treated as follows, Fig. c (A) vehicle (0.1% dimethyl sulfoxide/phenol-free DMEM/F12); (B) G1 (10–8 M); (C) G1
(10–8 M) with U0126 (30 lM); (D) vehicle (0.1% ethanol/phenol-free DMEM/F12); (E) E2 (10–7 M); (F) OHT (10–7 M); (G) E2 (10–7 M) with U0126 (30 lM); (H) OHT (10–7 M)
with U0126 (30 lM); Fig. D: (a, A) vehicle (0.1% dimethyl sulfoxide/phenol-free DMEM/F12); (b, B) G1 (10–8 M); (c, C) vehicle (0.1% ethanol/phenol-free DMEM/F12); (d, D) E2
(10–7 M); (e, E) OHT (10–7 M). Cell invasion was then assessed and photomicrographs taken. #P < 0.05 compared with the vehicle group. ⁄P > 0.05 compared with the vehicle
group. $P < 0.05 compared with the ISHIKAWA cells treated with E2 in the ‘‘Control’’ group. Magnification �100. All data are expressed as mean ± SD of three independent
experiments.
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Fig. 4. TAM up-regulate GPR30 expression levels in ISHIKAWA and KLE cells. The RNA expression levels of ISHIKAWA and KLE cells were determined using real-time RT-PCR
(A). Immunoblots of GPR30 from cells treated for 48 h with vehicle, E2, OHT or G1 (B) V: Vehicle, 0.1% dimethyl sulfoxide (versus G1) or ethanol (versus E2, OHT) in phenol
red-free and serum-free DMEM/F12. Data are expressed as mean ± SD of three independent experiments.
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facilitating ERa interaction with the general transcriptional
machinery and chromatin led to differential ability of partial ago-
nists/antagonists modify gene expression [22].

It has been reported that the interaction between either TAM or
E2 with GPR30 triggered rapid cellular responses to estrogen sig-
nals at the plasma membrane level [10,19,23]. In the present study,
it was evaluated and demonstrated that in endometrial cancer
cells, OHT acquired the ability to induce cell proliferation and inva-
sion in a GPR30-mediated fashion. Treatment able to block GPR30
signaling, such as U0126, the specific inhibitors of the MAPK path-
way, or the ShGPR30-pGFP-V-RS transfection, both prevented the
enhancement of proliferation and invasion in a similar manner.
These results suggested that the GPR30 signal had a pathway in-
volved in the carcinogenic effect of OHT.

In the present study, it was observed that the GPR30 expression
was induced by OHT in endometrial cancer cell line. It was assumed
that the OHT by up-regulating the GPR30 expression induced the
GPR30 signal. The GPR30 expression was induced by epidermal
growth factor (EGF) through the EGFR/ERK transduction pathway
activated in GPR30 signaling and the recruitment of c-fos to the acti-
vator protein-1 site located within GPR30 promoter sequence in
endometrial and tamoxifen-resistant breast cancer cells [24]. It
was reported that, in a GPR30-mediated fashion, TAM induced
expression of c-fos, which belonged to a family of transcription
factor [15,23]. The GPR30 signal activated the EGFR/ERK pathway
through the release of heparin-binding EGF [11,25], it was assumed
that a positive feedback loop occurred within the ligand/EGFR/c-fos/
GPR30 signaling network, through which OHT induced the expres-
sion of GPR30.

Several studies have examined the expression of GPR30 in vivo.
Immunohistochemistry for GPR30 was conducted on tumors from
patients with endometrial adenocarcinoma, and GPR30 overex-
pression was observed more frequently in endometrial carcinomas
exhibiting deep myometrial invasion, high grade, biologically
aggressive histological subtype, advanced stage, and significantly
worse overall survival rate [26]. There was a significant correlation
observed between G protein-coupled estrogen receptor expression
and endometrial pathology in breast cancer patients receiving TAM
[27]. All the in vivo studies demonstrated an association between
GPR30 and the occurrence and development of endometrial cancer
induced by TAM.

It has been observed that the GPR30 mediated c-fos expression,
only after E2 treatment in breast cancer cells [23] and also after
OHT treatment in endometrial tumor cells [15], although E2 and
the ER antagonists TAM bind to GPR30 directly [10]. This suggested
that GPR30 function might be dependent on the cellular context
and induced a reverse response of TAM in breast tissues as com-
pared to endometrium.
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It has been largely documented that treatment with TAM was
associated with an increased incidence of proliferative and neoplas-
tic endometrial changes. The present study showed insights into the
molecular mechanisms by which TAM led to these side effects and
GPR30 may be the target that could be selectively abrogated.
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The p53-upregulated modulator of apoptosis (Puma) and Noxa, are direct targets in p53-mediated apop-
tosis localized to the mitochondria. Tumor suppressor p53 induces apoptosis by transcriptional induction
of Puma and Noxa, which encode proapoptotic BH3-only member Bcl-1 family proteins. However, at a
molecular level, the mechanism of action of Puma and Noxa proteins remain poorly defined. In addition,
there have been no reports on whether or not p53 directly interacts with Puma and Noxa, in vitro. Here,
we provide evidence indicating that the DNA binding domain (DBD) of p53 directly interacted with the
BH3 domains of human PUMA and NOXA. Our studies revealed that PUMA has a weak affinity for p53, but
NOXA has significant affinity for p53. In this study, we developed a molecular docking model using
homology modeling based on the structures of truncated p53, PUMA and NOXA. In addition, we investi-
gated whether or not six mutants of p53 (K101A, T102A, L111A, D186A, G199A and S227A) were able to
bind to PUMA and NOXA. Four structure-based mutations (T102A, L111A, D186A and G199A) disrupted
the p53-PUMA/NOXA interaction. Our study suggested that these four mutations lowered the stability of
the p53 DBD domain and induced aggregation of structurally destabilized p53, and thus disrupted the
p53-PUMA/NOXA interaction.

� 2012 Elsevier Inc. All rights reserved.
1. Introduction

A broad spectrum of p53 target genes have been identified
including genes that regulate cell cycle arrest, DNA repair, autoph-
agy, and a series that regulate cell death through various pathways
[1–10]. Oncogene activation causes aberrant DNA replication, and
such DNA replicative stress, i.e., ‘‘oncogenic stress’’ may activate
p53 and result in elimination of such hazardous cells. p53 is one
of the most important tumor suppressors within the cell, and as
a result, is frequently found to be inactivated in human cancers
[11]. It functions mainly as a transcription factor by binding to
specific DNA response elements and integrates a multitude of
cellular signals via protein–protein interactions to initiate an
appropriate cellular response [12]. To understand the mechanism
of the p53-mediated tumor surveillance system, it is important
to analyze the molecular mechanism of p53-induced apoptosis.

Pro-apoptotic BH3 (Bcl-2 homology 3)-only members of the
Bcl-2 protein family are essential initiators of developmentally
programmed cell death and stress-induced apoptosis [13].
Mammalian noxa and puma/bbc-3 are both induced by the p53 tu-
mor suppressor protein and may be critical initiators of DNA dam-
age-induced apoptosis [11,14,15]. Puma appears to be critical for
c-irradiation-induced NPC (Neural precursor cells) apoptosis in
ll rights reserved.
postnatal cerebellar external granule cells [16]. However, it is un-
clear if other BH3-only molecules, such as Noxa, are involved in
this process as well, or if Puma has a similar function in telence-
phalic NPCs.

The roles of Puma and Noxa in p53-mediated apoptosis have
been analyzed using gene knockout mice [16–18]. Mice embryonic
fibroblasts (MEFs), deficient in Noxa, and MEFs from Puma-deficient
mice both show resistance to oncogene-dependent apoptosis. Addi-
tionally, thymocytes from Puma-deficient mice, but not Noxa-defi-
cient mice, are resistant to DNA-damage-induced apoptosis. Noxa
and Puma show overlapping and, in some cases, different functions
in p53-mediated apoptosis. Recently, it was confirmed that Puma
and Noxa synergistically induce apoptosis [19]. However, the
molecular mechanism underlying this synergism remains unclear.

To elucidate the mutual relationships between human p53 and
PUMA/Noxa in their respective signal transduction pathways, we
investigated the interactions between the recombinant BH3
domains (BH3s) of human PUMA/NOXA and the DNA binding do-
main of p53. Using several biochemical and biophysical assays,
we demonstrated a direct protein–protein interaction between
p53 and PUMA/NOXA, in vitro. Mutagenesis studies implicated
the amino acids K101, T102, L111, D186, G199 and S227, as partic-
ipants in the p53-PUMA/NOXA interactions. Of six mutations
produced by substitution of Ala, four mutants were unable to asso-
ciate as a result of p53 to PUMA/NOXA signal transductions. The
p53-PUMA/NOXA structures described herein provide a structural
basis for the observed changes in the site-specific variants. These

http://dx.doi.org/10.1016/j.bbrc.2012.03.001
mailto:sbjang@pusan.ac.kr
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findings provide additional insights into the mechanism underly-
ing p53-induced apoptosis.

2. Materials and methods

2.1. Protein cloning, expression and extraction

The p53 (92-293) was subcloned into the C-terminal His-tagged fu-
sion protein vector pET-26b for purification. The p53 and PUMA were
amplified by polymerase chain reaction (PCR) using oligonucleotides
incorporating NdeI and XhoI sites on the 50 primer, and a 30 primer con-
taining a stop codon.p53 (92-293), 50-GGAATTCCATATGCCCCTGT-
CATCTTCTGTC-30and 50-CCGCTCGAGCCCTTTCTTGCGGAGATTC-30.

Then, the full-length NOXA was subcloned into a glutathione S-
transferase (GST)-fused protein vector pGEX-4T1 for the pull-down
experiment. PUMA and NOXA were amplified by PCR with oligonucle-
otides incorporating BamHI/XhoI and EcoRI/XhoI sites on the 50 primer,
and the 30 primer containing a stop codon.PUMA (96-152), 50-
CGCGGATCCTCGCTCTCGCTGGCGGAG-30and 50-CCGCTCGAGGTACT
GTGCGTTGAGGTCGTC-30;NOXA (1-54), 50-CCGGAATTCATGCCT GGGA
AGAAGGC-30and 50-CCGCTCGAGGGTT CCTGAGCAG AAGAG-30.The se-
quences of the double-stranded oligonucleotides used for site-directed
mutagenesis of the six different p53 residues to alanine, were as
follows:K101A, 50-CTGTCCCTTCCCAGGCAACCTACCAGGGand 50-CCCT
GGTAGGTTGCCTGGGAAGGGACAG;T102A,50-TCCCTTCCCAGAAAG CC
TACCAGGGCAGand 50-CTG CCCTGGTAGGC TTTCTG GGAA GGGA;-
L111A, 50-CTACGGTTTCCGTG CG GGCTTCTTGCATTCand 50-GAAT
GCAAGAAGCCCGCACGGAAACCGTAG ;D186A, 5’-TGCTCAGATAG CGC
TGGTCTGGCCCCTCand 5’-GAGGGGC CAGACCAG CGCTATCTGAGCA;-
G199A, 50-TTATCCG AGTGGA AGC AAATTT GCGT GTGGand 50-CCA-
CACGCA AATTTGCTTCCACTCGGATAA; S227A, 50-GCCTGA GGTTG
GCGCTGACTG TACCACCand 50-GGT GGTACAGTCAGCG CCAACC TCA
GGC.

The plasmids with positive p53, PUMA, and NOXA expression
were identified by restriction endonuclease digestion and further
verified by DNA sequencing using a Macrogen automatic DNA se-
quencer. The constructs were transformed into the expression host
Escherichia coli BL21 (DE3). A single colony was inoculated into
20 mL of Luria-Bertani (LB) medium containing 50 lg/mL of ampi-
cillin (PUMA/NOXA), and 10 lg/mL of kanamycin (p53), and then
the bacteria were grown overnight at 37 �C. These cells were then
added to six 2-L flasks, each containing 500 mL of LB and 50 lg/mL
of ampicillin. The cultures were grown at 37 �C until an OD600 of
0.5 was reached. The expression of these proteins was induced
using 0.5 mM isopropyl-thio-b-D-galactopyranoside (IPTG). The
bacterial cells were induced for 5 h at 25 �C for p53, 5 h at 37 �C
for PUMA/NOXA, and then harvested by centrifugation at 3830g
for 25 min. The cell pellets were either used immediately or stored
frozen at �70 �C.

The p53 cell pellets were then resuspended in lysis buffer A
[50 mM Tris-HCl with a pH of 7.5, 200 mM NaCl, and 1 mM dithi-
othreitol (DTT)] and PUMA/NOXA in Phosphate buffer saline (PBS).
After sonicating the cell suspensions on ice (Branson Sonifier 450),
the resulting cell lysates were centrifuged at 20,017g for 45 min to
remove insoluble cellular debris. The insoluble fractions were then
directly resuspended in 2� sodium dodecyl sulfate (SDS) loading
buffer, followed by incubation at 95 �C for 5 min. The soluble and
insoluble portions were fractionated on 15% SDS-polyacrylamide
gel electrophoresis (SDS-PAGE) gels and visualized by Coomassie
blue staining. The supernatants were collected and used for protein
purification.

2.2. Purification

The His-tagged p53 fusion protein was applied to a Ni-NTA
(Amersham Pharmacia Biotech) column for purification. The super-
natants obtained from the protein extraction were loaded onto the
Ni-NTA column and pre-equilibrated with buffer A. The column
was washed with buffer A containing imidazole, and elution of
the bound proteins was achieved by varying the imidazole amount
(20–200 mM). Protein elution was monitored at 280 nm and the
resulting fractions were analyzed using 15% SDS-PAGE. Then, gel
filtration was performed by Fast protein liquid chromatography
(FPLC) using a Superdex 200 10/300 GL column. The proteins were
loaded onto a column equilibrated with buffer A and separated at a
flow rate of 1.5 mL/min.

The clear PUMA and NOXA supernatants were loaded onto a Glu-
tathione-Sepharose 4 Fast Flow (Amersham-Pharmacia Biotech;
binding capacity of 10 mg of GST per milliliter of resin) at a flow rate
of 2.5 mL/min, and were then washed extensively using 20 mL of
PBS. The PUMA and NOXA fusion proteins were eluted with 10 mL
of 10 mM reduced glutathione dissolved in 50 mM Tris–HCl. The
PUMA and NOXA proteins were then concentrated by centrifugation
at 2500 rpm using ultrafiltration devices to a final volume of 10 mL.
Then, gel filtration was performed using a Superdex 200 10/300 GL
column.

2.3. Western blotting

The purified p53 and PUMA/NOXA proteins from the 15% SDS-
PAGE analysis were transferred onto a nitrocellulose membrane
and 115 V was applied for 1 h. The membrane was blocked for
1 h using 5% skim milk in Tween-PBS buffer containing 1% Tween
20. The membrane was then incubated with primary antibody
[His-probe (G-18) diluted to 1:5000; Santa Cruz Biotechnology,
Inc. and GST (B-14) diluted to 1:5000, Santa Cruz Biotechnology,
Ins.] for 12 h or 1 h. After washing with Tween-PBS, the membrane
was incubated for 1 h with goat anti-rabbit IgG-HRP, for reaction
with the His secondary antibody (Santa Cruz Biotechnology, Inc.),
and with goat anti-mouse IgG-HRP for the GST secondary antibody
which was diluted at a ratio of 1:10,000 in blocking buffer.

2.4. GST pull-down assay

For the pull-down assay, 20 lg of purified His-p53 and their
mutants were mixed with 20 lg of purified GST, GST-PUMA or
GST-NOXA, in a 1.5 ml microcentrifuge tube. This was followed
by incubation for 12 h at 4 �C with gentle rotation. Then, the pre-
equilibrated glutathione–Sepharose 4B beads were added with
PBS for a 1 h reaction at 4 �C. Beads were then centrifuged at
600g for 3 min and washed five times with 1 ml of PBS. Proteins
bound to the beads were eluted [50 mM Tris–HCl (pH 7.5),
30 mM reduced glutathione] and then resolved on a 12% SDS poly-
acrylamide gel. The proteins were subsequently analyzed by Wes-
tern blot using anti-His (Santa Cruz Biotech) and anti-GST (Santa
Cruz Biotech).

2.5. Fluorescence spectroscopy

Fluorescence emission spectra were obtained using an Edin-
burgh (UK) FLS920 Time correlated single photon counting spec-
trometer (TCSPC) with 1 cm path length cuvettes containing
excitation and emission slits of 20 nm in width. The fluorescence
emission spectra of p53 and PUMA/NOXA were obtained in order
to identify their characteristic chemical structures, namely their
double bonds and aromatic groups. The emission intensity was re-
corded at 305–465 nm with an excitation wavelength of 295 nm.
PUMA/NOXA and p53, each at concentration of 5 lM, were prein-
cubated together for 25 min at 25 �C. All spectra were obtained at a
protein concentration of 50 lg/mL at 24 �C. Ten spectra for each
protein sample were collected, averaged, and subjected to baseline
correction by subtraction of the buffer spectrum.
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2.6. Biacore biosensor analysis

Measurements of the apparent dissociation constants (KD) be-
tween p53 and PUMA/NOXA were carried out using a Biacore
2000 biosensor (Biosensor, Sweden). The p53 (20 lg/mL in
10 mM sodium acetate with a pH of 5.0) was covalently bound to
the carboxylated dextran matrix at a concentration corresponding
to 5000 response units (RU) by an amine-coupling method, as sug-
gested by the manufacturer. A flow path involving two cells was
employed to simultaneously measure the kinetic parameters from
one flow cell containing the p53-immobilized sensor chip, to the
other flow cell containing an underivatized chip. For kinetic mea-
surements at room temperature, PUMA/NOXA samples with con-
centrations ranging from 250 to 5000 nM were prepared by
dilution in HBS buffer (150 mM NaCl, 3 mM EDTA, 0.005% surfac-
tant P20 and 10 mM HEPES) with a pH of 7.4. Each sample was in-
jected, along with 50 lL of p53 solution, into the flow cells
(association phase) at a rate of 10 lL/min. The immobilized ligand
was regenerated by injecting 10 lL of 50 mM NaOH at a rate 10 lL/
min during the cycles.
Fig. 1. (A) Schematic representation of the full-length p53, PUMA, and NOXA. (B and C) Th
54) using an in vivo GST pull-down assay. GST-PUMA/NOXA fusion proteins bound to
samples were separated via SDS-PAGE. The protein interactions were detected by Wester
NOXA was shown by Western blot analysis.
2.7. UV-Vis Absorption

Absorbance measurements were carried out using a Shimadzu
UV-1650 PC UV–Vis Spectrophotometer with 1.0 cm quartz cells.
The UV absorbance spectra of the p53 and PUMA/NOXA were ob-
tained using concentrations of 0.5 mg/ml. Thermal unfolding was
performed using the same set up and buffer. To examine the effect
of temperature conditions, the p53 and PUMA/NOXA samples were
incubated at various temperatures (20–60 �C) for 5 min. The pH-
dependent unfolding studies were carried out under various pH
conditions (pH 5.5–pH 9.5). The UV spectra of the p53, PUMA
and NOXA were recorded in the 280–340 nm range.

2.8. 3D structure prediction of p53 and PUMA/NOXA

Models of p53 and PUMA/NOXA were constructed using SWISS-
MODEL software, a program for relative protein structure modeling
[20]. The results of an ExPASy search with the PDB revealed three
reference proteins: p53 (92-290) (PDB ID: 2XWR), PUMA (130-
152) (PDB ID: 2ROC) and NOXA (18-45) (PDB ID: 2JM6). Structur-
e map of p53 DNA binding domains that interact with PUMA (96-152) and NOXA (1-
glutathione-sepharose 4B beads. After pull-down, the beads were washed and the
n blot. (D and E) After size-exclusion chromatography, the binding of p53 to PUMA/



Fig. 2. (A) A stereoview of the modeled p53 and PUMA complex structure. Molecules are shown as ribbon representations in a white window. The p53 is shown in green and
PUMA is shown in red. The binding sites between p53 and PUMA/NOXA are also illustrated. (B) Molecules are shown as surface representations in a white window. Blue and
red represent positive and negative electrostatic potential, respectively. Structures are shown as surface representations for p53 (left panel) and PUMA (right panel). (C) The
p53 moiety bound with PUMA is shown (left panel) along with the electrostatic potential of the p53 surface as viewed from the PUMA binding site (right panel). (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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ally conserved regions (SCRs) for the model and the template were
compared by multiple sequence alignment using CLUSTAL W.

3. Results and discussion

While a great deal of progress has been made in structural and
functional p53 research, the direct interaction between p53 and
PUMA/NOXA, in vitro, has not yet been determined. Achievement
of this goal may help interpret and explain the complicated biolog-
ical actions of p53 and PUMA/NOXA. The domain structure of p53
is shown in Fig. 1A. The p53 protein had an intrinsic N-terminal re-
gion comprising the transactivation domain (TAD, amino acids (aa)
6–29) and proline-rich region (PR, aa 58–92). The structured DNA
binding domain (DBD, aa 94–292) and tetramerization domain
(TET, aa 318–358) were connected via a flexible linker. Full-length
PUMA and NOXA proteins contained BH (Bcl-2 homology) with 3
domains each (Fig. 1A). Also, PUMA and NOXA each contained
mitochondria-localization signal (MLS) and mitochondrial target-
ing domain (MTD). The DNA binding domain (DBD) is the core do-
main. Approximately 95% of the known cancer-causing mutants of
p53 are altered in this domain. To investigate whether or not the
p53 DBD interacts with the PUMA/NOXA BH3s, recombinant
PUMA/NOXA and p53 were isolated. The soluble PUMA/NOXA
and p53 proteins were purified to homogeneity and analyzed.

We evaluated the interaction of p53 with PUMA and NOXA,
in vitro, using a series of biochemical and biophysical measure-
ments. His-tagged p53 fusion protein was effective in pull-down
of both GST-PUMA and NOXA, with BH3s (Fig. 1B and C). These re-
sults indicated that PUMA and NOXA interact with p53, in vitro.
Furthermore, we were able to confirm the interaction between



Fig. 3. (A) The interaction between p53 and NOXA was modeled. Molecules are shown as ribbon representations in a white window. The p53 in shown in green and NOXA in
brown. (B) Molecules are shown as surface representations in a white window. Blue and red represent positive and negative electrostatic potential, respectively. Structures
are shown as surface representation for p53 (left panel) and NOXA (right panel). (C) The electrostatic potential of the p53 surface as viewed from the NOXA binding site (left
panel). The p53 moiety bound with NOXA is shown (right panel). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version
of this article.)
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p53 and PUMA/NOXA using a size-exclusion column. The purified
p53 and PUMA/NOXA proteins were mixed in a 1:1 molar ratio.
After incubation for 12 h at 4 �C, the mixture was loaded onto a
Superdex 200 10/300 GL column (Amersham Pharmacia Biotech).
Binding between p53 and PUMA/NOXA was detected by Western
blot analysis (Fig. 1D and E).

To investigate the structural aspects of the interaction between
p53 and PUMA/NOXA, we assumed a p53 (92-293) structure similar
to human p53 structure (PDB ID: 2XWR, 89-293) (Figs. 2A and 3A).
Next, we modeled the PUMA (96-152) structure using the known
structure of truncated PUMA (PDB ID: 2ROC, 130-155). Most posi-
tive charges in the p53 structure were densely packed in the binding
pocket (Fig. 2B). The positively charged p53 binding pocket binds to
the negatively charged pocket of PUMA. Because BH3 protein sur-
face features dictate their mode of interactions with partners, the
electrostatic surface differential is critical for interactions with part-
ner proteins. Also, we modeled NOXA (1-54) using the known struc-
ture of truncated NOXA (PDB ID: 2JM6, 18-45) (Fig. 3A and B).
Interestingly, these results indicated that PUMA and NOXA interact
with p53 at different sites. In PUMA, most residues in the N- and C-
regions had negative charges. In NOXA, most residues in the N-re-
gions had negative charges, whereas most residues of the C-region
had positive charges in a globular fold. These charges may promote
formation of the PUMA/NOXA complexes (Figs. 2C and 3C).

We predicted interaction sites using the modeled complex
structures including the mutations. Six residues were chosen for



Fig. 4. Structure-based mutagenesis and analysis of binding region mutations. (A) Analysis of structure-based mutations of p53 and PUMA as revealed by in vitro GST-tag
pull-down assay. A defective interaction was indicated for T102A and L111A. (B) Pull-down of p53 and NOXA as revealed by in vitro GST-tag pull-down assay. A defective
interaction was indicated for D186A and G199A .

Table 1
Kinetic parameters of the binding of p53 to PUMA and NOXAa.

Conc of analyte (nM) ka (M�1s�1) kd (s�1) KD (M)

PUMA
5000 5.25 � 103 1.60 � 10�3 3.05 � 10�7

2500 1.02 � 104 1.42 � 10�4 1.39 � 10�7

1000 2.37 � 104 1.34 � 10�4 5.65 � 10�8

500 3.68 � 104 1.41 � 10�4 3.83 � 10�8

250 4.52 � 104 1.23 � 10�5 2.72 � 10�8

KD (nM)avg 113

NOXA
5000 3.26 � 103 2.44 � 10�3 7.49 � 10�7

2500 3.24 � 103 9.69 � 10�4 2.99 � 10�7

500 8.50 � 103 2.49 � 10�3 2.93 � 10�7

250 1.51 � 104 1.47 � 10�3 9.73 � 10�8

KD (nM)avg 359

a The association rate constant (ka) was determined from a plot of In[Abs(dR/dt)]
versus time, where R is the intensity of the surface plasmon resonance signal at
time, t. The dissociation rate constant (kd) was determined from a plot of In(R0/R)
versus time, where R0 is the resonance signal intensity at time zero. The apparent KD

was calculated from the kinetic constants: KD (M) = kd/ka.
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mutations in order to investigate the interaction between the p53
and PUMA/NOXA complexes (Figs. 2A and 3A). The p53 mutations
were K101A, T102A and L111A for PUMA, and D186A, G199A and
S227A for NOXA. Interestingly, the T102A and L111A mutations
for PUMA, and the D186A and G199A mutations for NOXA, dis-
rupted their interaction (Fig. 4A and B). These four mutations
structurally destabilized p53 and induced their aggregation. These
results indicate that the predicted interaction sites in the modeled
complex structures play important roles in the structural stability
of the p53 and PUMA/NOXA protein complexes.

To further investigate the interaction between PUMA/NOXA and
p53, the fluorescence emission spectra of purified PUMA and NOXA
were measured with kmax curve detection at 330 nm (Fig. S1A and
B). Spectra of both p53-PUMA/NOXA complexes were of lower
intensity than that observed when simply combining PUMA/NOXA
and p53. The fluorescence intensities were approximately 15,900N
for PUMA, 7500N for NOXA, and 1800N for p53. The interaction
was most likely accompanied by significant conformational
changes in either one or both proteins, and is likely mediated as
the residues of the aromatic groups are buried within the 3D pro-
tein structure. Furthermore, the less rigid hydrophobic environ-
ment required for the conformational changes associated with
PUMA/NOXA and p53 can were observed as a decrease in fluores-
cence intensity. Assessing our findings as a whole, we concluded
that both the PUMA and NOXA BH3 regions interact with p53.

The binding affinities of PUMA/NOXA for p53 were also esti-
mated by surface plasmon resonance spectroscopy (Biacore;
Fig. S2A and B). Sensorgrams of PUMA/NOXA binding to p53 were
used to calculate the kinetic binding constants. Background sensor-
grams were then subtracted from the experimental sensorgrams to
yield representative specific binding constants. We found that p53
physically bound both PUMA and NOXA with an apparent KD of
359 nM for PUMA, and a KD of 113 nM for NOXA (Table 1). We
found that p53 interacted strongly with NOXA and weakly with
PUMA as a result of their DBD and BH3 domain conformations.
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In order to examine the change of the protein’s secondary or
tertiary structure under different temperature and pH conditions,
UV absorption spectra of the p53 and PUMA/NOXA proteins were
measured. The intensity of the p53 proteins increased gradually
with pH increasing from 5.5 to 9.5. The peaks in the difference
spectra of the proteins were related to the p53 conformational
changes. At lower pH conditions, p53 was less soluble, and at high
pH conditions, p53 was more soluble. However, at more extreme
pH conditions (9.5–10.5), p53 produced a large conformational
change, encouraging aggregation. The p53 conformational changes
also depended on temperature. The p53 protein UV absorption
spectra indicated large conformational changes above 40 �C
(Fig. S3A). Thus, we found that p53 protein stability was sensitive
to both pH and temperature. On the other hand, the PUMA/NOXA
protein stabilities were nearly independent of pH and temperature
in the range where p53 undergoes conformational changes. PUMA/
NOXA were destabilized and accompanied by large structural
changes only at the more extreme condition of pH 9.5 and 60 �C
(Fig. S3B and C).

In this study, we carried out the purification and characteriza-
tion of truncated PUMA/NOXA and p53 proteins in E. coli. Further-
more, by performing a series of biochemical and biophysical
measurements, we confirmed that PUMA/NOXA both interact with
p53, in vitro. Intriguingly, the BH3 of NOXA bound with higher
affinity to the DNA binding domain of p53, than that of PUMA. Fur-
thermore, we observed that six mutations showed different levels
of expressions and characterization as compared to the wild-type.
To study the functional role of p53 mutations in tumor suppres-
sion, we will further explore the structure of these mutant proteins
and their interactions using X-ray and NMR techniques. This study
provided important data regarding the PUMA/NOXA structure, the
binding activity of PUMA/NOXA BH3s to the p53 DNA binding do-
main, and protein–protein interactions involving tumor suppressor
DNA binding domain as a transcriptional activator factor.
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Lupus-related vascular events are becoming a formidable obstacle to the improvement of long-term
prognosis of systemic lupus erythematosus (SLE) and the existent findings lack for systematization.
Proteomics is a strategic approach but its applications in this regard are rare and primarily involve pro-
teome acquisition or biomarker screening, rather than functional identification. To provide further
insight, we investigated the proteomic diversity of peripheral blood mononuclear cells (PBMCs) in SLE
and the possible role of the identified Annexin A5 (AnxA5) in pathogenesis. The study involved 214
SLE and 183 healthy women. The two-dimensional electrophoresis gel images showed 649 ± 25 and
676 ± 19 protein spots from the PBMCs of the patients and controls, respectively. From these protein
spots, 30 differentially expressed proteins were chosen, and 16 of these proteins were identified by mass
spectrometer. Western blotting confirmed the over-expressed candidate, AnxA5, from the PBMCs of the
patients (SLE:control = 1.607:1, P = 0.0004), but ELISAs indicated decreased levels of sera AnxA5 in the
patients compared to healthy donors (SLE vs. control = 26.8 ± 3.0 vs. 49.0 ± 3.3 ng/mL, P < 0.0001). A posi-
tive correlation was demonstrated between the manifestation of thrombosis and AnxA5 (Mann–Whitney
Z = �2.084, P = 0.037), not anti-AnxA5, while searching for correlations between clinical parameters and
the two molecular levels of patient sera. The coagulation assays using plasma from SLE patients revealed
that elevated AnxA5 could shorten prothrombin time, activated partial thromboplastin time and pro-
longed thrombin time (P < 0.001). Our data demonstrated the proteomic differences in the PBMCs
between SLE patients and healthy persons. Moreover, the heterogeneous transcellular distribution,
increased intracellular concentrations and decreased serum levels of AnxA5 represent a protective
response to lupus-related thrombophilia; AnxA5 mostly participate in the common coagulation pathway
in the thrombogenesis of SLE.

� 2012 Elsevier Inc. All rights reserved.
1. Introduction five-year survival rate [1]. In subsequent decades, the pathogenesis
Systemic lupus erythematosus (SLE) is an important model of
autoimmunity characterized by multiple organ involvement and
capricious clinical manifestation. Before the 1960s, SLE was a
catastrophic disease worldwide, with an approximately 50%
ll rights reserved.
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studies and the use of corticosteroids, cytotoxic drugs and antibiot-
ics led to a dramatic reduction in its severity and mortality, espe-
cially nephritis and infection [2,3]. Unfortunately, although these
regimens prolonged the patient’s life spans, some unpredictable
complications also followed. Lupus nephritis and infection are no
longer the most frequent primary causes of death [4]. Instead,
patients now suffer from increasing thrombosis-related symptoms,
which can be very serious, sometimes even lethal [5].

To clarify the etiopathogenesis, which remains unclear, current
studies focused on how the autoimmunity begins, with respect to
genetic susceptibility, invasive autoantibody alteration, obstacles
to the elimination of apoptosis, cytokine and immune regulation
pathway dysfunction [6–8]. Vascular events have hindered the
improvement of long-term prognosis and there are meaningful
detections on potential biomarkers such as antiphospholipid anti-
bodies, Annexin A5 (AnxA5) and b2 glycoprotein I [9,10]. However,
these findings are not abundant enough to verify the cascade of
lupus-related vascular events.
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Table 1
Characteristics of the SLE patients involved in the study.

Parameter No.

Sum 214
Gender Female
Age: Mean (SD) [range] years 34.0 (11.0) [11–60]
Duration: Mean (SD) [range] months 45.4 (50.7) [1–348]
Rash 119 (55.6%)
Photosensitivity 50 (23.4%)
Raynaud phenomenon 30 (14.0%)
Mucosal ulcers 8 (3.7%)
Arthritis 57 (26.6%)
Serositis 5 (2.3%)
Hematuria 35 (16.4%)
Proteinuria (positive or >150 mg/d) 58 (27.1%)
Pyuria 43 (20.1%)
Neurologic disorder 3 (1.4%)
Vasculitis 8 (3.7%)
Thrombosis 9 (4.2%)
Fever (>38 �C) 10 (4.7%)
Anti-nuclear antibodies 208 (97.2%)
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Among the extant approaches, Proteomics has the capacity for
high-throughput screening and possesses unique advantages. The
combination of proteome isolation, identification and functional
analyses has enabled the study of protein function in the post-
genomic era. To our knowledge, the applications of Proteomics in
this field are rare, and the few studies undertaken were suspended
mostly at the stage of proteome acquisition or biomarker screen-
ing, rather than function probing [11].

In the present study, we used Proteomics to identify differen-
tially regulated proteins between SLE patients and healthy con-
trols. Then, using clinical parameters and bioinformatics analyses,
we hypothesized that AnxA5, a candidate of intracellular overex-
pression in SLE, might possess the capacity for protection; this pro-
tection may avoid SLE patients plagued by antiphospholipid
syndrome (APS), a typical thrombotic disease. We performed pilot
studies to confirm the heterogeneity in the transcellular distribu-
tion of AnxA5. This heterogeneity may be also correlated with
thrombus-related manifestations.
Thrombocytopenia (<100 � 109/L) 105/18 (17.1%)a

Leukopenia (<4 � 109/L) 106/33 (31.1%)a

Anti-dsDNA antibodies 212/50 (23.6%)a

Anti-Sm antibodies 212/88 (41.5%)a

Anti-Cardiolipin IgG 138/52 (37.7%)a

Low complement 3 (<0.6 g/L) 102/41 (40.2%)a

Prednisone: Mean (SD) [range] mg 14.0 (17.6) [0–60]
Immunosuppressant 82 (38.3%)

a Because some participants from outpatient had not received these laboratory
examinations, the three values sequentially represent the patients who received
these examinations, the positive patients and the percentage.
2. Materials and methods

2.1. Reagents and antibodies

Most of the reagents and equipments were purchased from
Pharmacia (GE Healthcare, UK) and Bio-Rad (USA) unless other-
wise stated. Several consumables were from Roche (Switzerland),
Millipore, Sigma–Aldrich and Thermo Scientific (USA). The mouse
anti-human AnxA5 mAb was from Abnova, Taiwan. Antibodies
against AnxA5 were obtained from R&D Systems (USA) and pre-
coated by Biovalue as a quantitative enzyme-linked immunosor-
bent assay (ELISA) system. Human anti-AnxA5 Platinum ELISA kits
were from Bender MedSystems (eBioscience, Austria). Mouse anti-
bactin IgG and peroxidase-conjugated goat anti-mouse IgG were
home products of Zhongshan Biology. Basic inorganic chemicals
were native made from Kelong and Boyi Chemistry.

2.2. Study subjects and sample applications

The study participants consisted of 214 Mongoloid female SLE
patients from the Department of Dermatology and 183 age-gen-
der-matched volunteers from the Health Examination Center and
Blood Transfusion Center, Southwest Hospital, Chongqing, China.
The participants were recruited from July 2007 to November
2011. Some participants with proven infections and other systemic
or autoimmune diseases were excluded during screening. Each pa-
tient fulfilled at least 4 of the 11 diagnostic criteria defined by the
American College of Rheumatology [12], and the severity of the SLE
was evaluated using the SLE Disease Activity Index 2000 score [13].
The clinical characteristics are summarized in Table 1. Peripheral
blood mononuclear cells (PBMCs) from 14 patients and 9 controls
were isolated from approximately 20 mL heparinized venous blood
by Ficoll-Hypaque centrifugation. These samples were used for iso-
electric focusing (IEF) and two-dimensional electrophoresis (2-DE).
The PBMCs of other 47 patients and 31 volunteers were separately
isolated from approximately 5 mL blood for use in Western blot-
ting. The sera of 123 patients and 113 volunteers were collected
in succession before use. So did the platelet-poor plasma (PPP)
from 30 patients and 30 volunteers. This study was approved by
the ethics committee of the hospital and a written formal consent
of the participant was signed before every acquisition.

2.3. IEF and 2-DE

Following the protocols used previously with few modifications
[14,15], the soluble proteins of the PBMCs were extracted by
detergent lysis. Once quantitated by the 2-D Quant Kit, the individ-
ual lysate from every participant was rehydrated with 18 cm IPG
non-linear strips overnight. IEF was performed according to the
following parameters: 3 h at 30 V, 1 h at 200 V, 1 h at 500 V, 1 h
at 1000 V, upgrading to 8000 V within 30 min and held constant
until the total voltage � time reached approximately 60 kV h. After
equilibrated twice, the strips were loaded on a 12.5% sodium dode-
cyl sulfate polyacrylamide gel (SDS–PAGE) and electrophoresed at
40 mA per gel. All electrophoresed gels were stained using the Sil-
ver Stain method improved by Gharahdaghi et al. [16] and scanned
with a GS-800 Calibrated Densitometer.
2.4. Image analysis and MS identification

The scanned images were analyzed using PDQuest software
version 7.1. The image pairs of higher quality were chosen as pri-
mary match gels, which were used to check the match rates of the
spots. Based on the analytical match rates of the software, the
highest quality pair among the primary gels was chosen as the ac-
tual match gels. Spots with a gradation ratio greater than 2 or less
than 0.5 were marked on the match gels. The spots from the other
images in both groups were compared to the marked spots on the
match gels. After statistically confirming the reproducibility of the
gradation diversity, spot excision and tryptic digestion were
appropriately executed [15]. The supernatant of the prepared di-
gested peptides was loaded on an ion-trap high-performance li-
quid chromatography chip tandem mass spectrometer (MS),
according to manufacturer’s manual (Agilent Technologies, USA).
Peptide sequence tags (PSTs) from each spot were obtained. Ac-
quired PSTs were searched in the UniProtKB/Swiss-Prot database.
After excluding duplicate and unreasonable results based on the
molecular weight (MW) gradient, pH of isoelectric point (pI) level
and distribution in vivo, the proteins with the greatest number of
matched PSTs were considered of actually differential expression.



Fig. 1. The proteome diversity of PBMCs from patients with SLE and healthy controls. A (Control) and B (SLE) show the 2 matched gel images of the PBMC cytoplasmic protein
2-DE. The numbers represent the candidate protein spots chosen for MS identification. The results of identified spots are listed in Table 2.

Table 2
Profiles of identified proteins by MS.

Spot
no.

Protein name UniProt
ID

Theory pI/Mw
(Da)

No. of peptides
matched

Sequence coverage
(%)

Alterationa

2 Glyceraldehyde-3-phosphate dehydrogenase P04406 8.57/36053.4 9 34 ;
3 Integrin-linked protein kinase Q13418 8.30/51419.5 14 28 ;;
4 Adenylylcyclase-associated protein 1 Q01518 8.27/51855.7 22 69 ;
5 Transketolase P29401 7.58/67878.0 10 19 ;
6 Proline-serine-threonine phosphatase-interacting

protein 2
Q9H939 8.73/38832.4 5 14 ;

11 Triosephosphate isomerase P60174 6.45/26669.6 17 59 ;
12 Tyrosine-protein kinase CSK P41240 6.62/50704.6 15 34 ;;
15 Dynamin-1-like protein O00429 6.37/81877.6 2 3 ;
17 Elongation factor 1-alpha 1 P68104 9.10/50141.1 3 4 ;;
18 T-complex protein 1 subunit zeta P40227 6.24/58024.5 13 22 ;;
19 Heat shock protein beta-1 P04792 5.98/22782.6 10 40 ;
20 Phosphoglycerate kinase 1 P00558 8.30/44615.0 12 37 ""
22 Alpha-enolase P06733 7.01/47169.2 8 22 "
25 Osteoclast-stimulating factor 1 Q92882 5.45/23786.9 2 17 "
27 Annexin A5 P08758 4.94/35936.9 6 19 ""
28 Heat shock cognate 71 kDa protein P11142 5.38/70898.4 11 15 "

Relative specific expression or deficiency was determined when the gradation of one matched spot could not reach the minimal sensitivity of GS-800 Calibrated Densitometer
and the ratio was almost infinity or nearly zero.
Up-regulated or down-regulated expression suggests that the average gradation ratio of the two matched spots is more than 2 or less than 0.5.

a ", up-regulated expression in PBMCs from SLE patients; "", relative specific expression in PBMCs from SLE patients; ;, down-regulated expression in PBMCs from SLE
patients; ;;, relative specific deficiency in PBMCs from SLE patients.
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2.5. Western blotting

Following quantitation by Bradford method, the PBMC lysates
from the 47 patients and 31 controls were electrophoresed sepa-
rately using 12.5% SDS–PAGE. The gels were electro-transferred
onto a polyvinylidene difluoride membrane and blocked overnight
at 4 �C. The blocked membrane was first incubated with 1:500
diluted AnxA5 mAb for 1 h and then with 1:5000 diluted conju-
gated antibody for 30 min. Unbound antibodies were washed to re-
move and enhanced chemiluminescence was fixed onto Kodak
film. bactin was used as an internal reference. The gradation on
film was measured by Quantity One version 4.6.2.
2.6. Quantitative ELISA

After sera from 123 patients and 113 volunteers were
obtained, the level of AnxA5 was determined by a quantitative
ELISA. Sera level of anti-AnxA5 was also determined
quantitatively shortly after the assays of the antigen. ELISAs were
performed according to the manufacturers’ instructions. Optical
densities were measured by the Paradigm Detection Platform
(Beckman Colter, USA).
2.7. Coagulation assays

Citrated blood was collected from 30 patients and 30 volun-
teers, and centrifuged to be PPP. The approximate concentrations
of recombined AnxA5 (Biovalue, China) were determined using
previous ELISA data and double immunodiffusion. Subsequently,
7 clinical coagulation assays—prothrombin time (PT), PT%, PT
INR, activated partial thromboplastin time (aPTT), aPTT ratio,
fibrinogen (Fib) and thrombin time (TT)—were performed with
an automated blood coagulation analyzer CA-7000 (Sysmex, Japan)
from three paired bunches of the PPP. Either three groups from SLE
or healthy women were PPP only; PPP with AnxA5 (600 ng/mL,
volume ratio of 1:10 and incubated at 37 �C for 5 min) and PPP



Fig. 2. MS identification and database searching results of spot 27 from Fig. 1B. A typical mass spectrogram of spot 27. This PST matched the third peptide sequence (amino
acid counts from 152 to 161) shown in Fig. 2B. Mass (m/z), mass electron ratio; MH+, the relative molecular mass of the ionized peptide; z, the electric charge of the ionized
peptide. (B) The result of a UniProtKB/Swiss-Prot database search for spot 27, which was identified as AnxA5. The red sequences with homochromatic underlining are the
matched peptides detected by MS. AAs, amino acids.
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Fig. 3. Verification of PBMCs upregulation of AnxA5. (A) A portion of Western blot
results. Although not uniform, the upregulation of AnxA5 in the PBMCs of SLE
patients were statistically significant. The left bands represent healthy controls. The
bands of SLE are underlined. The three empty lanes labeled with asterisks represent
MW markers. (B) SLE:control gradation ratio was defined as the relative ratio of
AnxA5 or bactin between SLE patients and healthy controls. This ratio confirmed
the intracellular overexpression of AnxA5 among patients. The Y-axis was set in a
nonlinear scale to display the ratios more robustly, and the origin was 1:1, which
indicated that the band gradation of AnxA5 or bactin in the patient group equaled
the gradation of the control group at the origin.
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pre-mixed with a 1:10 volume ratio of bovine serum albumin
(BSA) as an unrelated control.

2.8. Statistical analysis

All the results were acquired from unrelated equal experiments
repeated at least twice, except the 2-DEs and their initial IEFs from
8 of the patients due to insufficient samples. The data were ana-
lyzed with SPSS software version 11.5. Several statistical methods
were chosen when appropriate. P values of 0.05 or below were con-
sidered statistically significant (two-tailed test).

3. Results

3.1. 2-DE images and variability analysis

The 2 matched gels exhibited 1084 spots in total. Of these spots,
241 spots on both gels were considered matched spots (mean
CV = 49.13, correlation coefficient = 0.508). 649 ± 25 spots were de-
tected in the patient group with a match rate of 59 ± 5% among
intragroup individuals, whereas these data in the control group
were 676 ± 19 and 61 ± 4%, respectively. Based on the visible gra-
dation diversity, 153 spots were selected. There were acceptable
concordances among the repeated 2-DEs, and the weakest match
rate of identical spots from single individual was 76%. Once diver-
sity reproducibility was confirmed, 30 spots in total—22 from the
control and 8 from the patient group—were chosen from the
selected 153 for further study (Fig. 1).

3.2. MS identification

Among the 30 spots analyzed by MS, 28 exhibited qualified
mass spectrograms. After filtering the results, 16 reasonable re-
sults, each representing a protein, were obtained. Among these, 5
were overexpressed at the proteome level in the patient group,
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Fig. 4. Sera AnxA5 and anti-AnxA5 concentrations of SLE patients and healthy controls. (A) Sera AnxA5 concentrations of SLE patients and healthy controls. The decrease was
overturned from the intracellular result shown in Fig. 3A, B. (B) Sera anti-AnxA5 concentrations of the SLE patients and the healthy controls. With the exception of several
subjects, most of the participants were negative.

Table 3
Summary of correlations between sera molecular levels and clinical parameters.

Statistical value/P AnxA5 (ng/mL) Anti-AnxA5 (ng/mL)

AnxA5 – –
Anti-AnxA5 �0.054/0.555 –
Age �0.016/0.857 0.085/0.351
Duration 0.114/0.209 0.082/0.368
ANA titer 0.010/0.910 0.030/0.744
Anti-Cardiolipin IgG �0.040/0.658 �0.106/0.244
nRNP/Sm 0.008/0.929 0.017/0.853
Sm �0.120/0.189 0.080/0.382
SS-A �0.111/0.224 0.162/0.074
RO-52 �0.092/0.313 0.242/0.007⁄⁄

SS-B 0.079/0.387 0.064/0.483
Scl-70 �0.137/0.134 �0.039/0.669
PM-Scl �0.027/0.767 �0.022/0.806
JO-1 �0.027/0.767 �0.022/0.806
Centromere protein B �0.022/0.810 0.352/0.000⁄⁄

PCNA �0.026/0.773 �0.032/0.728
dsDNA �0.005/0.957 �0.026/0.779
Nucleosome �0.031/0.735 �0.079/0.388
Histone �0.161/0.076 0.165/0.069
Ribosomal P-protein 0.013/0.884 �0.115/0.206
AMA M2 0.015/0.870 �0.065/0.475
Raynaud phenomenon �0.402/0.688 �2.522/0.012⁄

Arthritis �0.192/0.848 �0.675/0.500
Proteinuria �1.083./0.279 �0.726/0.468
Rash �1.205/0.228 �0.943/0.346
Vasculitis �1.953/0.051 �1.499/0.134
Thrombosis �2.084/0.037⁄ �1.272/0.203
Photosensitivity �1.172/0.241 �1.372/0.170
Alopecia �0.441/0.659 �2.427/0.015⁄

Mucosal ulcers �1.141/0.254 �0.497/0.619
Serositis �0.960/0.337 �0.349/0.727
Fever �1.015/0.310 �0.762/0.446
Thrombocytopenia �0.905/0.365 �0.497/0.619
Leukopenia �0.621/0.535 �0.715/0.474

Statistical values were Spearman’s (qs) for the quantitative/semi-quantitative data
from AnxA5 to AMA M2 and Mann–Whitney Z for the qualitative data from
Raynaud phenomenon to the end. Statistically significant results are in bold and
labeled with asterisks. ⁄P < 0.05; ⁄⁄P < 0.01 (two-tailed). All the 15 autoantibodies,
from nRNP/Sm to AMA M2, were determined using EUROLINE ANA-Profile 3
(Euroimmun, Germany); nRNP, nuclear ribonuclear protein; PCNA, proliferating cell
nuclear antigen; AMA M2, anti-mitochondrial antibody M2.
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and the other 11 exhibited oppositely (Table 2). Fig. 2A shows a
typical PST of spot 27, which was identified as AnxA5 (UniProt
ID: P08758) from the UniProtKB/Swiss-Prot database. The precise
matched peptides are shown in Fig. 2B. AnxA5 was widely thought
to be an anticoagulant in vivo [17,18]. In our study, AnxA5 upreg-
ulation was observed in 5 of the 6 patients who exhibited duplicate
2-DE results. Interestingly, a review of the clinics revealed that 3 of
the 6 patients had serum-positive reactions to cardiolipin, but only
one suffered thrombophlebitis confirmed by biopsy and met the
diagnostic criteria of APS [19].
3.3. Upregulation of AnxA5 in SLE PBMCs

Using Western blotting, we confirmed the difference in the
AnxA5 diversity of PBMCs between patients and volunteers, and
this difference was significant according to the relative gradation
values (SLE:control = 1.607:1, P = 0.0004, Fig. 3). No significant dif-
ference was observed in the results from the screening of the cyto-
membrane protein lysate. Reviewing the correlations indicated the
cluster without cyclophosphamide (CTX) treatment exhibited
much higher AnxA5 than the CTX-treated cluster (untreated:-
treated = 1.974:1.170, P = 0.014, without dose-dependence). We
could not verify any other direct or significant correlation between
AnxA5 and the other clinical parameters.
3.4. Quantitative ELISA

Unlike in PBMCs, quantitative ELISAs demonstrated the AnxA5
concentrations of the patient sera (26.8 ± 3.0 ng/mL) were signifi-
cantly lower than the healthy donors (49.0 ± 3.3 ng/mL, Fig. 4A).
The sera anti-AnxA5 levels did not greatly differ from each other
(SLE vs. control = 0.38 ± 2.53 vs. 0.11 ± 0.56 ng/mL, P = 0.664; SLE
anti-AnxA5 positive rate = 5.69%, extremum value = 25.01 ng/mL,
Fig. 4B). The correlations between 2 molecules in the patient group
and the clinical parameters are listed in Table 3. Although AnxA5
levels decreased in the patient’s sera compared to the control
group, several patients showed the opposite trend. The elevated
AnxA5 levels in the latter group of patients also led to a signifi-
cantly positive correlation between the AnxA5 concentration and
thrombosis among these patients (6 patients among 123, Mann–
Whitney Z = �2.084, P = 0.037).

The correlation between anti-AnxA5 concentrations and throm-
bosis was not significant (Mann–Whitney Z = �1.272, P = 0.203).
However, this statistic may be controversial because it would be-
come highly significant if we assumed a linear correlation between
them (Pearson’s (r) = 0.377, P < 0.001). In addition, since there was
no significant correlation between AnxA5 and anti-AnxA5 levels
(Spearman’s (qs) = �0.054, P = 0.555) or between anti-AnxA5 qual-
itation and thrombosis (Chi-square = 1.416, P = 0.234), we might
inferred that serum AnxA5 levels could probably be an indepen-
dent correlation factor of thrombosis.



Table 4
Overview of the PPP coagulation assays performed from the SLE patients in parallel and healthy controls intervened by AnxA5.

Coagulation assay value (Mean ± SD) SLE (Null) SLE (BSA) SLE (AnxA5) Healthy control (AnxA5)

PT (s) 11.8 ± 2.0 11.4 ± 1.4 10.8 ± 1.2⁄⁄⁄ 10.9 ± 1.3⁄

PT% 92.9 ± 20.5 97.1 ± 20.0 108.0 ± 19.8⁄⁄⁄ 106.3 ± 20.2⁄

PT INR 1.02 ± 0.18 0.99 ± 0.13 0.94 ± 0.10⁄⁄⁄ 0.95 ± 0.11⁄⁄

APTT (s) 35.6 ± 11.6 34.8 ± 11.9 28.1 ± 7.3⁄⁄⁄ 28.3 ± 6.8⁄⁄

APTT ratio 1.28 ± 0.42 1.25 ± 0.42 1.02 ± 0.26⁄⁄⁄ 1.05 ± 0.28⁄

Fib (g/L) 2.77 ± 1.00 2.80 ± 0.95 2.87 ± 0.93 2.83 ± 0.96
TT (s) 16.0 ± 1.6 16.1 ± 1.2 17.4 ± 1.5⁄⁄⁄ 16.7 ± 1.3

Intervenors of PPP are listed in brackets of the head line. All significant results are compared to the SLE (Null) group values and labeled with asterisks in bold. ⁄P < 0.05;
⁄⁄P < 0.01; ⁄⁄⁄P < 0.001 (two-tailed). Reference ranges: PT (s): 10.0–14.0 s; PT%: 65–130%; PT INR: 0.80–1.21; APTT (s): 22.7–32.7 s; APTT ratio: 0.82–1.20; Fib (g/L): 1.80–
3.70 g/L; TT (s): 14.0–21.0 s.
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3.5. Coagulation assays

Table 4 shows the results of the coagulation assays of PPP sam-
ples from 30 identical SLE patients and one group of samples from
30 healthy controls (data of healthy controls intervened by BSA or
Null not shown). No significant differences were observed between
the Null groups and the BSA-treated groups in any assay (P > 0.05).
PT is the screening test of the extrinsic coagulation pathway and
clinically similar to PT% and PT INR. APTT Ratio and aPTT, the
screening test of the intrinsic coagulation pathway, are also clini-
cally alike. Comparing to the control groups of SLE, intervention
of AnxA5 significantly shorten PT (AnxA5 vs. Null = 10.8 ± 1.2 vs.
11.8 ± 2.0 s) and aPTT (AnxA5 vs. Null = 28.1 ± 7.3 vs. 35.6 ± 11.6
s). The elongation of TT caused by AnxA5 in SLE group was also ob-
served (AnxA5 vs. Null = 17.4 ± 1.5 vs. 16.0 ± 1.6 s). Interestingly,
the intervention of AnxA5 in healthy control group displayed a
similar trend to the SLE groups on PT, aPTT and TT, but the altera-
tions were not as numerically significant or statistically dramatic
as these in SLE.

4. Discussion

It is well known AnxA5 is a distinctive annexin with anticoagu-
lant activity that is rarely observed in the annexin family. AnxA5 is
also widely expressed in multiple tissues. Its functions are involved
in several physiological processes, which have not been completely
elucidated [17]. Our observations indicate a heterogeneity in the
transcellular distribution of AnxA5 in SLE patients, which is upreg-
ulated in PBMCs and downregulated in sera. Once this heterogene-
ity was disturbed, the morbidity of lupus-related thrombophilia
appeared to become more significant. Although we used a similar
proteomic approach on 2-DE and MS closing to Dai et al. [11],
our work involved a greater isoelectric range (pH 3–11), which
allowed the candidates to be considered more representative. In
addition, after searching previous studies for the 16 proteins, we
conducted pilot functional studies to the target AnxA5 in vitro.
With the exception of the flaw of several unrepeatable IEFs, the
strategy applied in our study can be considered more integrated,
and this analysis may be more detailed.

As we know the hypothesis proposed by Rand et al. [18], the
competition of antiphospholipid antibodies against AnxA5 has
been verified in some lupus-related cases. Inferring from this, the
levels of sera AnxA5 in such cases should be elevated, rather than
decreased as found in our study. Even despite the hypothesis, this
aspect of our results also conflicts with the observations made by
Van Heerde et al. [9]. In addition to the different ethnicities of
the participants in these studies, different anticoagulation meth-
ods, sera against EDTA-anticoagulated plasma, or some other factor
may also have contributed to these conflicting results. We attempt
to make two conditional inferences. First, if the conflict between
our findings and those of previous studies is due to anticoagulation
differences and extracellular AnxA5 is truly elevated in both
ethnicities, then there should be an AnxA5 consumption mecha-
nism in some SLE patients during sera formation in vitro. The
patients without this consumption mechanism or not so efficiently
would be at a higher risk of thrombo-embolic complications. Sec-
ond, if the profiles of AnxA5 distribution cannot be reversed by
anticoagulation, there should at least be an AnxA5 intracellular
enrichment mechanism, which was associated with a protective
response to thrombophilia among Mongoloid SLE women. For
example, in the model of the pinocytic pathway mediated by sur-
face-expressed phosphatidylserine and AnxA5 [20], this mecha-
nism might be a special cell entry corridor of nearby function-
correlated membrane proteins such as tissue factor, the primary
initial stimulator of coagulation cascade [21]. The model was ver-
ified on tumor cell lines in vitro and other possibilities were not ex-
cluded, however, considering the abundant abnormal apoptosis
and phosphatidylserine externalization in SLE [7,22], we still could
suspect that the heterogeneity might be caused by the same model,
which would lead to the consequences we observed.

With respect to autoantibodies, our data indicate that the anti-
AnxA5 elevation in Mongoloid SLE is not as distinct as in other eth-
nicities, and the anti-AnxA5 positive rate was much lower [23–25].
However, its certainty and meaning might not be thoroughly effa-
ble yet. If according to Pearson’s (r), anti-AnxA5 intensively sug-
gested thrombosis. Meanwhile, anti-AnxA5 had no significant
association with AnxA5, of which finding would be similar to the
evidence described by Hrycek and Cieslik [25]. Namely, this disas-
sociation might suggest AnxA5 and anti-AnxA5 could participate in
the pathogenesis of lupus-related thrombosis, but partly they
might involve relatively independent pathways. A detailed analysis
demonstrated that this assumed linear correlation between anti-
AnxA5 and thrombosis was mostly caused by the extremum value.
In fact, this patient suffering from tender splinter hemorrhages and
thrombus of the fingertips confirmed by cutaneous biopsy, had a
much higher level of serum anti-AnxA5 than the others. If this
participant was excluded, the significance would have been elimi-
nated, causing a similar result to that determined by the nonpara-
metric Mann–Whitney Z. Additionally, several patients without
diagnosable thrombosis and a few controls displayed low or mod-
erate levels of anti-AnxA5. Therefore, although our samples were
not enough to precisely clarify this phenomenon, we could roughly
infer that a distinctly high titer of serum anti-AnxA5 might be a
risk factor of lupus-related thromboembolism, as lower titers
might not.

The alterations in coagulation assays caused by AnxA5 were
also partly unpredicted. The coordinated shortening of PT and aPTT
indicated that extracellular AnxA5 could promote the hypercoagu-
lation state of lupus that is involved in the common blood coagu-
lation pathway, which was consistent with previous results.
However, TT, also the screening assays of the common coagulation
pathway, was prolonged at the identical assays. This finding
seemed to suggest that AnxA5 was not simply an anticoagulant
in all cases all the time. As we know that TT measurement focuses
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on the timing and is completed when insoluble fibrin strands first
become observable. Thus, this discrepancy may be due to some
artificial flaws. For instance, AnxA5 could act as a calcium occupant
in vitro, causing AnxA5-intervened TT to be prolonged due to the
decline of available calcium ions [17,26], but this might not suggest
the shift of actual termination of coagulation process. Additionally,
we were unable to ignore the fact that most varieties were still
within the normal ranges, and many functional coagulation assays
are still screening tests with unsatisfactory sensitivity. From our
observations, we could only conclude with some confidence that
AnxA5 might mostly participate in the common coagulation path-
way in the thrombogenesis of SLE.

Besides AnxA5, 15 other potential protein candidates were
identified. Each protein might contribute to the understanding of
pathogenesis or the development of more effective drugs. For
example, elongation factor 1 may interact with ribosomes and in-
duce conditional onset [27]; gene locus polymorphisms of heat
shock protein family may also be genetic risk factors for SLE [28].
Despite the limitations of fineness and repeatability, such as the re-
stricted choice of PBMCs for the labor intensity and sample volume
demands of 2-DE, deficiency of participants and clinical parame-
ters, especially those outpatients, this study provides a better
understanding of SLE and lupus-related thrombophilia. It might
serve as a pilot study for further etiologic studies and drug
exploration.
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The sodium channel b1 subunit is non-covalently associated with the pore-forming a-subunits, and has
been proposed to act as a modulator of channel activity, regulator of channel cell surface expression and
cell adhesion molecule. Its importance is evident since mutations of the b1 subunit cause neurologic and
cardiovascular disorders. The first described b1 subunit mutation is the C121W, that is related to general-
ized epilepsy with febrile seizures plus (GEFS+), a childhood genetic epilepsy syndrome. This mutation
changed a conserved cysteine residue in position 121 into a tryptophan, putatively disrupting a disulfide
bridge that should normally maintain the b1 extracellular immunoglobulin-like fold. Using the 2-D-diag-
onal-SDS–PAGE technique, we demonstrated the existence of this putative disulfide bridge in the Ig-like
extracellular domain of the b1 subunit and its disruption in the epileptogenic C121W mutant.

� 2012 Elsevier Inc. All rights reserved.
1. Introduction

Voltage-gated Na+ channels (NaCh) are heteromeric membrane
proteins responsible for the generation of action potential in most
excitable tissues. It is formed by a single pore-forming a subunit in
association with one or more b subunits [1,2]. Auxiliary b subunits
are not required for the heterologous expression of NaCh function,
but they modulate the expression levels and the functional proper-
ties of the a subunit [3,4]. b subunits belong to the Ig super-family
of cell adhesion molecules (CAM) [4,5] and may interact with
different cytoskeleton and extracellular matrix proteins [6,7]. NaCh
auxiliary b subunits are encoded by 4 different genes SCN1B,
SCN2B, SCN3B, SCN4B. Two splice variants of the gene SCN1B, b1
and b1B, are known in humans.

With the exception of b1B, all NaCh auxiliary subunits are type
1 trans-membrane proteins containing an extracellular N-terminal
with an Ig-like domain similar to the myelin P0 glycoprotein, one
transmembrane domain and an intracellular C-terminal domain.
b2 and b4 are covalently bound to the a subunits, whereas b1
and b3 associate non-covalently [3,5,8,9]. Conversely, b1B is a
soluble protein that may function as a ligand for cell adhesion
[10]. The auxiliary b subunits, in association with pore-forming
a-subunits, are highly expressed in excitable cells, including cen-
tral and peripheral neurons, skeletal and cardiac muscle cells.

Mutations of the sodium channel b1 subunit are involved in
human cardiac and neurological disorders. The best known disease
correlated to a b1 subunit mutation is the generalized epilepsy
with febrile seizures plus, type 1 (GEFS+, GEFSP1 OMIM 604233),
ll rights reserved.
a childhood epilepsy syndrome [11,12]. This syndrome is caused
by a miss-sense mutation, C121W, substituting a conserved
cysteine (C) residue with a tryptophan (W). Based on the homology
of b1 subunit with other proteins of the same family, it was pro-
posed that this mutation disrupts a putative conserved disulfide
bond, that is thought to be critical for the interaction between
the two b-sheets that compose the Ig fold [11]. This fact would pre-
vent the proper folding of the b1 protein, and consequently, its
interaction with the a subunit or other macromolecules, or its cell
surface expression. However, to now, there is no experimental evi-
dence that the extracellular domain of b1 subunit actually contains
a disulfide bridge, or that mutation C121W effectively disrupts this
bond.

By using bi-dimensional diagonal gel electrophoresis (2-D-
diagonal-SDS–PAGE), we have demonstrated the existence of
the disulfide bond in rat NaCh b1 subunit and furthermore we have
confirmed that in the C121W subunit, where a conserved cysteine
residue is substituted with a tryptophan.

2. Materials and methods

2.1. Cells

Permanent transfected cell lines were prepared as described
elsewhere [13–15]. In brief, the full-length rat b1-subunit was
inserted into the bicistronic expression vector pIRES (Clontech,
Mountain View, Ca, USA) in the XbaI–SalI site, and successively
the rat Nav1.4 a-subunit in the EcoRI site. The resulting construct
contained the sequence a1.4-subunit–IRES–b1-subunit. Site-direc-
ted mutagenesis was accomplished using the Pfu DNA polymerase
using the QuikChange kit (Stratagene) [15]. The correct direction of
the inserts, and the presence of the mutation was checked in each

http://dx.doi.org/10.1016/j.bbrc.2012.02.163
mailto:oscar.moran@cnr.it
http://dx.doi.org/10.1016/j.bbrc.2012.02.163
http://www.sciencedirect.com/science/journal/0006291X
http://www.elsevier.com/locate/ybbrc


R. Barbieri et al. / Biochemical and Biophysical Research Communications 420 (2012) 364–367 365
case by a multiple enzyme restriction map and DNA sequencing.
Chinese hamster ovary (CHO) was grown in standard conditions,
in Ham’s F10 medium supplemented with 10% fetal calf serum,
2 mM glutamine and 0.05 mg/100 ml gentamicin (Sigma–Aldrich,
Saint Louis, MO, USA). Cells were transfected by electroporation
with the constructs containing the rat Nav 1.4 a-subunit and the
rat WT or the C121W b1-subunits. Monoclonal cell lines were se-
lected according to a resistance to the 800 lg/ml Geneticin (G-
418; Sigma) [13,14].

2.2. RT-PCR

First-strand cDNA was synthesized from 2.5 lg of each RNA
using RevertAid First Strand cDNA Synthesis Kit and random hexa-
mers according to the manufacturer’s instructions (Fermentas,
Burlington, Canada). The oligonucleotide primer pairs described
in Table 1 (Bio-Fab Research, Roma, Italy), were used to amplify
by RT-PCR the section of the cDNA samples coding for the Nav1.4
and the WT or C121W b1 subunits. Table 1 shows also the
sequence of the oligonucleotide primers used to amplify glyceral-
dehyde-3-phosphate-dehydrogenase (GDH), which was assayed
as housekeeping gene.

RT-PCR products were resolved by electrophoresis in 1% agarose
gels, stained with ethidium bromide and visualized under an UV
transiluminator. Amplicon sizes were determined by comparison
with a DNA molecular weight marker (SM0333, Fermentas) that
was routinely run on the gels. Controls without reverse transcrip-
tase were used to check for the absence of contaminating DNA.
Each experiment, including the RNA extraction, RT-PCR and gel
electrophoresis was done in triplicate, from different cell pulls.

2.3. Protein electrophoresis

SDS–PAGE was performed according to standard protocols. Cells
were lysed in 62.5 mM Tris, 2% SDS and a cocktail of protease
inhibitors (1 mM 4-(2-Aminoethyl)benzenesulfonyl fluoride
hydrochloride, 0.8 mM Aprotinin, 0.2 mM Leupeptin, 40 mM, Best-
atin, 15 mM Pepstatin A, 14 mM E-64; Sigma–Aldrich) and boiled
for 5 min. Samples were supplemented with SDS/sample buffer
without reducing agents (4% w/v SDS, 125 mM Tris–HCl, 0.001%
w/v bromphenol blue, 20% glycerol, pH 6.8) and then loaded onto
12% polyacrylamide gel. The run was performed by using Protean
II System (Bio-Rad Laboratories, Milan, Italy).

The gels were blotted on a PVDF membrane (Millipore, Billerica,
MA, USA) using standard methods [16]. The blots were blocked in 5%
dry fat milk in 0.5 M Tris, 2 M NaCl, 0.1% Tween-20 and then
incubated with primary antibodies specific either for SCN1B di-
luted1:1000 (Abnova Corporation, Heidelberg, Germany) or for so-
dium channel a subunits, diluted 1:1000 (Acris Antibody Gmbh,
Herford, Germany) using the SNAP i.d. system (Millipore catalogue
N� WBAVDBASE, Worcester, MA, USA) according to the manufac-
turer’s instructions. Anti-rabbit peroxidase-conjugated secondary
antibody diluted 1:3000 (Santa Cruz biotechnology, Inc., Santa Cruz,
CA, USA) was used for visualization with ECL system (GE Healthcare
Europe, Milan, Italy). To perform second-dimension SDS–PAGE
Table 1
Primers used to detect the NaCh a and the b1 subunits, and the housekeeper GDH,
from retro-transcripts of mRNA extracted from CHO cells.

Product Primer

NaCh a1.4 Forward 50-CTTCATCGGTGTCATCATCG-30

Reverse 50-GGAGACAGATGACCAGAGCC-30

NaCh b1 Forward 50-TGAGACCGAGGCAGTGTATG-30

Reverse 50-GTCGCCAGAGTGGTTGTAGG-30

GDH Forward 50-CAAGGTCATCCATGACAACTTTG-30

Reverse 50-GTCCACCACCCTGTTGCTGTAG-30
separation [17], single lanes excised from first dimension gels were
cut out and incubated with a reducing buffer (0.5% dithiothreitol
(DTT), 0.1% SDS, 0.125 M Tris–HCl pH 6.8) for 1 h at room tempera-
ture with gentle rocking on a orbital rotator. To avoid disulfide bond
reforming, the reduced samples were alkylated with a solution of
iodoacetamide (2.5% w/v). An excised lane was then placed horizon-
tally on a top of a larger SDS–PAGE reducing gel (12% polyacryl-
amide), sealed with hot agarose and run in Protean II xi large-
format vertical system (Bio-Rad). Molecular weight standard from
Fermentas (SM184) was used to verify protein molecular weight
correspondence. Two identical gel preparations were compared
with Silver staining or with antibody detection.
3. Results

First, we verified the expression of NaCh a and b1 subunits in
control and transfected cells. Fig. 1 shows transcription products
corresponding to a1.4 and b1 subunit cDNAs revealed by RT-PCR.
In control CHO cells there is not a detectable expression of neither
the pore-forming nor the auxiliary subunits (lanes 2 and 3, respec-
tively). Conversely, in the CHO cells transfected with the constructs
containing either a1.4 and WT-b1subunits (lanes 4 and 5) or a1.4
and C121W-b1subunits (lanes 6 and 7), about the same concentra-
tion of NaCh subunit cDNAs was detected. These data were con-
firmed by the Western blot analysis of cell extracts prepared
from each CHO cell group. Fig. 2 shows the bands corresponding
to a1.4 and b1 NaCh proteins (227 kDa and 25 kDa, respectively)
revealed in control untransfected or in a1.4 and WT-b1 or a1.4
and C121W-b1 CHO transfected cells. It is noteworthy to observe
that in control untransfected CHO cells there is not any resolvable
NaCh expression signal (lane 1). Differently, a well identifiable
band, for both NaCh subunits, is detectable in the CHO cells trans-
fected with the bicistronic constructs containing either the a1.4
subunit and WT- (lane 2) or a1.4 and C121W-b1 subunit (lane
3). A further control of the expression of the NaCh was done by
patch-clamp recording of sodium currents (data not shown). These
experiments confirmed that sodium current density and electro-
physiologic properties were fully reproducible along time in select
cell lines used in this study.

Successively, to investigate the presence of the hypothesized
disulfide bridge in the NaCh b1 subunit we applied the diagonal
electrophoresis. The results of these bi-dimensional electrophoresis
experiments are shown in Fig. 3. The electrophoresis of the samples
in the first dimension was done in the absence of any reducing
agent in the polyacrylamide gel, while the second-dimension was
done in a gel in strong reducing conditions. It is known that proteins
that do not have disulfide bonds run at the same molecular weight
under both conditions, placing on a hypothetical diagonal line con-
necting the opposite corners of the gel. However, those proteins
containing intra-molecular disulfide bonds, will run faster on the
gel under reducing conditions, as the gyration radius of the poly-
peptide is strongly modified by their disruption and will be de-
tected as spots outside the diagonal, on the upper-right side of
the gel. To confirm the identity of the NaCh b1 subunit, we com-
pared the position on the gel of the spot with the band of 25 kDa
of a Western blot of the same sample, revealed with an antibody
against the b1 subunit. The comparison of the gels and western blot
images containing cell extracts of CHO cell transfected either with
a1.4 and WT-b1 or a1.4 and C121W shows that the spot corre-
sponding to WT-b1 subunit lied above the diagonal, whereas when
the same experiment was conducted using CHO cells transfected
with a1.4 and C121W b1 subunit, the spot lied out of the diagonal
in coincidence with the 25 kDa b1 subunit band on the Western blot
(see Fig. 3). Similar experiment done with no transfected CHO cells
yielded a clear diagonal without the 25 kDa spot out of the diagonal,



Fig. 1. Detection of transcription products of the sodium channel in stably
transfected CHO cells. The bands represent the PCR products of retro-transcribed
mRNA coding for the NaCh a and b1 subunits, as indicated in each lane. Lane 1 is the
molecular size marker. Lane 2 and 3 are the products of control, no transfected, CHO
cells. Observe the virtually absence of a signal for the NaCh transcripts. Lanes 4 and
5 are the amplicons of the NaCh transcripts of CHO cells expressing the a1.4 and WT
b1 subunits; lanes 6 and 7 correspond to the transcripts present in CHO cells
expressing the NaCh a and the mutant C121W b1 subunits. Observe that the
intensity of the bands corresponding to the a and b1 subunits are similar in both
cell lines.

Fig. 2. Western blotting of sodium channel a- (�227 kDa) and b1-subunits
(�25 kDa) stably expressed in CHO cells. Lanes 1 correspond to control CHO cells,
that do not express neither the a nor b1 subunits. Sodium channel protein is
detected in cells expressing the NaCh in a bicistronic construct with the a subunit
and the WT (lane 2) and the mutant (lane 3) b1subunits.
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as expected (data not shown). We repeated the experiments on
three different cell pools for each isoform, with exactly the same re-
sults. Therefore, we concluded that the NaCh b1 subunit does pres-
ent a disulfide bridge, and the pathologic mutation C121W
produces a disruption of this covalent interaction.
Fig. 3. Bidimensional diagonal-SDS–PAGE analysis of WT (A) and C121W mutant b1
dimension, and that with denaturing reagents (0.5% DTT) was run in the second dimensi
electrophoresis was silver stained. The white line was drawn over the diagonal formed b
the position of the characteristic spot of 25 kDa out of the diagonal that could be obser
dimensional electrophoresis panel, it is shown the corresponding Western blot, revealed
4. Discussion

The main goal of this work was to prove experimentally that the
NaCh b1 subunit has a disulfide bridge, and that it is disrupted by
the C121W mutation. This covalent intra-chain interaction should
maintain two beta foils of the Ig-motive of the extracellular do-
main of the b1-subunit linked [3,7,11,12]. The disruption of this
cysteine bridge should cause a molecule destabilization, and con-
sequently a modification of the whole NaCh [11,14], perhaps lead-
ing to the GEFS + syndrome manifestation [11,12].

The experiments were done in CHO cells expressing the com-
plete NaCh, composed of the a and b1 subunits. We chose to ana-
lyze the b1 subunit in a system that expressed also the pore-
forming a subunit to avoid any possible disturbance caused by
the absence of the b1 natural partner. Therefore, we used CHO cells
transfected with plasmids coding for both subunits, separated by
an IRES sequence, that allows the expression of two proteins from
a single RNA. Preliminary control experiments demonstrated that
the bicistronic plasmids, containing either the WT or the mutant
b1- subunit, produced indeed about the same amount of both
mRNA, as revealed by a semi-quantitative RT-PCR (see Fig. 1),
and they also enable the expression of the corresponding proteins,
as observed by Western blotting (see Fig. 2).

We attempted to solve this query by using a biochemical
approach based on a bi-dimensional electrophoresis. Two-
dimensional SDS–polyacrylamide diagonal gels have been used
since the 1970s for analysis of proteins in erythrocyte membrane
or ribosomes [18,19], T cell receptor [20,21], immunoglobulin
[22], and CD8 molecules [23]. This method was also used for
protein purification prior to amino acid sequencing and can be
used to investigate both soluble and membrane proteins, and also
to determine whether disulfide bonds are intra-molecular or inter-
molecular [17]. As mentioned before, the removal of a disulfide
bridge causes a main change on the mobility of a protein. Polypep-
tides that lost a disulfide bridge displace away from the diagonal
formed by all others proteins, when the electrophoresis is run in
reducing conditions. If the disulfide bond is intra-molecular, the
polypeptides acquire a relatively faster mobility in non-reducing
conditions, as the molecules keep more compact, and therefore
migrate to a position at the right side of the diagonal. Differently,
if the disulfide bridges are inter-molecular, the reduction produces
two (or more) lower molecular mass polypeptides, that migrate
faster in reducing conditions, and accommodate on the left side
subunits (B). Electrophoresis in non-denaturing conditions was run in the first
on, as indicated. The molecular mass markers are shown on each axis. The diagonal
y proteins running with the same mobility in both dimensions. The arrow indicates
ved only in the preparations containing the WT b1 subunit. At the right of each bi-

with an anti-b1 antibody, to identify the position of the b1 subunit.
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of the diagonal. Concerning the NaCh b1-subunit, we can confirm
the presence of an intra-molecular disulfide bridge, as predicted
from the homology with other members of the protein family.

The second question, regarding the involvement of residue 121
on the disulfide bridge, was also afforded by the same method. In
this case, we could not observe any extra spot of 25 kDa, corre-
sponding to the b1 subunit, on the right side of the diagonal of
the bi-dimensional electrophoresis (see Fig. 3B). This confirms that,
most probably, cysteine in position 121 is part of the disulfide
bridge of the extracellular domain of the NaCh b1 subunit. Thus,
the pathologic mutation C121W likely produces a protein with a
less stable extracellular domain, that would impair the a-b1 sub-
units interactions (or the interactions of b1 subunit with other
molecules), leading to a malfunctioning pathological channel.

In conclusion, we have proved the existence of a disulfide
bridge in the extracellular domain of the NaCh b1 channel, involv-
ing the cysteine in position 121. Furthermore, the epileptogenic
C121W mutation produces the disruption of this extracellular
disulfide bridge.
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Until today, the physiologic role of human carbonyl reductase 3 (CBR3; SDR21C2), a member of the short-
chain dehydrogenase/reductase superfamily remains obscure. Since the transcriptional regulation is clo-
sely related to the function of a protein, elucidation of the regulation of CBR3 should help to understand
its physiologic role. We recently identified CBR3 as a novel target gene of Nrf2, a cellular sensor of oxi-
dative stress. In this study, we provide for the first time evidence that pro-inflammatory stimuli induce
the expression of the CBR3 gene. Treatment of human cancer cells HT-29 (colon) and HepG2 (liver) with
TNF-a, IL-1b, and LPS induced CBR3 expression differentially. While TNF-a (50 ng/ml) or IL-1b (1 and
10 ng/ml), induced CBR3 mRNA expression in HT-29 cells (up to 10-fold) and HepG2 cells (up to 20-fold),
LPS activated the CBR3 gene only in HepG2 cells. Furthermore, overexpression of the NFjB subunits p65
and p50 alone or in combination elevated CBR3 mRNA levels (3.9-fold) in HT-29 cells. According to our
results, CBR3 is a novel target gene of inflammatory stimuli, and elucidation of its detailed role in inflam-
mation deserves further investigation.

� 2012 Elsevier Inc. All rights reserved.
1. Introduction

As carbonyl groups often govern the biologic activity of endo-
and xenobiotics, enzymes mediating carbonyl reduction drive
numerous physiologic processes (e.g., steroid biotransformation)
as well as the detoxification of potentially harmful exogenous
(e.g., drugs, environmental pollutants) and endogenous (e.g., lipid
peroxidation products) compounds [1].

So far, three carbonyl reductases (CBRs) have been identified in
humans (CBR1 [SDR21C1], CBR3 [SDR21C2] and CBR4 [SDR45C1])
all of which belong to the short-chain dehydrogenase/reductase
(SDR) superfamily [2].

Since the identification of CBR3 in 1998 [3] some progress has
been made with regard to its tissue-specific distribution, but still
the understanding of its molecular function is incomplete [4].
Although being considered an enzyme in the reductive metabolism
of anthracyclines such as doxorubicin and daunorubicin [5,6], the
poor catalytic efficiencies for other tested carbonyl compounds
imply that the expected function of CBR3 in xenobiotic carbonyl
metabolism is very unlikely [7,8]. Therefore, the physiologic role
ll rights reserved.

terleukin-1; LPS, lipopolysac-
ntitative real-time RT-PCR;
sis factor-a.
of CBR3 in the human body remains obscure. Elucidation of its
transcriptional regulation may shed light on the physiologic role
of CBR3, since molecular mechanisms that regulate an enzyme’s
expression are often closely related to its function.

In a recent study, we could identify CBR3 as a novel Nrf2 (nucle-
ar factor-erythroid 2 related factor 2)-target gene [9], which was
later confirmed by others [10]. Since Nrf2 mediates the transcrip-
tional activation of genes in response to oxidative stress [13],
CBR3 might fulfill antioxidant functions. However, as the promoter
of CBR3 contains putative binding sites for various other transcrip-
tion factors, some additional environmental conditions may be in-
volved in the regulation of CBR3 as well.

Recently, two potential NFjB (nuclear-factor kappa-B) consen-
sus motifs were identified in the 50-UTR of the CBR3 gene which
are located �1160 and �593 basepairs upstream of the transcrip-
tional start site [11]. Moreover, our preliminary promoter analysis
revealed the existence of even a third putative NFjB binding site
(nt �364: 50-GGGGTTTTCCC-30). Meanwhile, it is widely accepted
that oxidative stress and inflammation are two cellular events
which are closely connected. For instance, NFjB attenuates the
production of reactive oxygen species (ROS) via increased expres-
sion of antioxidant proteins. By contrast, transcriptional targets
of NFjB itself promote the production of ROS, especially enzymes
important for the inflammatory response, such as cyclooxygenase-
2 (COX-2) and inducible nitric oxide synthase (iNOS) [12].

http://dx.doi.org/10.1016/j.bbrc.2012.03.002
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NFjB comprises a family of transcription factors [e.g., p65
(RelA) and p50 (NFjB1) among others] that control a wide range
of critical physiologic processes in the organism including inflam-
mation, immune response and cell survival [13]. These various
subunits form homodimers and heterodimers with each other
[14,15]. In their inactive form, NFjB dimers are associated with
inhibitory proteins such as IjBa that retains them in the cyto-
plasm. IjBa itself is regulated by NFjB, thereby providing an aut-
oregulatory feedback loop allowing for the control of the
inflammatory response [13]. A great variety of biologic factors
(e.g., pathogens, cytokines) and environmental conditions (e.g.,
UV irradiation, oxidative stress) trigger the formation of NFjB
dimers that translocate to the nucleus where they bind to NFjB
response elements of target genes [16].

There are two main signaling pathways activating NFjB, re-
ferred to as ‘‘classical’’ (canonical) and ‘‘alternative’’ (non-canoni-
cal) pathway [17]. The former is activated by endogenous
inflammatory stimuli (e.g., pro-inflammatory cytokines such as tu-
mor necrosis factor-a [TNF-a] and interleukin-1 [IL-1]), and in re-
sponse to invading microorganisms or their products (e.g.,
lipopolysaccharides [LPS]).

The aim of this study was to infer whether CBR3 expression is
regulated via pro-inflammatory stimuli in the model cell lines
HT-29 and HepG2. According to our findings, this is the first report
providing clear evidence that the expression of the CBR3 gene is in-
duced under inflammatory conditions.
2. Materials and methods

2.1. Cell culture materials and cell lines

Cell culture media and supplements were purchased from PAA
Laboratories GmbH (Cölbe, Germany). The human colon cancer cell
line HT-29 was obtained from the Deutsche Sammlung für Mikro-
organismen und Zellkulturen (DSMZ, Braunschweig, Germany) and
the human hepatoma cell line HepG2 was from Cell lines service
(CLS, Eppelheim, Germany).

2.2. Plasmids

Expression plasmids for NFjB subunits p65 and p50 were con-
structed by Warner Greene [18] and obtained from Addgene
(Addgene Inc., Cambridge, MA, USA) (pCMV4 p65: Addgene plas-
mid 21966 and pCMV4 p50: Addgene plasmid 21965). Plasmids
were purified from bacterial cultures with the QIAGEN plasmid
Midi kit (Qiagen, Hilden, Germany).

2.3. Cell culture

HT-29 cells were maintained in Dulbecco’s modified Eagle’s
medium (DMEM, high glucose) supplemented with 2 mM L-gluta-
mine, 1% of non-essential amino acids and 10% heat-inactivated fe-
tal calf serum (FCS). HepG2 cells were cultured in DMEM/Ham’s
F12 (1:1) supplemented with 2 mM L-glutamine and 10% FCS. All
cells were routinely cultured without antibiotics in a humidified
atmosphere of 5% CO2 in air at 37 �C.

2.4. Gene expression experiments

Cells were seeded in 60 mm Petri dishes or six-well plates
(9.3 cm2) and grown until they reached 60–90% of confluence.
Recombinant TNF-a and IL-1b were purchased from Cell Systems
(Troisdorf, Germany) and LPS was from Sigma–Aldrich (Deisenho-
fen, Germany). Stock solutions were prepared in sterile H2O (IL-1b
and LPS) or sterile H2O containing 0.1% BSA (TNF-a) and stored as
aliquots at �20 �C until used. After serum-starvation for 18–24 h,
the cells were incubated with test compounds freshly dissolved
in serum-free medium for times as indicated in the figures. The
medium was replaced with fresh serum-free medium and test
compounds every 24 h. All experiments were performed 2–5
times.
2.5. Transient transfections

Cells were seeded in six-well plates and allowed to recover for
24 h. Expression plasmids pCMV4 p65 and pCMV4 p50 were di-
luted in 250 ll of OptiMEM I (Invitrogen, Karlsruhe, Germany),
combined with 250 ll of OptiMEM I containing 10 ll of Lipofect-
amine 2000™ (Invitrogen, Karlsruhe, Germany), and, after incuba-
tion for 20 min at room temperature, the mixture was added to the
cells. The medium was replaced after 7 h with fresh culture med-
ium. Transfected cells were harvested for RNA isolation after 24 h
incubation.
2.6. RNA-isolation and cDNA synthesis

RNA was isolated using the MasterPure™ RNA Purification Kit
(Epicentre Biotechnologies, Madison, Wisconsin, USA). The cell-
monolayer was washed with phosphate buffered saline (PBS) and
RNA isolation was performed following the manufacturer’s proto-
col including removal of contaminating DNA and with an
additional ethanol wash step. cDNA synthesis was carried out as
described before [9].
2.7. Semi-quantitative RT-PCR (sqPCR)

Semi-quantitative RT-PCR (sqPCR) was performed using Phire
Hot-start DNA polymerase (Biozym Scientific, Hessisch Oldendorf,
Germany) as described in detail elsewhere [9]. b-Actin served as
the house-keeping gene. The following primers were used: b-Actin
(fwd: 5’-ACTCTTCCAGCCTTCCTTCCT, rev: 50-AGGTTTTGTCAAGAA
AGGGTGT), CBR3 (fwd: 50-GCTCAACGTACTGGTCAACAAC, rev: 50-
ATCCTCGATAAGACCGTGACC), IjBa (fwd: 50-CTACACCTTGCCTGT-
GAGCA, rev: 50-GCTCGTCCTCTGTGAACTCC), COX-2 (fwd: 50-GA
ATGGGGTGATGAGCAGTT, rev: 50-GGTCAATGGAAGCCTGTCAT),
p50 (fwd: 50-TGCCAACAGCAGATGGCCCAT, rev: 50-AAACATGAG
CCGCACCACGCT), p65 (fwd: 50-AAGTTCCTATAGAAGAGCAGCG,
rev: 50-TGCTCTTGAAGGTCTCATATG).

Densitometric analyses were carried out with GIMP2.0
software.
2.8. Quantitative real-time RT-PCR (qPCR)

Real-time PCR (qPCR) experiments were run on an AB 7500
Fast Real-time PCR system (Life Technologies, Darmstadt, Ger-
many). Two micrograms of RNA were reverse transcribed into
cDNA in a total volume of 35 ll. Each cDNA sample was diluted
2-fold and 2 ll of this dilution were used for qPCR analyses.
One 20 ll reaction contained 1 ll of TaqMan Gene expression As-
say Hs01025918_m1 (CBR3) or Hs99999903_m1 (ATCB, b-Actin),
10 ll of TaqMan Fast Universal PCR Mastermix, 2 ll cDNA and
7 ll sterile H2O. The thermal cycling conditions included an initial
activation-step at 95 �C for 20 s, followed by 40 cycles of denatur-
ation (95 �C, 3 s) and annealing/extension (60 �C, 30 s). Samples
and no-template controls were run in triplicate. The fold-changes
in the mRNA expression levels were calculated by the compara-
tive quantitation (2�DDCt) method by using the instrument’s
software.



370 P. Malátková et al. / Biochemical and Biophysical Research Communications 420 (2012) 368–373
2.9. Statistical analysis

Statistical analyses were performed with the GraphPad Prism5
software. Differences between mean values were determined by
a two-tailed paired Student’s t-test or a one-way ANOVA followed
by a Tukey’s post-test. Statistically significant differences were set
at P 6 0.05, P 6 0.001, and P 6 0.0001 indicated highly significant
data.
Fig. 1. CBR3 expression in HT-29 cells after exposure to IL-1b. HT-29 cells were
treated with IL-1b (10 and 20 ng/ml) or serum-free medium only for 4, 8 and 24 h
and changes in the mRNA expression were assayed by means of sqPCR. One
representative gel of the treatment with IL-1b for 24 h (A) is shown. Panel (B) shows
the densitometric analysis of two representative experiments of the IL-1b
treatment. Bars represent means of n = 2 experiments ± the standard deviation.
The CBR3 mRNA expression was normalized to that of b-actin, and the untreated
control (‘‘Ctrl’’) was set to 1.
3. Results and discussion

The existence of putative NFjB binding sites in the promoter re-
gion of the CBR3 gene [11] was the basis for our working hypoth-
esis that CBR3 may be up-regulated during inflammation. This
idea was supported by data from high-throughput experiments
available from the public database GEO (‘‘Gene Expression Omni-
bus’’, http://www.ncbi.nlm.nih.gov/geo/). For example, elevated
levels of CBR3 mRNA were detected in colon biopsy samples from
patients suffering from ulcerative colitis, a type of inflammatory
bowel disease (GEO profiles: GDS3119) and in bronchial epithelial
cells treated with interferon gamma (IFN-c), a prototypical inflam-
matory cytokine (GEO profiles: GDS1256). Although these micro-
array data provide valuable information about the regulation of a
certain gene, a PCR-based validation of these data is always
essential.

In our study, the cell lines HT-29 and HepG2 were chosen as
suitable models because of their low constitutive level of CBR3
expression.

3.1. Pro-inflammatory stimuli increased CBR3 expression in HT-29
cells

To investigate the role of inflammation in the up-regulation of
CBR3, HT-29 cells were incubated with TNF-a (25 and 50 ng/ml),
IL-1b (10 and 20 ng/ml) and LPS (100 and 1000 ng/ml) for 4, 8
and 24 h. While IL-1b treatment (20 ng/ml) led to a slight increase
in the expression of CBR3 mRNA after 24 h (2.2-fold; Fig. 1A), TNF-
a caused the strongest increase in the expression of CBR3 mRNA
from 4 h through 24 h (see Fig. 2A, B). The effect of LPS after 8 h
was marginal (1.5-fold, 1000 ng/ml; not shown).

Since the NFjB activators used in this experiment mediate their
effects through binding to specific receptors (e.g., TNF receptors
[TNF-a], IL-1 receptors [IL-1b], and Toll-like receptors [LPS]), our
findings might result from a cell-specific expression of these cog-
nate receptors. Most interestingly, mature colon cells per se show
a relatively low inflammatory response upon exposure to LPS, a
fact which results from a micro RNA (miRNA-146)-mediated
repression of the NFjB-signaling pathway [19], thereby preventing
an unwanted chronic inflammation in response to the normal gut
flora. In our study, the low effect of LPS on CBR3 expression in
HT-29 colon cells, which is in contrast to the strong response of
HepG2 liver cells to LPS (see below) might be explained by this
miRNA-based mechanism.

3.2. Time- and concentration-dependent up-regulation of CBR3 by
TNF-a in HT-29 cells

Because TNF-a had the strongest effect in HT-29 cells, we exam-
ined the effect of this cytokine on CBR3 expression in more detail.
HT-29 cells were incubated with 50 ng/ml of TNF-a under serum-
free conditions. After 2, 4, 8, 12, 24 and 48 h of treatment, the
amounts of CBR3, COX-2 and IjBa mRNA were determined. As pre-
sented in Fig. 2A, TNF-a increased the expression of CBR3 through-
out the whole time course of the incubation. Densitometric
analysis (Fig. 2B) of four independent cell culture experiments that
were subjected to semi-quantitative RT-PCR (sqPCR) revealed that
CBR3 mRNA levels continuously increased from the 2 h-treatment
on (2-fold increase vs. control, P < 0.05) until it reached a peak after
48 h (9.2-fold vs. control, P < 0.05). Also, the mRNA levels of two
established NFjB-target genes, COX-2 and IjBa that served as
controls for the activation of the NFjB signaling pathway, were in-
duced, indicating that TNF-a successfully activated NFjB in HT-29
cells.

Next, to investigate a possible concentration-dependency in re-
sponse to TNF-a, HT-29 cells were exposed to 10, 25, 50 and
100 ng/ml of TNF-a for 24 h. Indeed, TNF-a was shown to increase
CBR3 mRNA expression in a concentration-dependent manner
(Fig. 2C, D). sqPCR analysis (Fig. 2D) revealed that CBR3 mRNA
was inducible even by the lowest concentration of 10 ng/ml of
TNF-a (2.3-fold, P < 0.05), and this effect was continuously growing
with increasing concentrations of TNF-a up to 6.6-fold compared
to the control (P < 0.001) when 100 ng/ml of TNF-a was applied.
Again, the exposure to TNF-a led to an elevated level of the
NFjB-driven control genes COX-2 and IjBa in HT-29 cells (Fig. 2C).
3.3. Overexpression of the NFjB subunits p65 and/or p50 increased the
level of CBR3 mRNA in HT-29 cells

To directly activate the NFjB pathway, HT-29 cells were trans-
fected with the expression vectors pCMV4 p65 and pCMV4 p50
encoding the NFjB subunits p65 and p50, respectively. In this
experiment, either two different concentrations (2 lg and 6 lg)
of each pCMV4 p65 or pCMV4 p50, respectively, were transfected
into the cells alone or in combination (2 lg each). The increased
amounts of p65 mRNA (lanes 2, 3, and 6 in Fig. 3A) or p50 mRNA

http://www.ncbi.nlm.nih.gov/geo/


Fig. 2. Time- and concentration-dependent effect of TNF-a on CBR3 mRNA expression in HT-29 cells. HT-29 cells were incubated for 2, 4, 8, 12, 24 and 48 h with (+) or
without (�) TNF-a (50 ng/ml) and sqPCR was performed with b-actin as the house-keeping gene. (A) CBR3 mRNA as well as the NFjB-regulated control genes COX-2 and IjBa
were induced by TNF-a during the whole time-course. (B) Densitometric analyses of four independent experiments show changes in the CBR3 mRNA expression relative to
untreated cells. Bars represent means of n = 4 experiments ± the standard deviation (three asterisks denote P < 0.001; two asterisks denote P < 0.01; one asterisk denotes
P < 0.05; two-tailed paired Student’s t-test). (C, D) Different concentrations of TNF-a (0, 10, 25, 50, and 100 ng/ml) were applied for 24 h and sqPCR was performed. (C) A
representative gel shows the effect on CBR3 and NFjB-regulated control genes COX-2 and IjBa. (D) Densitometric analysis of five independent experiments. Bars represent
means of n = 5 experiments ± the standard deviation (three asterisks denote P < 0.001; one asterisk denotes P < 0.05; ANOVA).

Fig. 3. Transfection of HT-29 cells with NFjB subunits p65 and/or p50 induced CBR3 expression. HT-29 cells were transfected with different amounts of expression plasmids
pCMV4 p50 (‘‘p50’’) and/or pCMV4 p65 (‘‘p65’’) and the changes in the expression of CBR3, p65, p50, as well as of the control genes COX-2 and IjBa were determined by sqPCR.
Amounts (in lg) of transfected plasmid DNA are indicated in the table above or below the figures, respectively. (A) One representative gel is shown. (B) The graph shows the
densitometric analyses of n = 3 independent experiments ± the standard deviation (three asterisks denote P < 0.001; ANOVA). The non-transfected control was set to 1.
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(lanes 4–6) 24 h post-transfection indicated that the plasmids had
been successfully delivered into the cells. Moreover, the activation
of the NFjB signaling pathway after transfection of p65 and/or p50
was monitored by the induction of the NFjB target genes COX-2
and IjBa.

As shown in Fig. 3B, sqPCR analysis of four individual experi-
ments revealed that all transfections elevated the levels of CBR3
mRNA in a range from 3.1-fold to 3.9-fold compared to non-trans-
fected cells. Interestingly, the transfection of 2 lg of only one of
both expression vectors was sufficient to cause a 3.4-fold (pCMV4
p65) or 3.1-fold (pCMV4 p50) induction of the CBR3 gene
(P < 0.0001). A similar effect on CBR3 mRNA expression was ob-
served after co-transfection of both the NFjB subunits p65 and
p50 (3.9-fold vs. control, P < 0.0001).
Activation of the classical NFjB pathway provokes the translo-
cation of p65 and p50, which act in most of the cases as a p65:p50
heterodimer [14]. However, p65:p65 or p50:p50 homodimers are
able to activate gene transcription as well [15]. In HT-29 cells,
overexpression of either p65 or p50 already had an equivalent
inducing effect on CBR3 mRNA expression, whereas co-transfection
with both expression plasmids further enhanced the CBR3 gene
transcription only slightly. If both homodimers (p65:p65 and
p50:50) and heterodimers (p65:p50) were involved in the tran-
scription of CBR3 mRNA, one would expect a much larger amount
of CBR3 mRNA in p50 and p65 co-transfected cells. Thus, the same
effectiveness of overexpressed subunits alone and in combination
indicates the involvement of p65:p50 heterodimers rather than
homodimers. In our case it seems that the plasmid-expressed



372 P. Malátková et al. / Biochemical and Biophysical Research Communications 420 (2012) 368–373
p50 or p65 subunits form dimers with the p65 and p50 subunits
that were already endogenously present in HT-29 cells.

3.4. CBR3 mRNA expression is inducible by pro-inflammatory stimuli
in HepG2 cells and IL-1b regulates CBR3 in a time- and concentration-
dependent manner

In order to test, whether the results obtained with HT-29 cells
are reproducible in a cell line originating from another tissue,
HepG2 cells were incubated with TNF-a, IL-1b, and LPS. All tested
NFjB-activators strongly induced CBR3 mRNA expression in
HepG2 cells. As shown in Fig. 4A, IL-1b (10 and 20 ng/ml) was
the most effective inducer, followed by TNF-a (50 ng/ml) and LPS
(1000 ng/ml). Therefore, IL-1b was chosen to study its effect on
CBR3 mRNA expression in HepG2 cells in more detail.

From our preliminary experiments it was obvious that HepG2
cells responded more promptly than HT-29 cells with regard to
CBR3 up-regulation by pro-inflammatory stimuli. Accordingly, for
HepG2 cells, a shorter period of time (2–8 h) was chosen. HepG2
cells were exposed to two different concentrations of IL-1b (1 ng/
ml and 10 ng/ml) under serum-free conditions and the changes
in CBR3 mRNA expression levels were determined after 2, 4, and
8 h by means of sqPCR (Fig. 4B, C). Again, to monitor the activation
of the NFjB-signaling pathway, IjBa served as a control gene that
exhibited an expression pattern similar to that of CBR3 when
HepG2 cells were subjected to IL-1b-treatment (Fig. 4B). Notewor-
thy, the second NFjB-regulated control gene, COX-2 was undetect-
able in this cell line.

As presented in Fig. 4C, even after the shortest incubation time
of 2 h, IL-1b-treatment (1 ng/ml and 10 ng/ml) could provoke a
strong elevation of CBR3 mRNA expression (4.2-fold and 10.5-fold,
respectively; P < 0.05 and P < 0.001). Interestingly, treatment with
10 ng/ml of IL-1b beyond 2 h did not further increase the amount
of CBR3 mRNA, but rather decreased the CBR3 mRNA (to 7.8-fold;
P < 0.001).

Two out of four individual experiments were additionally veri-
fied by quantitative real-time PCR (qPCR) (Fig. 4D). Clearly, due to
Fig. 4. Time- and concentration-dependent effect of IL-1b on CBR3 mRNA expression in
and 20 ng/ml), LPS (1000 ng/ml) or serum-free medium only (control; ‘‘Ctrl’’) for 4 h. Ex
shown. (B) HepG2 cells were incubated for 2, 4 and 8 h with 1 ng/ml and 10 ng/ml of IL-1b
the NFjB-regulated control gene IjBa was determined by sqPCR. (C) The densitometric
experiments ± the standard deviation (three asterisks denote P < 0.001; one asterisk den
time RT-PCR (qPCR). Bars represent means of n = 2 experiments ± the standard deviation
the two different methods, values of fold-inductions differed be-
tween sqPCR and qPCR, especially when the mRNA levels reach
the point of saturation in the sqPCR. However, the results turned
out to be comparable: IL-1b-treatment for 2 h (1 ng/ml and
10 ng/ml) clearly induced CBR3 gene expression to 3.7- and 20.7-
fold, respectively. A slight further increase was observed after 4 h
only at a concentration of 1 ng/ml of IL-1b (5.5-fold vs. control).
As seen upon sqPCR after 8 h of incubation with IL-1b (1 ng/ml
and 10 ng/ml) the CBR3 mRNA expression declined to 1.5- and
4.1-fold vs. control.

Taken together, our results clearly demonstrate that in HepG2
cells CBR3 gene expression is up-regulated by IL-1b in a time-
and concentration-dependent manner.

Comparing the results obtained with both cell lines, the most
striking difference between HT-29 and HepG2 towards pro-
inflammatory cytokines was the very prompt response of HepG2
cells followed by a rapid decline in the mRNA levels of both
CBR3 and the control gene IjBa (cf. Fig. 4B). The corresponding ef-
fect in HT-29 cells (cf. Fig. 2A) was comparatively slow but more
persistent. In addition, CBR3 mRNA inducibility was more pro-
nounced in HepG2 cells than in HT-29 cells. Different IjBa activi-
ties in colonic cells and hepatocytes may explain the high and
rapid increase in CBR3 mRNA in HepG2 cells in contrast to the
low but prolonged effects in HT-29 cells. For HT-29 cells as well
as for some other human colonic epithelial cells it is known that
IjBa-degradation is incomplete after NFjB stimulation, however,
without preventing the NFjB binding activity [20]. In contrast,
NFjB activation in HepG2 cells caused a strong and rapid proteol-
ysis of IjBa followed by a prompt re-synthesis of IjBa, resulting in
an inhibition of NFjB-mediated gene transcription [21]. In addi-
tion, different mRNA-stabilities may also contribute to the ob-
served effects. In summary, our findings imply a cell-specific
regulation of CBR3 by pro-inflammatory stimuli.

In conclusion, we provide for the first time evidence that the
CBR3 gene is activated under inflammatory conditions. Treat-
ment of cancer cell lines with either TNF-a (HT-29) or IL-1b
(HepG2) regulated the expression of CBR3 mRNA in a time- and
HepG2 cells. (A) HepG2 cells were treated with TNF-a (25 and 50 ng/ml), IL-1b (10
pression levels of CBR3 mRNA were examined by sqPCR. One representative gel is
or serum-free medium only (0 ng/ml) and the expression of CBR3 mRNA and that of
analysis of four independent experiments is shown. Bars represent means of n = 4

otes P < 0.05; ANOVA). (D) Two representative experiments were analyzed by real-
.
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concentration-dependent manner. However, there were striking
differences between both cell lines, pointing to a possible cell-
specific regulation of CBR3. The identification of the functional
NFjB binding sites is currently on-going in our lab by means of
reporter gene assays and chromatin immuno-precipitation (ChIP)
analyses. Nevertheless, still the greatest challenge is the identifi-
cation of physiologic substrates that will help to decipher the
exact role of CBR3 in the human body.
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The Rev-erba gene is regarded as a circadian clock gene and clock-regulated gene which regulates the
circadian transcriptional/translational loop in a subtle way. Here, we first detected the circadian oscilla-
tion in mature granulosa cells from antral follicles using a real-time monitoring system of Per2 promoter
activity with the addition of FSH. Then we used GSK4112, an agonist ligand of Rev-erba, to investigate the
function of Rev-erba. GSK4112 treatment significantly reduced the Per2-dLuc amplitude and induced the
Per2 oscillation phase advance shift. GSK4112 significantly inhibited Bmal1 mRNA expression, whereas it
did clearly stimulate expression of StAR mRNA in a dose-dependent manner. Our data are the first to
show the Rev-erba function in the steroid biosynthesis of rat granulosa cells, and to suggest that Rev-
erba may coordinate circadian rhythm and metabolism in rat ovaries.

� 2012 Elsevier Inc. All rights reserved.
1. Introduction

The nuclear hormone receptor (NHR) Rev-erba plays critical
roles in many physiologic networks, such as circadian rhythm,
adipogenesis, lipid metabolism, and inflammation [1–4]. Rev-erba,
originally defined as a unique orphan receptor, is encoded by the
opposite DNA strand of the thyroid hormone receptor-a [5,6].
Because Rev-erba lacks the activation function 2 (AF-2) domain
present at the C-terminal of the ligand-binding domain (LBD) of
NHRs, it usually acts as a transcriptional repressor through recruit-
ment of a complex of nuclear receptor corepressor (N-CoR) and
histone deacetylsae 3 [7–9]. Recently, it was reported that recruit-
ment of this complex to Rev-erba is potentiated by Rev-erba bind-
ing to heme, whose intracellular concentrations fluctuate in a
circadian manner [10,11]. Two additional studies proved that
heme, identified as a novel natural ligand of Rev-erba, plays a vital
role in the regulation of Rev-erba activity in some physiologic sig-
nal pathways [12,13]. Subsequently, GSK4112 (GSK) was identified
as a small synthetic agonist for Rev-erba, which was competitive
with heme, and shared a similar function with heme in the regula-
tion of adipogenesis [13,14]. Another study also illustrated that
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GSK has the potential to reset the peripheral circadian clock in a
phasic manner through the recruitment of N-CoR to Rev-erba [15].

Circadian rhythms are associated with reproductive processes.
In mammals, the central pacemaker controlling circadian rhythms
resides in the suprachiasmatic nuclei (SCN) of the hypothalamus
[16]. Circadian clocks also exist in a wide range of peripheral tis-
sues [17–19]. The master clock in the SCN can synchronize and reg-
ulate downstream oscillators in peripheral tissues [17,20,21].
Recent findings have revealed that peripheral circadian oscillators
also have similar molecular mechanisms similar to that of SCN. The
peripheral clocks are also cell-autonomous and self-sustained, and
can be uncoupled from the SCN by restricted feeding [22,23]. As an
important reproductive organ, rat ovaries show circadian gene
expression [19,24,25]. Our previous studies showed that FSH
induced the circadian oscillation of Per2 in rat granulosa cells
(GCs) [26]. Consistent with our studies, a recent report illustrated
that FSH causes large phase shifts when applied to cultured rat
GCs [25]. The above two reports firmly support the idea that FSH
can provide important endocrine cues and synchronized circadian
clockwork in rat GCs. Substantial reports proved that circadian
clocks exist in ovaries and can be regulated by hormonal signals.
However, the issues of how circadian clocks in the ovary influence
the downstream genes and what genes integrate the circadian
clock and metabolism in the ovary remain largely unknown.

Rev-erba is a critical component of circadian clockwork
[2,3,27]. It acts as a domain clock-controlled gene under the regu-
lation of Bmal1-Clock heterodimer; in turn it has been shown to
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suppress Bmal1 transcription through binding to RORa response
elements (RORE) presenting in Bmal1 promoters [3,28]. In a recent
report, Rev-erba mRNA expression was detected and varied signif-
icantly in the ovaries of wild-type mice across 24 h at diestrus [29].
In addition, Rev-erba expression was found in ovarian GC tumors
identified in a recent report [30]. Given the vital role of Rev-erba
in many physiologic pathways and the expression of Rev-erba in
ovarian cells, we hypothesized that Rev-erba might act as a relay
from circadian rhythm to hormone metabolism and might be in-
volved in the regulation of GC function. In the present study, we
first examined the Per2 oscillations and several canonical clocks
genes expression profiles in rat GCs after synchronization by FSH.
Subsequently, we investigated the role of Rev-erba in the mature
GCs via using a synthetic ligand, GSK.
2. Materials and methods

2.1. Animals

The mouse Per2 promoter region that is sufficient for circadian
oscillations was fused to a destabilized luciferase (dLuc) reporter
gene [31]. Per2-dLuc transgenic rats were generated in accordance
with the method described in the patent publication number WO/
2002/081682 (Y.S. New Technology Institute, Utsunomiya, Japan).
Transgenic rats were maintained under 12-h light and 12-h dark
(zeitgeber time, ZT0: 0800 h light on; ZT12: 2000 h light off) with
water and food ad libitum. All experiments were performed under
the control of the Guidelines for Animal Experiments in the Faculty
of Medicine, Kyushu University, and Law No. 105 and Notification
No. 6 of the Government of Japan.

2.2. Preparation and culture of cells

Mature GCs were prepared according to a previous report [32].
Approximately 1 � 106 GCs were plated on a 35-mm collagen-
coated dish (Iwaki, Tokyo, Japan) with 2 ml DMEM/F12
supplemented with 1� antibiotic–antimycotic (AA; Nacalai Tes-
que, Kyoto, Japan) and 5% charcoal-treated FBS (Invitrogen, Carls-
bad, CA). Cultures were carried out in a humidified atmosphere
of 95% air and 5% CO2 at 37 �C. Cells were cultured for 48 h prior
to other treatments.

2.3. Real-time monitoring of Per2-dLuc oscillations

Attached mature GCs were exposed to serum-free medium sup-
plemented with 15 mM HEPES, 0.1 mM luciferin (Wako, Tokyo, Ja-
pan), 0.1% BSA (Nacalai Tesque), and 1� AA in the presence of
100 ng/ml ovine FSH (NIH-oFSH-S16), then subjected to lumines-
cence determination. Luciferase activity was chronologically mon-
itored at 37 �C with Kronos AB-2500 (ATTO, Tokyo, Japan)
interfaced to a computer for continuous data acquisition, as previ-
ously described [33]. In some experiments, the monitoring was in
the presence of GSK or DMSO (vehicle control).

2.4. RNA extraction, RT-PCR and qPCR

Cultured cells were harvested at the indicated times, and total
RNA was isolated using RNeasy Mini kit (Qiagen), according to
the manufacturer’s protocol. RNA samples were treated with
RNase-free DNase I (Qiagen). The cDNAs were generated by reverse
transcription with random primers using a High Capacity Reverse
Transcription kit (Applied Biosystems). Primer sets used for RT-
PCR and qPCR are listed in Supplemental Table 1. RT-PCR reactions
were carried out in total volume of 20 ll containing 1 ll cDNA
(10 ng/ll), dNTP at a final concentration of 0.2 mM, 200 nM of each
primer and 0.4 unit KOD-plus-enzyme (Toyobo, Osaka, Japan).
Amplification was performed in a programmable thermocycler
(Biometra, Germany). The samples were first denatured at 94 �C
for 2 min, followed by 28 cycles (Gapdh, internal control) or 30 cy-
cles (StAR) (94 �C/15 s, 60 �C/30 s, and 68 �C/15 s), and followed by
68 �C for 5 min. The PCR products were analyzed by electrophore-
sis on 2% agarose gels. The bands were stained by ethidium bro-
mide, and visualized by UV fluorescence. qPCR was performed in
a 15-ll volume containing a 30-ng cDNA sample in a Master SYBR
Green I mixture (Roche Diagnostics) and 500 nM specific primers,
with a Mx3000P Real-time qPCR System (Stratagene) using the
parameters recommended by the manufacturer as previously de-
scribed [32]. All reactions were performed in triplicate and dis-
played amplification efficiency between 80% and 120%. Relative
quantitate of each mRNA was performed using the comparative
quantity (copies) method creating standard curves. The quantity
for each sample was normalized to Gapdh.

2.5. Statistical analyses

All data are presented as means ± SEM of at least three separate
experiments, each performed with triplicate samples. The ampli-
tude of Per2-dLuc was documented by Cosinor analysis using Tim-
ing Series Single 6.3 (Expert Soft Tech., Richelieu, France). The
statistical differences of examined values of target genes in cul-
tured GCs were determined by either Student’s t-test, one-way AN-
OVA or two-way ANOVA using SigmaPlot software (Ver. 11.2;
Systat Software, San Jose, CA, USA). Differences were considered
significant at p < 0.05 or less.
3. Results

3.1. Analysis of Per2-dLuc oscillation and clock gene expression in
mature GCs after synchronization by FSH

The circadian rhythm of in vitro Per2 promoter activity was first
investigated using mature GCs prepared from antral follicles of
Per2-dLuc transgenic rats. The Per2 circadian oscillation was gener-
ated in the presence of 100 ng/ml FSH. After synchronization by
FSH, oscillations were clearly observed in mature GCs, albeit with
a rapid and steady decrease of amplitude (Fig. 1A). To further ana-
lyze the clock system in mature GCs in the presence of FSH, clock
gene transcripts known to comprise the core oscillator ( Bmal1,
Clock, Per2, Rev-erba) as well as the clock-controlled gene StAR
and the maturation marker gene Lhr were measured at indicated
time points according to the first phase. The results are presented
in Fig. 1B. Circadian rhythms of Per2 and Bmal1 transcripts were
obviously anti-phase in mature GCs. In addition, the Per2 transcript
profile was consistent with Per2 circadian oscillation. The Per2
transcript level was 24-h rhythmic in GCs (one-way ANOVA,
p < 0.01). In addition, the circadian variation of the Bmal1 tran-
script was small but nonetheless statistically significant
(p = 0.0458). The expression of the StAR gene showed robustly sig-
nificant changes over the 24-h sampling period (p = 0.002). Expres-
sion of Rev-erba mRNA changed two-fold across 24 h (p < 0.01),
with the maximum expression coinciding with troughs in oscillat-
ing Bmal1 mRNA levels. There were no changes in the expression of
Clock mRNA and Lhr mRNA across 24 h (one-way ANOVA, p > 0.05).

3.2. GSK treatment altered the Per2 oscillations in mature GCs

To determine whether GSK has an effect on the modulation of
circadian rhythm in GCs through increasing the activity of Rev-
erba, the circadian rhythm of in vitro Per2 promoter activity was
investigated using mature GCs. The Per2 circadian oscillation was



Fig. 1. Circadian rhythms of Per2-dLuc expression and clock gene transcript prifiles in the mature GCs in the presence of FSH. (A) Records of bioluminescence showing
circadian profiles of Per2-dLuc expression rhythms in mature GCs (the onset of bioluminescent measurement with 100 ng/ml FSH was set as 0 day). (B) According to the first
Per2-dLuc phase, total RNA was collected at the indicated times (solid line in panel A). qPCR analysis of transcript levels were performed using their specific primers. Gapdh was
used as an internal control. Each value represents the mean ± SEM of three separate experiments. One-way ANOVA was used to determine significant differences among each
value (p < 0.05 or less).

Fig. 2. Effects of exogenous treatment with or without GSK (0.01 mM) in the presence of FSH on circadian rhythms of Per2-dLuc expression in mature GCs. (A) Representative
records of bioluminescence showing the effect of GSK on rhythmic expression of Per2-dLuc in cultured mature GCs. (B) Amplitude of Per2-dLuc expression rhythms after
treatment with vehicle or vehicle + GSK documented by Cosinor analysis. ⁄p < 0.05. (C) Peak times in the first and second phases of Per2-dLuc expression rhythms treated with
or without GSK. Each point represents the mean ± SEM of six separate experiments.
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synchronized by FSH, with or without 0.01 mM GSK. Oscillations
were clearly observed in different treatments (Fig. 2A). It is
interesting to note that GSK significantly decreased the amplitude
of Per2-dLuc compared to FSH treatment alone (Fig. 2B). Also, GSK
induced Per2-dLuc oscillation phase advance shifts in the peak time
of the second phase though the first phase did not show a signifi-
cant difference between GSK and vehicle-only treatment (Fig. 2C).
3.3. The mRNA expression of circadian clock genes, StAR gene and Lhr
gene under the modulation of GSK

In order to examine the function of Rev-erba in mature GCs, we
further investigated the mRNA expression of genes. GCs were trea-
ted with FSH in the presence or absence of 0.01 mM GSK as above
indicated. Twenty-four hours later, cells were then harvested for
RNA extraction and qPCR analysis. The mRNA expression of Clock,
Lhr, and Rev-erba were not significantly different for GSK and vehi-
cle-only treatment (Fig. 3A). However, it seemed significant that
StAR gene expression was greatly increased with the addition of
GSK (4.2-fold). We further investigated whether its effects on StAR
gene expression were time dependent. By sampling synchronized
mature GCs at four time points over a 24-h period, a rhythmicity
was observed in the basal expression of the circadian clock genes
Bmal1 and Rev-erba, when analyzed by one-way ANOVA (Fig. 3B).
Clock transcript levels showed no significant change in the pres-
ence or absence of GSK (two-way ANOVA, p > 0.05). Reasonably,
the expression level of the Bmal1 gene was significantly repressed
in the presence of GSK (two-way ANOVA, p < 0.05). Consistent with
Fig. 3. Gene expression profiles fluctuation regulated by GSK. (A) Expression mRNA level
GCs were cultured two days in vitro and then treated with vehicle or vehicle + GSK (tim
addition of GSK. Data are means ± SEM of three independent determinations. ⁄p < 0.05. (
synchronized by FSH with or without GSK. The RNA samples were collected at four time p
to determine variations of selected genes within one group of four timepoints. Two-way
FSH + GSK treatment groups. (C) Stimulatory effects of GSK on StAR mRNA expression as
GSK. (D) Dose-dependent induction of StAR mRNA level by GSK with the depletion o
supplementation of 5% FBS. Cells were then switched to serum-free DMEM/F12 for ov
(0.01 mM and 0.1 mM) was added and incubated with GCs for another 16 h before harv
Fig. 3A, the StAR transcript level showed a significant increase
across the 24-h period in the presence of GSK. In addition,
RT-PCR analysis revealed GSK stimulatory effect on StAR expres-
sion (Fig. 3C). Because heme is a natural ligand of Rev-erba, the
influence of heme was removed according to a previously de-
scribed method [14]. qPCR data showed that GSK also significantly
increased StAR mRNA expression in a dose-dependent manner
with the depletion of endogenous heme (Fig. 3D).
4. Discussion

Rev-erba is an important NHR in the regulation of cell physiol-
ogy. Substantial evidence has shown that Rev-erba is a circadian
clock component in the maintenance of circadian rhythms [3,27].
GSK, as an agonist of Rev-erba, can significantly suppress Bmal1
gene expression through recruitment of NCo-R complex [13,14].
Here our result proved that Bmal1 mRNA expression was indeed
suppressed with the addition of GSK compared to FSH treatment
only. Also, the amplitude of Per2-dLuc oscillation was significantly
reduced in the presence of GSK. This result is quite reasonable:
since Per2 is directly under the regulation of Bmal1, the inhibition
of Bmal1 expression may downregulate Per2 mRNA expression.
Consistent with our hypothesis, a study illustrated that the expres-
sion level of mPer2 was near baseline levels in Bmal1�/� mice [34].
In addition, our result indicated that GSK exert a Per2 oscillation
phase-shift effect on mature GCs synchronized by FSH. Indeed, a
previous report showed that GSK can reset the circadian clock in
rat-1 fibroblasts and mice primary lung fibroblasts in a phasic
of Clock, Rev-erba, StAR and Lhr with or without GSK in the presense of FSH. Mature
e: 0 h) in the presence of FSH. The RNA samples were collected at 24 h after the

B) Circadan gene expression profiles under the influence of GSK. Mature GCs were
oints according to the first Per2-dLuc phase. Data were analyzed by one-way ANOVA
ANOVA was used to determine significant differences between FSH treatment and
revealed by RT-PCR. The RNA samples were collected at 24 h after the addition of

f exogenous heme. Mature GCs were cultured two days in DMEM/F12 with the
ernight incubation to deplete heme. Then, either DMSO (vehicle control) or GSK
est. ⁄p < 0.05, ⁄⁄p < 0.01.
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manner [15]. The present findings proved that GSK suppressed
Bmal1 expression and altered circadian rhythms in mature GCs,
as in previous studies [8,13–15]. This indicated that GSK is indeed
functional in mature GCs.

In this study, we also examined the role of Rev-erba in the reg-
ulation of StAR, an important gene that regulates the rate-limiting
step of steroidogenesis in gonadal cells. StAR expression is involved
with many transcription factors, such as SF-1, CCAAT/enhancer
binding proteins, Sp1, DAX-1, and other transcription factors
[35]. However, the role of Rev-erba in the regulation of StAR
expression is largely unknown. Here we showed that the Rev-erba
agonist GSK can significantly upregulate StAR expression in mature
GCs. The result might indicate that Rev-erba has an effect in the
regulation of StAR expression. It is interesting to note that Rev-erba
regulates StAR gene expression in largemouth bass as illustrated by
a recent study [36]. That study proved that a putative RORE was
presented at the promoter of the StAR gene within largemouth
bass, rats, mice and other species. It also showed that mutation
of the response element significantly impeded dbcAMP-induced
activation of StAR. Therefore it is concluded that the StAR gene
can be directly under the regulation of Rev-erba, which can mod-
ulate StAR gene expression as a repressor. In contrast, our observa-
tion appeared paradoxical, since recent studies have consistently
shown that Rev-erba is a transcriptional silencer [3,7,28]. We iden-
tified that Rev-erba can significantly induce StAR expression as an
activator in mature GCs. Interestingly, our result is not without
precedent. For example, a recent study proved that Rev-erbb, as a
homolog of Rev-erba, is a transcriptional activator of Srebp-1c in
both the presence and absence of heme [37]. Moreover, the litera-
ture has suggested that some nuclear receptors can perform dual
functions as transcriptional activators and repressors [38]. Apart
from the AF-2 present at the C-terminal LBD, NHRs can also regu-
late gene expression using their N-terminus activation function-1
(AF-1) domain [39,40]. Interestingly, previous studies have shown
that Rev-erba contains a functional AF-1 domain [41]. Based on the
fact that the rat StAR gene promoter contains putative RORE, we
posit that Rev-erba can directly modulate StAR gene expression
as an activator. Our observations raise the interesting question of
whether Rev-erba functions in a species- and gene-specific man-
ner, and strongly indicate that Rev-erba can directly induce and si-
lence gene expression. In addition, some studies have reported that
StAR is a clock-controlled gene under the regulation of the Clock-
Bmal1 heterodimer in reproductive tissues and cells [29,42,43].
Also, our study proved that StAR mRNA displays a 24-h pattern of
changing expression. Therefore, we propose that StAR is a gene un-
der the dual regulation of Bmal1 and Rev-erba.
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Objectives: Activin-A, a member of the TGF-b family, is known to be present in bone and cartilage.
Although, involvement of the TGF-b family in chondrogenesis has been reported, the mechanism by
which activin-A regulates chondrogenesis has not been fully elucidated. The aim of this study was to
investigate the effects of activin-A on chondrocyte differentiation in vitro.
Materials and methods: Monolayer cultures of mouse chondrocyte ATDC cells were pretreated with a vari-
ety of inhibitors of major signaling pathways prior to addition of activin-A. The expressions of sox9, runx2,
and osterix mRNA were detected using real-time PCR. To determine chondrocyte differentiation, sulfated
glycosaminoglycans were stained with Alcian blue. To further elucidate the role of activin-A on chondro-
genesis regulation, phosphorylation of Smad2/3, ERK, JNK, and Akt proteins was determined by western
blotting.
Results: Activin-A suppressed the transcription of sox9, runx2, and osterix mRNA, as well as sulfated gly-
cosaminoglycans accumulation. Activin-A also inhibited constitutive phosphorylation of JNK and Akt pro-
teins. Furthermore, inhibition of the JNK and PI3K-Akt pathways by chemical inhibitors suppressed
chondrogenesis in ATDC5 cells.
Conclusions: These results indicate that activin-A may suppress chondrocyte differentiation in ATDC5
cells via down-regulation of JNK and Akt phosphorylation.

� 2012 Elsevier Inc. All rights reserved.
1. Introduction of homology with that of the mammalian testis-determining factor,
Osteoarthritis (OA), one of the most common joint disorders
worldwide, is characterized by cartilage degeneration and osteo-
phyte formation in joints. Articular cartilage has received much
attention in OA studies, because gross articular cartilage damage
is the most obvious pathologic feature leading to joint dysfunction.
Recent studies have reported that endochondral ossification is an
essential process in pathologic disorders such as osteophyte forma-
tion during OA progression [1,2].

In chondrogenesis, the transcription factor sox9 is considered to
be the master chondrogenic factor. Sox9 is a member of a high-
mobility-group DNA-binding domain that exhibits a high degree
ll rights reserved.
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ara).
SRY (sex determining region of Y chromosome) and is required for
expression of such cartilage specific matrix proteins as collagen type
II, IX, XI, and aggrecan [3,4]. Heterozygous mutations in the human
sox9 gene cause the skeletal malformation syndrome camptomelic
dysplasia [5,6]. Studies in mice have shown that sox9 is required
for multiple steps along the chondrocyte differentiation pathway.
In addition, sox9-deficient cells are known to not participate in mes-
enchymal condensation and do not express extra-cellular matrix
(ECM) genes, which are known to be activated by sox9 in chondro-
cytes [7]. Sox9-deficient cells are excluded from cartilage primordia
throughout embryonic development [8]. In addition, cartilage is
highly hypoplastic in Col2a1-Cre-sox9flox/flox conditional knockout
mice, in which sox9 expression is lost in condensed mesenchymal
cells before differentiation into chondrocytes [9]. These findings
suggest that expression of sox9 in differentiated chondrocyte line-
age cells is essential for cell survival.

Members of the transforming growth factor b (TGF-b) family are
pleiotropic cytokines that are involved in inducing various kinds of
cell differentiation [10]. Activins are closely related to their natural
antagonists, inhibins, which are comprised of a common a subunit
coupled to 1 of 2 b subunits leading to inhibin-A (abA) or inhibin-B
(abB). Homo- and heterodimerization of the abA and abB subunits
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mailto:tatsujin@kyu-dent.ac.jp
http://dx.doi.org/10.1016/j.bbrc.2012.03.003
http://www.sciencedirect.com/science/journal/0006291X
http://www.elsevier.com/locate/ybbrc


S. Mitsugi et al. / Biochemical and Biophysical Research Communications 420 (2012) 380–384 381
result in formation of activin-A (bAbA), activin-AB (bAbB), or acti-
vin-B (bBbB) [11]. Although activin-A is known to be present in
bone and cartilage, neither activin-B nor activin-AB have been de-
tected in bone [12]. Although several studies have reported the role
of activin-A in bone metabolism, conflicting evidence exists con-
cerning the role of activin-A in bone formation and destruction,
while it has also been reported to inhibit and stimulate osteoblas-
togenesis in vitro, and promote osteoclast formation in vitro [13–
16]. In vivo studies have revealed that direct administration of acti-
vin-A increases bone mineral density [17], whereas overexpression
of inhibin-A, which blocks activin-A and other TGF-b family mem-
bers, increases bone mass [18,19].

Several researchers have reported involvement of the TGF-b
family in chondrogenesis, though less attention has been paid to
the impact of activin-A signaling on chondrocyte differentiation.
In the present study, we examined the mechanisms by which acti-
vin-A inhibits chondrocyte differentiation in chondrogenesis.

2. Materials and methods

2.1. Reagents and antibodies

Dulbecco’s modified Eagle’s medium (DMEM) and Ham’s F-12
medium were obtained from Gibco BRL (Grand Island, NY, USA).
Recombinant human activin-A was kindly provided by Institute
for Innovation, Ajinomoto Co. (Kanagawa, Japan). Anti-phospho-
Smad2 monoclonal, anti-Smad2/3 polyclonal, anti-phospho-extra-
cellular signal-regulated kinase (ERK) monoclonal, anti-ERK poly-
clonal, anti-phospho-c-Jun N-terminal kinase (JNK) monoclonal,
anti-phospho-Akt monoclonal, and anti-Akt polyclonal antibodies
were purchased from Cell Signaling Technology Inc. (Beverly, MA,
USA). Anti-JNK monoclonal antibody was obtained from R&D Sys-
tems Inc. (Minneapolis, MN, USA) and anti-b-actin monoclonal
antibody was purchased from Sigma (St. Louis, MO, USA).

2.2. Cell culture

Mouse chondrocyte ATDC5 cells were purchased from Riken
Cell Bank (Ibaraki, Japan) and maintained in a 1:1 mixture of
DMEM/Ham’s F-12 medium containing 5% fetal bovine serum
(FBS), 100 U/ml penicillin G and 100 lg/ml streptomycin, 10 lg/
ml human transferring, and 3 � 10�8 M sodium selenite at 37 �C
in an atmosphere of 5% CO2.

ATDC5 cells were incubated in a serum-free 1% FBS for 24 h,
then treated with FBS-free medium for the experiment, and incu-
bated with activin-A for the indicated times. For signaling inhibi-
tion assays, ATDC5 cells were pre-treated with inhibitors of type
I TGF-b receptor kinase (A-83-01, Santa Cruz Biotechnology, Santa
Cruz, CA, USA), ERK (U0126, Calbiochem, San Diego, CA, USA); JNK
Fig. 1. Activin-A suppresses sox9, runx2, and osterix expression. ATDC5 cells were incubat
reverse-transcribed into cDNA using PCR amplification with SYBR green. PCR amplificati
gapdh. Fold changes in sox9, runx2, and osterix mRNA copy number values shown represe
Student’s t-test.
(SP600125, Calbiochem), or phosphatidylinositol-3-kinase (PI3K)/
Akt (LY294002, Calbiochem) for 1 h, then treated with activin-A
for the indicated times in the presence or absence of each inhibitor.

2.3. Alcian blue staining

Chondrogenic differentiation of ATDC5 cells was determined by
staining sulfated glycosaminoglycans with Alcian blue. ATDC5 cells
(2.5 � 105 cells/ml) were seeded into 6-well plates, and cultured
with activin-A (50 ng/ml) and human recombinant insulin
(10 lg/ml) for 40 days. The medium was changed every 2 days.
Cultured cells were washed and fixed with 4% paraformaldehyde
at room temperature for 10 min. After washing in phosphate-buf-
fered saline (PBS; pH7.2), the cells were incubated overnight at
room temperature with Alcian Blue Solution (pH2.5; Nacalai tes-
que, Kyoto Japan). After being rinsed with distilled water, the
results were recorded with a digital camera.

2.4. Quantitative real-time reverse-transcription polymerase chain
reaction (RT-PCR)

Total RNA was extracted using an RNeasy Mini Kit (QIAGEN Inc.,
Valencia, CA, USA), according to the manufacturer’s instructions.
Obtained RNA was transcribed with SuperScript Reverse
Transcriptase II (Invitrogen, Carlsbad, CA, USA) and amplified using
a Mastercycler gradient (Ependorf AG, Hamburug, Germany). PCR
products were detected using FAST SYBR� Green Master Mix (Ap-
plied Biosystems, Foster Cith, CA, USA) using the following primer
sequences: gapdh forward: 50-GACGGCCGCATCTTCTTGA-30 and
reverse: 50-CACACCGACCTTCACCATTTT-30, runx2 forward: 50-GCC-
GAGCTCCGAA ATGC-30 and reverse: 50-AGATCGTTGAACC-
TGGCTACTTG-30, osterix forward: 50-TCTGTTCCAAGCGCTTTACCA-
30 and reverse: 50-CGTGGGTGCGCTGA TGT-30, and sox9 forward:
50-ACCCACCACTCCCAAAACC-30 and reverse: 50-CGCCCCTCTCGCTT-
CAG-30. Thermal cycling and fluorescence detection were
performed using a StepOne™ Real-Time System (Applied Biosys-
tems). The fold increase in copy numbers of mRNA was calculated
as the relative ratio of the target gene to gapdh.

2.5. Western blotting analysis

The total protein was extracted using Cell Lysis Buffer (Cell
Signaling Technology). Protein contents were measured using a DC
protein assay kit (Bio-Rad, Hercules, CA, USA). Equivalent amounts
of total protein per sample were electrophoresed using SDS–poly-
acrylamide gel electrophoresis (SDS–PAGE) and then transferred
to polyvinylidene difluoride membranes (Millipore Corp., Bedford,
MA, USA). Non-specific binding sites were blocked by immersing
the membrane in 10% skim milk in PBS for 60 min at room temper-
ed with activin-A (50 ng/ml) for the indicated times, then total RNA was isolated and
on was performed using primers specific for (A) sox9, (B) runx2, and (C) osterix and
nt the average ± SD of data derived from triplicate cultures. ⁄P < 0.05; ⁄⁄P < 0.01, by



Fig. 2. Activin-A enhances smad2 and ERK phosphorylation, and suppresses JNK
and Akt phosphorylation. ATDC5 cells were incubated with activin-A (50 ng/ml) for
the indicated times, then whole cell lysates were analyzed by SDS–PAGE and
western blotting analyses. (A) Expressions of phosphorylated Smad2 and ERK1/2.
(B) Expressions of phosphorylated JNK and Akt. Following visualization, the western
blots were stripped and re-probed for Smad2, ERK, JNK, Akt, and b-actin.

Fig. 3. Type I TGF-b receptor kinase inhibition recovered activin-A-dependent suppres
60 min as well as during the addition of activin-A (50 ng/ml) for the indicated times. W
Expressions of phosphorylated Smad2 and ERK1/2. (B) Expressions of phosphorylated JNK
Smad2, ERK, JNK, Akt, and b-actin. (C) Total RNA was isolated and reverse-transcribed int
using sox9, runx2, osterix, and gapdh. Fold changes in sox9, runx2, and osterix mRNA cop
cultures. ⁄⁄P < 0.01, by Student’s t-test. (D) ATDC5 cells were cultured with activin-A (50 n
fixed with 4% paraformaldehyde and stained with Alcian blue.
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ature. After that, the membrane was washed 4 times with PBS, fol-
lowed by incubation with the diluted primary antibody at 4 �C.
Anti-phopsho-Smad2, anti-Smad2/3, anti-phospho-ERK1/2, anti-
ERK1/2, anti-phospho-JNK, anti-JNK, anti-phospho-Akt, anti-Akt,
and anti-b-actin were used as the primary antibodies, while horse-
radish peroxidase-conjugated anti-mouse and anti-rabbit IgG were
used as secondary antibodies (GE Healthcare, Little Chalfont, UK).
After washing the membranes, chemiluminescence was produced
using ECL reagent (Amersham Pharmacia Biotech, Upspsala,
Sweden).

2.6. Statistical analysis

Statistical differences were determined using an unpaired Stu-
dent’s t-test with Bonferroni’s correction for multiple comparisons.
P values less than 0.05 were considered significant. All data are ex-
pressed as the mean ± standard deviation (SD).

3. Results

3.1. Effect of activin-A on chondrocyte differentiation

To determine the effect of activin-A on chondrocyte differentia-
tion, we assessed the mRNA expressions of sox9, runx2, and osterix
as typical markers of chondrocyte differentiation. As early as after
24 h of incubation with activin-A, there was a decrease in sox9
mRNA copies as compared to the untreated control chondrocytes
(Fig. 1A). This effect of activin-A was time-dependent, with the
sion of chondrogenesis. ATDC5 cells were pre-incubated with A-83-01 (1 lM) for
hole cell lysates were analyzed by SDS–PAGE and western blotting analyses. (A)

and Akt. Following visualization, the western blots were stripped and re-probed for
o cDNA using PCR amplification with SYBR green. PCR amplification was performed
y number values shown represent the average ± SD of data derived from triplicate
g/ml) in the presence or absence of A-83-01 (1 lM) for 40 days. Cultured cells were



Fig. 4. Inhibitors of JNK and PI3K-Akt pathways suppress sox9 mRNA expression.
ATDC5 cells were incubated with SP600125 (10 lM) or LY294002 (10 lM) for the
indicated times. (A) Whole cell lysates were probed using antibodies specific for
phosphorylated JNK and Akt. Following visualization, the western blots were
stripped and re-probed for JNK and Akt. (B, C) Total RNA was isolated and reverse-
transcribed into cDNA using PCR amplification with SYBR green. PCR amplification
was performed using sox9, and gapdh. Fold changes in sox9 mRNA copy number
values shown represent the average ± SD of data derived from triplicate cultures.
⁄P < 0.05; ⁄⁄P < 0.01, by Student’s t-test.
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maximum reduction observed after 48 h. As shown in Fig. 1B, C,
treatment with activin-A also produced a statistically significant
reduction in runx2 and osterix mRNA expression by 24 h, and
reached maximal reduction at 48 h.

3.2. Effect of activin-A on signal transduction

Next, we examined the phosphorylation levels of signaling mol-
ecules in the process of chondrogenic differentiation in ATDC5 by
western blotting. Treatment with activin-A enhanced the amount
of phosphorylated Smad2 (Phospho-Smad2) and ERK1/2 (phos-
pho-ERK1/2) protein after 30 min (Fig. 2A). Furthermore, the levels
of phosphorylated JNK (phospho-JNK) and Akt (phospho-Akt) were
down-regulated following addition of activin-A in a time depen-
dent manner up to 180 min (Fig. 2B). However, activin-A caused
no change in p38 MAPK phosphorylation (data not shown).

3.3. Effect of type I TGF-b receptor kinase inhibitor on activin-A
dependent suppression of chondrogenesis

To evaluate the role of Smad2, a key transducer of activin-A sig-
naling in the regulation of chondrogenesis, ATDC5 cells were treated
with type I TGF-b receptor kinase inhibitor (A-83-01) prior to stim-
ulation with activin-A. The activin-A-induced phosphorylation of
Smad2 and ERK was blocked by A-83-01 (Fig. 3A). In contrast, type
I TGF-b receptor kinase inhibition prevented the inhibition of JNK
and Akt phosphorylation by activin-A (Fig. 3B). Real-time RT-PCR
revealed that A-83-01 blocked down-regulation of the mRNA
expressions of sox9, runx2, and osterix by activin-A (Fig. 3C). To
assess the effect of targeting activin-A on chondrocyte differentia-
tion, we determined the effect of activin-A on cartilaginous matrix
accumulation in vitro. Activin-A blocked the matrix accumulation
of ATDC5, whereas A-83-01 prevented its inhibitory activity
(Fig. 3D).

3.4. Effects of chemical inhibitors of signaling pathways on activin-A
dependent suppression of chondrogenesis

To further elucidate the participation of the signaling molecules
in response to activin-A, ATDC5 cells were treated with chemical
inhibitors of the signaling pathway. Following treatment with
SP600125 and LY294002, a substantial inhibition of JNK and Akt
phosphorylation was observed (Fig. 4A). Both inhibitors down-reg-
ulated the expression of sox9 mRNA (Fig. 4B, C). However, inhibi-
tors of ERK (U0126) did not change sox9 mRNA expression (data
not shown).
4. Discussion

In the present study, we used a clonal population of murine
chondrogenic ATDC5 cells to elucidate the direct effect of activin-
A on chondrocyte differentiation. ATDC5 cells were originally iso-
lated from a differentiating culture of AT805 murine feeder-inde-
pendent teratocarcinoma stem cells that expressed a fibroblastic
cell phenotype in the growth phase on the basis of chondrogenic
potential [20]. This cell line is known to be a useful in vitro model
for examining chondrogenic differentiation [21,22] and endochon-
dral ossification [21,23,24]. The main advantage of this system is
that it does not contain any osteoblast/bone marrow stromal cells,
which may also be targets of activin-A activity. We focused on
chondro-progenitor cells to examine the effects of activin-A on dif-
ferentiation and proteoglycan synthesis.

We found that activin-A suppressed chondrogenesis-related
gene expression, including expressions of sox9, runx2, and osterix
in vitro, while blocking activin-A signaling stimulated chondrocyte
differentiation (Fig. 1). These findings are consistent with reports
showing that activin-A acts as an inhibitor of chondrogenic differ-
entiation in limb bud mesodermal cells [25], while they are in con-
trast with other studies showing that activin-A slightly stimulates
proteoglycan synthesis in bovine articular cartilage [26]. We have
no explanation for the reason of the discrepancy, though it may
be due to differences in the cell lines used in these studies. Inter-
estingly, we found that A-83-01 alone increased proteoglycan syn-
thesis of ATDC5 (Fig. 3D). One explanation for this observation is
that this agent binds activin-A, which endogenously enhanced
proteoglycan synthesis.

TGF-b has been widely proven to regulate cell differentiation by
triggering a large variety of signaling cascades, including the Smad
family, and is tightly controlled by feedback mechanisms at differ-
ent levels. Among them, activation of Ras, ERK1/2, and JNK by TGF-
b signaling have been reported in primary intestinal epithelial cells
and some breast cancer cell lines [27,28]. In addition, TGF-b acti-
vated kinase-1 (TAK1), a member of the MEKK family and activator
of JNK and p38 MAPK pathways [29,30], is rapidly activated by
TGF-b in certain cell systems, notably in murine C2C12 monocytes
[31]. In the present study, we demonstrated that Smad2/3 and,
ERK1/2 pathways were rapidly and transiently activated following
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treatment with activin-A in ATDC5. Conversely, activin-A
treatment caused a transient suppression of JNK and Akt phosphor-
ylation (Fig. 2). Inhibition of Smad2/3 phosphorylation by type I
TGF-b receptor kinase inhibitor revealed that these alternations
of ERK1/2, JNK, and PI3K-Akt pathways are required for Smad2/3
phosphorylation (Fig. 3).

OA is generally thought to result from matrix destruction due to
production of proteinases caused by a cryptic stimulus. However,
the molecular mechanisms of cartilage destruction in OA remain
largely unknown. Previous studies have revealed that the endo-
chondral ossification process plays a crucial role in OA develop-
ment as well as in physiological skeletal growth [2,32,33]. This
process starts with hypertrophic differentiation of chondrocytes
characterized by type X collagen expression, followed by conver-
sion of non-vascularized and hypotoxic cartilage tissue into highly
vascular invasion [34]. Aberrant expression of key markers in-
volved in skeletogenesis, including sox9, was observed in mouse
OA models [35]. Furthermore, significantly elevated expressions
of runx2 and osterix were observed in bone samples obtained from
OA patients [36]. Our results in the present study showed that
activin-A reduced the gene expression of sox9, runx2 and osterix,
suggesting that the activin-A administration may be useful as
pharmacotherapy for treatment of OA.

In conclusion, we found that activin-A inhibited chondrogenesis
in ATDC5 cells via down-regulation of JNK and Akt phosphoryla-
tion, suggesting the possible involvement of activin-A in regulation
of chondrogenesis in pathophysiological conditions in vivo.
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Estrogen receptor (ER)-negative breast cancer cells are probably more aggressive with larger metastatic
potential than ER-positive cells. Loss of ER in recurrent breast cancer is associated with poor response to
endocrine therapy. G protein-coupled receptor 30 (GPR30) is expressed in half of ER-negative breast can-
cers. Tumor cell-derived heregulin-b1 (HRG-b1) is also found mainly in ER-negative cancer. In SkBr3
breast cancer cells that lack ER but express GPR30, HRG-b1 upregulates mRNA and protein levels of
GPR30 by promoting ErbB2–ErbB3 heterodimerization and activating the downstream MAPK–ERK signal-
ing pathway. Moreover, GPR30 boosts HRG-b1-induced migration and invasion of SkBr3 cells after com-
binative treatment with E2, 4-hydroxy-tamoxifen or the specific GPR30 agonist G-1, which are blocked
by the specific GPR30 antagonist G-15 or the transfection with the small interfering RNA for GPR30.
The ErbB2 inhibitor AG825 and the MEK1/2 inhibitor U0126 also partly inhibit the enhanced migration
and invasion. Therefore, HRG-b1-induced migration and invasion partly depend on the upregulation of
GPR30 expression through activation of the ErbB2–ERK pathway in SkBr3 cells. The results of this study
indicate that the crosstalk between GPR30 and HRGs signaling is important for endocrine therapy resis-
tance and may provide a new therapeutic way to treat breast cancer.

� 2012 Elsevier Inc. All rights reserved.
1. Introduction Thus, the recent classification may not be enough for personalized
Breast cancer is a highly heterogeneous disease in clinical and
histologic forms. Five subtypes of breast cancer are proposed
according to molecular analyses: luminal A and luminal B, both
of which are estrogen receptor (ER)-positive; basal (ER-negative);
ErbB2-overexpressing; and normal-like [1]. The decision to
use endocrine therapy for breast cancer remains primarily
based on the presence of ERs in tumor today [2]. Trastuzumab
treatment is offered as an option for metastatic and adjuvant
breast cancer over-expressing ErbB2. However, tumors in the
same subtype are not likely to respond to the same treatment.
ll rights reserved.
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therapy selection, and other molecular markers need to be
discovered.

G protein-coupled receptor 30 (GPR30) belongs to the G pro-
tein-coupled receptors (GPCRs) family and is classified as a new
ER because of its high affinity with 17b-estradiol (E2) [3]. Previous
studies have demonstrated that an estrogen-dependent signaling
response is observed not only in MCF-7 cells expressing ER-a,
ER-b, and GPR30, but also in SkBr3 cells expressing only GPR30
[4]. Tamoxifen (TAM) and fulvestrant (ICI 182,780) are used as
endocrine therapy drugs in clinical practice because they inhibit
the classical estrogen receptors a and b signals in breast cancer.
However, recent results indicate that TAM and fulvestrant activate
multiple cellular-signaling pathways via GPR30 [5]. Moreover, a
study of 321 primary breast tumors showed that 60% maintain
GPR30 expression, including half of all ER-negative tumors [6].
GPR30 expression was found to correlate very strongly with tumor
size, ErbB2 expression, and distant metastasis. GPR30 may become
a risk factor in patients that are treated with TAM because TAM is a
potent GPR30 agonist. Thus, activation of GPR30 might actually
promote tissue invasion perhaps independently of ER status for
those GPR30-positive breast cancers [7].
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Discordance of ER status between the primary and metastatic
sites in breast cancer was frequently reported. In most studies,
ER was lost during the metastatic progress [8]. Comparing the ER
status of circulating tumor cells (CTCs) with the primary tumor
in metastatic breast cancer patients, ER can change during the
course of the disease [9]. Most of the CTCs were ER-negative de-
spite the presence of an ER-positive primary tumor. In clinical
studies, more than 10% of cancer cells that express ER in primary
breast cancer is judged as ER-positive and recommended for hor-
mone therapy. The remaining ER-negative cancer cells may be-
come the source of recurrence and metastasis in the future
because they do not respond to the endocrine treatment. ER-nega-
tive cell clusters are likely to represent a population of a more
aggressive cell clone that is under clonal evolution. The size of
ER-negative cell clusters appeared to increase with tumor progres-
sion [10].

Heregulins are a family of ligands for ErbB3 and ErbB4 that con-
sists of four members: HRG1, HRG2, HRG3, and HRG4. HRGs pro-
mote ErbB3 and ErbB4 heterodimerization with other ErbB
family members and activate downstream signaling transduction
pathways, leading to multiple cellular responses [11]. HRGs have
been proposed as an oncogene because of their important func-
tions in various tumors [12], and are also involved in the acquisi-
tion of a hormone-independent phenotype [13] and endocrine
treatment resistance [14].

The crosstalk between GPCRs and ErbBs is a good example of
the interaction in multiple signaling pathways. GPR30, as a mem-
ber of GPCRs, can transactivate the epidermal growth factor recep-
tor (EGFR) signaling pathway [4]. In turn, EGFR ligands epidermal
growth factor (EGF) and transforming growth factor (TGF)-a up-
regulate GPR30 expression in endometrial and breast cancer cells
[15,16]. This positive loop has been implied to contribute to endo-
crine therapy resistance in breast cancer.

Few reports on the crosstalk between GPCRs and HRGs are
available [17,18]. To date, little is known about the HRG2, HRG3,
and HRG4 proteins. HRG1 expression in human cancers has been
observed in thyroid cancers, ovarian cancers, breast cancers, and
prostate tumors, further implicating its role in tumor pathogenesis
[12]. HRG1 can be subdivided into a, b, and c isoforms, with both a
and b isoforms binding to the ErbB3 and ErbB4 receptors. HRG1-b
is more potent than HRG1-a, and shows higher receptor affinity
[19]. HRGs primarily function as paracrine signaling proteins
[11]; thus, the recombinant human HRG-b1 was selected as the
exogenous HRG1 to examine its ability to mediate GPR30 expres-
sion in the present study. Previous reports have revealed that
EGF or HRG-b1 stimulation of ErbB2-overexpressing cells enhances
vascular endothelial growth factor (VEGF) up-regulation, although
HRG-b1 can up-regulate VEGF in the absence of ErbB2 over-expres-
sion [20]. SkBr3 cells were chosen as the experimental model for
the present study because they express GPR30 and over-express
ErbB2, but lack both ERa and ERb [4]. In the present research,
the relationship between GPR30 and HRGs in ER-negative breast
cancer cells was assessed for the first time. The results improved
our understanding on the mechanism of endocrine therapy resis-
tance and may offer new perspectives for designing therapies for
breast cancer.

2. Materials and methods

2.1. Cell culture and reagents

SkBr3 cells were maintained in DMEM medium (Gibco) with
10% fetal bovine serum (FBS, Gibco). The following reagents were
prepared as stock according to the recommendations of the manu-
facturer: Recombinant human HRG-b1 (PeproTech), E2, 4-hydroxy-
tamoxifen (4-OHT), and AG825 (Sigma–Aldrich); AG1478,
LY294002, U0126, and PD98059 (Cell Signaling Technology); G-1
(Merck) and G-15 (Tocris Bioscience). All stock solutions were di-
luted with phenol red-free growth medium for treatments.

2.2. Western blot analysis and immunoprecipitation

Equal amounts of protein lysates were separated using 8–10%
SDS–PAGE and subsequently transferred onto PVDF membranes.
The membranes were incubated overnight at 4 �C with primary
antibodies. After being washed with TBST, the membranes were
then incubated with appropriate secondary antibody for 1 h at
room temperature. Blots were visualized using EZ-ECL chemilumi-
nescence detection kit for HRP (Bioind).

Equal amounts of proteins for immunoprecipitation were incu-
bated with a primary antibody for 2 h at 4 �C, followed by overnight
incubation with 20 ll of protein A agarose beads (Beyotime). The
samples were washed three times with RIPA buffer, resuspended
in 20 ll 2� SDS loading buffer, and boiled for 5 min. The proteins
were then detected using western blot analysis as described above.
Agarose-conjugated normal rabbit IgG (MBL) served as the negative
control IgG.

The following monoclonal (m) and polyclonal (p) antibodies (Ab)
were used: anti GPR30 pAb (1:250), anti-ERK2 pAb (1:2000), and
anti-EGFR phospho (pY845) pAb (1:1000) (Abcam); anti-ErbB2
phospho (pY1248) pAb (1:1000) and anti-ErbB3 pAb (1:1000)
(Bioworlde); anti-EGFR pAb (1:1000) and anti-Akt pAb (1:1000) (Bio-
vision); anti-a-tublin mAb (1:2000) (Beyotime); anti-EGFR phospho
(pY1068) mAb (1:5000), anti-EGFR phospho (pY1173) mAb (1:5000),
anti-ErbB2 mAb (1:5000), anti-ErbB2 phospho (pY1221/pY1222)
mAb (1:5000), anti-ErbB3 phospho (pY1289) mAb (1:5000), anti-
ErbB4 (C-TERM) mAb (1:5000), anti-ErbB4 phospho (pY1188) mAb
(1:1000), anti-Erk1 (pT202/pY204)/Erk2 (pT185/pY187) phospho
mAb (1:10,000), and anti-Akt1 phospho (pS473) mAb (1:5000)
(Epitomics).

2.3. Real-time quantitative polymerase chain reaction (qPCR)

Total RNA was extracted using TRIzol reagent (Invitrogen). cDNA
was synthesized using PrimeScript RT reagent kit (TaKaRa) and was
amplified using SYBR Premix Ex Taq (TaKaRa) following the protocols
of the manufacturer. A StepOnePLUS Real-Time PCR system (Applied
Biosystems) was used for qPCR. The amount of GPR30 mRNA was
normalized to the internal control GAPDH. The relative target
gene expression was calculated using the 2�44Ct method. The
primers used were: 50-GGTGCCAGGACAATGAAATACTC-30 (GPR30
forward) and 50-GATCCGCACATGACAGGTTTATTG-30 (GPR30 re-
verse); 50-GAAGGTGAAGGTCGGAGTCAAC-30 (GAPDH forward) and
50-CCTGGAAGATGGTGATGGGATT-30 (GAPDH reverse).

2.4. Small interfering RNA (siRNA) transfection

Cells were grown to 80% confluence prior to transfection. siRNA
against GPR30 (SiGPR30) or nonspecific presynthesized control
siRNA (scrambled siRNA) were transiently transfected using Lipo-
fectamine 2000 reagent (Invitrogen) following the instructions of
the manufacturer. The sequences of SiGPR30 were 50-GCUGUA-
CAUUGAGCAGAAATT-30 for sense and 50-UUUCUGCUCAAUGUA-
CAGCTT-30 for antisense (GenePharma).

2.5. Migration and invasion assays

Migration experiments were performed using Boyden chambers
(Costar). Cells were serum-starved for 24 h, and then incubated
with the indicated treatment conditions for 24 h in phenol red
and serum-free medium. Subsequently, these cells were seeded
in the upper chambers at a concentration of 1 � 105 cells/well with
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the indicated reagents. Approximately, 400 ll of phenol red-free
medium containing 10% FBS has been previously added to the bot-
tom wells. Cells on the bottom side of the membrane were fixed
and counted after incubation at 37 �C for 48 h.

The operations in invasion assays were similar with the afore-
mentioned migration experiments, except that the chambers were
coated with 40 ll Matrigel (BD) diluted in a serum-free medium
(matrigel:medium = 1:3 ratio).

2.6. Statistical analysis

Data were expressed as means ± standard deviation. The
statistical analysis was performed using ANOVA followed by New-
man–Keuls’ test. A value of P < 0.05 was considered statistically
significant.
3. Results and discussion

3.1. HRG-b1 up-regulates GPR30 expression in SkBr3 cells

After receiving 20 ng/ml HRG-b1 treatment for 12 h, GPR30
mRNA expression increased significantly and reached a higher le-
vel at 24 h (Fig. 1A). The elevation of GPR30 protein expression
was also in a time- and concentration-dependent manner
(Fig. 1B). GPR30 expression levels no longer rose continually and
remained constant when the concentration of HRG-b1 exceeded
20 ng/ml and the time was over 24 h. HRG-b1 has been certified
to enhance VEGF up-regulation in ErbB2-overexpressing cells
[20]. Our results indicated that HRG-b1 increased GPR30 expres-
sion on mRNA and protein levels in SkBr3 cells that over-express
ErbB2.

3.2. Activation of ErbB2/ErbB3–MAPK/ERK signaling pathway is
involved in the mediation of GPR30 by HRG-b1

The regulatory mechanism of GPR30 was still at its preliminary
stage in the past years. EGF, TGF-a, and hypoxia-inducible factor-
1a (HIF-1a) have been proven to up-regulate GPR30 in several cell
types [15,16,21], in which EGFR–ERK signaling pathway has a cen-
tral role. HRG-b1, as a ligand for ErbB3 and ErbB4, can promote
ErbB3 or ErbB4 heterodimerization with other ErbB family
Fig. 1. Regulation of GPR30 expression by HRG-b1 in SkBr3 cells. (A) GPR30 mRNA expre
after cells were treated with 20 ng/ml HRG-b1. GPR30 expression was normalized to GAP
cells that received treatment at different times vs. 0 h. (B) GPR30 protein expression was
b1 for 24 h, or with 20 ng/ml HRG-b1 for different periods. a-Tublin served as the load
received various treatments vs. control group.
members, especially with ErbB2 [11]. ErbB2–ErbB3 complex and
their downstream signaling are becoming increasingly important
in cancer development, despite the traditional focus on EGFR or
EGFR–ErbB2 pathway in cancer research [22]. Based on these
findings, the possible signaling transduction pathway involved in
the regulation of GPR30 by HRG-b1 in SkBr3 cells was subse-
quently examined. The phosphorylation of the tyrosine kinase
domain residue of the ErbB family members was first evaluated
after HRG-b1 addition. In EGFR, no phosphorylation was observed
at Tyr1086, Tyr845, and Tyr1173, and no change was observed at
Tyr1068 (data not shown). In ErbB2, the phosphorylation levels
of Tyr1221/1222 and Tyr1248 sites were the same as the untreated
cells (Fig. 2A). The immediate increase in the phosphorylation of
ErbB3 at its Tyr1289 site persisted for at least 1 h, which was par-
alleled by the activation of the downstream signaling elements
ERK1/2 and Akt (Fig. 2A). The total and phosphorylated ErbB4 were
almost not observed (data not shown), which was consistent with
previous studies [23].

Through immunoprecipitation, more ErbB2–ErbB3 heterodimer
formations were observed in the SkBr3 cells after HRG-b1 treatment
(Fig. 2B). EGFR–ErbB2 or ErbB2–ErbB4 heterodimer formation was
not observed (data not shown). Increased phosphorylation of ErbB3
combined with ErbB2 was also detected after a 15 min treatment
with HRG-b1 (Fig. 2B). These results suggested that ErbB2–ErbB3
was the primary heterodimer after HRG-b1 treatment. In SkBr3
cells, ErbB3 was only trans-phosphorylated by ErbB2 because of
the impaired kinase activity of ErbB3 and the absence of ErbB4
[24]. Therefore, ErbB2–ErbB3 signaling was presumed to be very
important in GPR30 up-regulation by HRG-b1. ErbB2–ErbB3 com-
plex has been reviewed to have more potential than EGFR–ErbB2
in promoting the occurrence and development of breast cancer that
over-express ErbB2 [25].

Considering that HRG-b1-induced stimulation of ErbB2–ErbB3
may activate the downstream signaling MAPK/ERK and PI3K/Akt,
specific pharmacal inhibitors were used to certify the signaling
pathway connected with the regulation of GPR30 expression. The
ErbB2 inhibitor AG 825, the MAPK kinase inhibitor PD 98059,
and the MEK1/2 inhibitor U0126 blocked ERK1/2 activation and
inhibited the HRG-b1-induced GPR30 expression, whereas the
EGFR inhibitor AG 1478 and the PI3K inhibitor LY294002 did not
exhibit any inhibitory effect (Fig. 2C). U0126 is a highly selective
inhibitor of MEK1 and MEK2, but PD 98059 is a selective inhibitor
ssion was evaluated by real-time PCR. At different time points, mRNA was acquired
DH. Data shown are the mean ± SD of three independent experiments. ⁄P < 0.05 for

evaluated by Western blot. Cells were treated with different concentrations of HRG-
ing control. Data represent three independent experiments. ⁄P < 0.05 for cells that



Fig. 2. Mediation of HRG-b1-induced GPR30 expression through the ErbB2–ERK signaling transduction pathway in SkBr3 cells. (A) After treatment with 20 ng/ml HRG-b1 for
different periods, the total and phosphorylated protein of ErbB2, ErbB3, ERK1/2, and Akt were examined via Western blot analysis. Data represent three independent
experiments. ⁄P < 0.05 for cells that received treatment at different times vs. 0 min. (B) After treatment with 20 ng/ml HRG-b1 for 15 min, the conformation of ErbB2/ErbB3
and pErbB3 (Tyr1289)/ErbB2 complexes was detected via coimmunoprecipitation assays. In the control samples, nonspecific IgG was used instead of the primary antibody.
The cell lysate ErbB2 served as the loading control. Data represent three independent experiments. ⁄P < 0.05 for cells that received treatment vs. vehicle (–). (C) Cells were
treated with 20 ng/ml HRG-b1 alone or in combination with the EGFR inhibitor tyrphostin AG1478 (10 lM), the ErbB2 inhibitor tyrphostin AG 825 (10 lM), the MAPK kinase
inhibitor PD98059 (10 lM), the MEK1/2 inhibitor U0126 (10 lM), and the PI3K inhibitor LY294002 (10 lM). All inhibitors were pretreated for 1 h. After 24 h treatment,
GPR30 and ERK1/2 phosphorylation were examined via Western blot analysis. a-Tublin was determined as the loading control. Data represent three independent
experiments. ⁄P < 0.05 for cells that received treatment vs. vehicle (–).
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of MEK1, which may be the reason for the stronger inhibitory effect
of U0126 than PD 98059 on ERK1/2 activation and GPR30 expres-
sion. Our results further indicated that HRG-b1 mediated GPR30
expression through ErbB2–ERK signaling transduction pathway
because ErbB3 requires the assistance of ErbB2 to function prop-
erly in SkBr3 cells as mentioned above. Previous reports indicated
that ErbB2–ERK signaling pathway has been suggested to play a
role in regulating GPCR expressions [26].

3.3. GPR30 up-regulation is involved in the enhanced migration and
invasion by HRG-b1 in SkBr3 cells

ER-negative breast cancer is more aggressive than ER-positive
disease [27], which has the inherent insensitivity to hormonal
agents (tamoxifen, aromatase inhibitors). In addition, half of all
ER-negative tumors express GPR30 [6]. Moreover, the ER antago-
nists in breast tissues, TAM and ICI 182780, act as GPR30 agonists
[28]. GPR30 has been found to play a potential role in cancer pro-
gression [29] and in the development of TAM resistance [30].
Meanwhile, both HRGs and ErbB2 are linked to endocrine therapy
resistance. The binding of HRGs to their receptors and the activa-
tion of the ErbB2 are relative to the decreased response to E2 in
breast carcinomas. HRGs can down-regulate ER protein expression
and lead to a more endocrine-independent phenotype [13]. Tumor
cells-derived HRG-b1 was found mainly in ER-negative breast can-
cer [31]; therefore, the up-regulation of GPR30 by HRG-b1 might
play a role in the biologic behavior of ER-negative breast cancer
cells.

In the current study, the combination of E2, 4-OHT, or the specific
GPR30 agonist G-1 with HRG-b1 treatments evidently enhanced the
migration (Fig. 3A, C) and invasion (Fig. 3B, D) of SkBr3 cells stimu-
lated by each reagent used alone. The effects of migration and inva-
sion were partly blocked by the specific GPR30 antagonist G-15. This
finding was further confirmed by GPR30 knockdown using siRNA
for GPR30. These findings implied that breast cancer cells express-
ing GPR30 with endocrine treatment may have more potential
metastasis after HRG-b1 stimulation.

As aforementioned, ErbB2–ERK signaling pathway was involved
in GPR30 up-regulation by HRG-b1, which probably plays a role in
the mediation of cellular biologic functions as well. The potential
signaling pathway involved in the migration and invasion by
HRG-b1 was subsequently investigated. The enhanced migration
(Fig. 3C) and invasion (Fig. 3D) of SkBr3 cells stimulated by the
combination of G-1 with HRG-b1 or each reagent used alone were
partly blocked by the ErbB2 inhibitor AG825 and the MEK1/2
inhibitor U0126. Therefore, the migration and invasion induced



Fig. 3. Involvement of GPR30 in the migration and invasion promoted by HRG-b1 in SkBr3 cells. After incubated with the indicated reagents for 48 h, cells were counted
under eight high-power fields per filter. Each data point is the mean ± SD of three independent experiments. (A, B) The migration and invasion of SkBr3 cells induced by 10 nM
E2, 100 nM 4-OHT alone, or in combination with 20 ng/ml HRG-b1 were abolished by 1 lM G-15 or GPR30 silencing. ⁄P < 0.05, for cells that received vehicle vs. G-15, or for
cells transfected with scrambled siRNA vs. siGPR30. (C), (D) The migration and invasion of SkBr3 cells induced by 1 lM G-1 alone or in combination with 20 ng/ml HRG-b1
were abolished by 1 lM G-15, GPR30 silencing, 10 lM AG825 or 10 lM U0126. ⁄P < 0.05, for cells that received vehicle vs. different inhibitors, or for cells transfected with
scrambled siRNA vs. siGPR30.
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by HRG-b1 partly depends on the up-regulation of GPR30 expres-
sion through the activation of ErbB2–ERK pathway in SkBr3 cells.

In follow-on research, the relationship between HRGs and
GPR30 needs to be assessed in tissue samples of breast cancer
patients, especially in samples that over-express ErbB2. Consider-
ing that changes of receptor status may take place between the pri-
mary tumor and the metastatic sites, examination of the receptor
expression in the associated metastatic tumor is also necessary
before and after endocrine therapy as far as possible.

In conclusion, the data presented in this study revealed that
HRG-b1 up-regulates GPR30 expression in SkBr3 breast cancer
cells through ErbB2/ErbB3–MAPK/ERK signaling pathway. More-
over, GPR30 boosts HRG-b1-induced migration and invasion of
SkBr3 cells after combinative treatment with E2, 4-OHT, or G-1,
which is blocked by inhibiting ErbB2–ERK pathway. All of these re-
sults imply that the communication between GPR30 and HRG-b1
may play an important role in endocrine therapy resistance and
metastasis of breast cancer. Moreover, the current findings may
facilitate the development of new strategies in controlling human
breast cancer. The combination of GPR30 antagonist with the
inhibitor of ErbBs signaling pathway may become a promising
therapy method for ER-negative breast cancers that express
GPR30.
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a b s t r a c t

MicroRNAs (miRNAs) are important post-transcriptional regulators of various biological processes.
Although our knowledge of miRNA expression and regulation has been increased considerably in recent
years, the regulatory elements for miRNA gene expression (especially for intergenic miRNAs) are not fully
understood. In this study, we identified differentially methylated regions (DMRs) within 1000 bp upstream
from the start site of intergenic miRNAs in human neuroglioma cells using microarrays. Then we identified
a unique sequence pattern, C[N]6CT, within the DMRs using motif analysis. Interestingly, treatment of cells
with a methyl transferase inhibitor (5-aza-2-deoxycytidine, DAC) significantly increased expression of
miRNA genes with a high frequency of the C[N]6CT motif in DMRs. Statistical analysis showed that the fre-
quency of the C[N]6CT motif in DMRs is highly correlated with intergenic miRNA gene expression, suggest-
ing that C[N]6CT motifs associated with DNA methylation regions play a role as regulatory elements for
intergenic miRNA gene expression.

� 2012 Elsevier Inc. All rights reserved.
1. Introduction

MicroRNAs (miRNAs) are small, non-coding RNA molecules that
act as post-transcriptional regulators of gene expression by inhibit-
ing translation or degrading mRNA genes through partial or com-
plete base pairing with complementary sequences of target genes
[1]. In addition, some miRNAs participate in the remodeling of chro-
matin structures [2]. miRNAs are initially transcribed as large pre-
cursor RNAs, or primary miRNAs (pri-miRNA), and sequentially
processed by Drosha and Dicer to produce �22-nucleotide-long
active mature miRNAs [3–5]. miRNAs are highly conserved in multi-
ple organisms and play crucial roles in development, cell differenti-
ation, determination of cell fate, and cancer [6,7].

miRNA genes can be classified into two categories according to
their genomic contexts: intronic and intergenic miRNAs. Intronic
miRNAs are embedded within other genes. Therefore, they are
ll rights reserved.
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II, RNA polymerase II; pol III,
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thought to be transcribed by sharing promoters with host genes
[8]. On the other hand, intergenic miRNAs are believed to have
independent transcription units because they are positioned with-
in flanking regions or in antisense orientation to annotated genes
[9]. Intronic miRNAs are generally believed to be transcribed by
RNA polymerase II (pol II); however, it remains unclear what type
of RNA polymerase is responsible for intergenic miRNA transcrip-
tion, although pol II and RNA polymerase III (pol III) are obvious
candidates. For example, pri-miR-23a�27a�24-2 and pri-miR-21
are transcribed by pol II and have a 50-7-methylguanosine cap
structure and a 30-polyadenylated [poly(A)] tail similar to the
structure of mRNAs [10,11], while miR-517a and miR-517c, which
are interspersed among Alu repeats in the human chromosome 19,
are transcribed by pol III [12].

The transcriptional start site of intergenic miRNA genes usually
occurs within 2 kb upstream from the start site of miRNAs [13].
Using computational methods, several conserved sequence pat-
terns for intergenic miRNA genes, including putative promoters,
have been proposed from various species [14,15]. Among these,
CT repeats are most well known. They are highly conserved among
four species, such as Caenorhabditis elegans, Homo sapiens, Arabid-
opsis thaliana and Oryza sativa, and are abundant within 1000 bp
upstream sequences from miRNA hairpins [14]. Another sequence
pattern, GANNNNGA, was identified within 1000 bp upstream of
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worm miRNAs [15]. However, there is no direct evidence that these
conserved patterns play a role as promoter or regulatory elements.
Currently, the transcriptional mechanisms of most intergenic miR-
NAs are largely unknown.

Epigenetic signatures such as DNA methylation and histone
modification, and the regulation of expression of miRNA genes
are tightly linked similarly to other genes [16–19]. Recently it
was reported that hypermethylation of the human miR-124 loci,
which is the most abundant miRNA in the adult brain and plays
a key role in neurogenesis, inhibits miR124a expression and results
in brain tumors [20–22]. Interestingly, some miRNAs control the
expression of epigenetic regulators, including DNA methyltransfer-
ases and histone deacethylases [23,24]. The fact that miRNA gene
expression can be regulated by DNA methylation indicates the fea-
sibility of using methylated sequences to predict miRNA gene pro-
moters or regulatory elements.

In this study, we found a novel sequence motif, C[N]6CT, for
intergenic miRNA gene expression by predicting sequence patterns
in the differentially methylated regions (DMRs), and by examining
the relationship between the occurrence of this motif and methyl-
ation dependence of gene expression.
2. Materials and methods

2.1. Cell lines and culture

H4 cells, a human neuroglioma cell line, were purchased from
the American Type Culture Collection and cultured in Dulbecco’s
modified Eagle’s medium (DMEM; Invitrogen, Carlsbad, CA, USA)
supplemented with 10% fetal bovine serum (FBS; Invitrogen,
Carlsbad, CA, USA) and 1% antibiotics-antimycotics (Invitrogen,
Carlsbad, CA, USA) at 37 �C in a humidified incubator containing
5% CO2.

2.2. Identification of miRNAs from sequence and annotation data

The genomic coordinates of 1049 human miRNAs were ob-
tained from the miRBase (ver. 16.0) [25], and all sequences and
the annotated data were from the UCSC genome browser (http://
genome.ucsc.edu). A total of 1049 miRNAs were classified into
621 intronic and 428 intergenic miRNAs according their genome
contexts.

2.3. Probe design

Sequences up to 1000 bp upstream from the start site of 428
intergenic miRNAs were retrieved and cleaved into 60-bp-long se-
quences overlapped by 40 bp of adjacent sequence (Fig. 1A).
Chopped sequences were filtered based on sequence redundancy,
low GC ratios (GC ratio < 0.6), and low melting temperatures
(Tm < 85 �C). A total of 7646 sequences were selected as probes
for printing on an Agilent 15K array platform to build a customized
array chip (Chip No. 253347810001).

2.4. Microarray experiment

Genomic DNA was isolated from H4 cells cultured in the presence
or absence of 5 lM DAC, an inhibitor of DNA methyltransferase.
Briefly, after sonicating the genomic DNA (0.5 lg), the fragments
were incubated with 2 lg recombinant methylation-specific binding
protein (MBD2bt) at 4 �C for 4 h on a rocking platform. The enriched
methylated DNA was amplified using a Whole Genome Amplification
Kit (GenomePlex�, Sigma–Aldrich, St. Louis, MO, USA) as recom-
mended by the manufacturer’s instructions. The amplified DNA from
DAC-treated and untreated cells were labeled with cyanine 5 (Cy5)
and cyanine 3 (Cy3), respectively. The labeled DNA samples were
purified using a PCR Purification Kit (QIAquick, Qiagen, Valencia,
CA, USA) and co-hybridized to the customized microarrays according
to the manufacturer’s protocol. The microarrays contained a total of
7646 oligonucleotide probes, including control probes and those cov-
ering the sequences upstream of the miRNA genes.

2.5. Microarray data analysis

The hybridized images were analyzed using an Agilent DNA
Microarray Scanner and data quantification was performed using
Feature Extraction software version 10.7.3.1 (Agilent Technologies,
Palo Alto, CA, USA). Preprocessing of raw data and normalization
steps were performed using R software (http://www.r-project.org).
Background-corrected intensity data were normalized using the
intensity-dependent LOWESS method to remove the dye bias with-
in each array. The p-values for each probe were calculated using
linear fit models implemented in the Limma package (http://bio-
conductor.org/), and the probes within the threshold (p-va-
lue < 0.05) were selected as differentially methylated probes.

2.6. Reverse transcription PCR reaction

Total RNA was isolated using the RecoverAll, Total Nucleic Acid
Isolation Kit (Ambion, Austin, TX, USA), according to the manufac-
turer’s protocol. RNA quantity and purity was determined using
the NanoDrop 1000 spectrophotometer (Thermo Scientific,
Rockford, IL, USA). Reverse transcription was performed using the
TaqMan MicroRNA Reverse Transcription Kit (Applied Biosystems,
Foster City, CA, USA). All reactions were performed as per the man-
ufacturer’s protocol. Rnu6b was used as a negative control.

2.7. Quantitative real-time PCR

Quantitative real-time PCR was performed to amplify miRNAs
with specific primer sets against target miRNAs (Applied
Biosystems, Foster City, CA, USA) using the ABI-7500 Real Time
PCR system according to the manufacturer’s protocol. Template
(10 ng) was amplified in 20 ll reaction volumes. PCR conditions
were as follows: 50 �C for 2 min, 95 �C for 10 min, 50 cycles of
95 �C for 15 s, and 60 �C for 1 min. Experiments were performed
in triplicate.

2.8. Motif analysis

MEME software [26] was used to search for top-ranking degen-
erate motifs within the probe sequences in each cluster, and its
optional parameters were set as follows: optimum motif width
was set to 8–12 bp, occurrence of motif in the input sequences
was set to any number of repetitions in the input sequence, and
other parameters were left as default. Alignment of DMR
sequences was performed using ClustalX (ver. 2.0.12) software
[27] with the default parameters.

3. Results

3.1. Identification of DMRs

To identify DMRs in the upstream of miRNA genes, microarray
analysis was performed using our custom chips. A total of 7646
probes against the 50-flanking region of 428 intergenic miRNA
genes were designed (Fig. 1A) and implemented on the Agilent
15K array chip platform. Genomic DNA was isolated from H4 cells
cultured in the absence or presence of 5-aza-2-deoxycytidine
(DAC). Methylated sequences were enriched using MBD2bt
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proteins. The methyl group-enriched DNAs were labeled with fluo-
rescent dyes and then hybridized with the probes on chips (see
Section 2).

The signal intensities of the 7646 probe spots on each chip
were obtained after LOESS normalization. The Pearson’s correlation
of signal intensities between chips was 0.99 (Supplementary
Fig. S1). By performing a linear fitting and Bayes function analysis,
a total of 161 probes (adjusted p-value < 0.05) were found to have
different methylation levels between DAC-treated and untreated
samples (Fig. 1B) and these were defined as differentially methyl-
ated probes (DMPs). These DMPs were derived from 98 intergenic
miRNAs. The sequences of the DMPs are shown in Supplementary
Table S1.

To determine the distribution of the DMPs on the 50-flanking re-
gion of each gene, we calculated the relative distance of DMPs from
the 50-end of each intergenic miRNA and constructed a frequency
graph for DMPs in 200-bp intervals. As shown in Fig. 1C, the major-
ity of DMPs were located within 400 bp upstream from the start
site of each miRNA, suggesting that the major DMR, which is
defined as the contig of DMPs, overlaps with the region containing
the transcriptional regulatory elements such as promoter and
proximal sequence elements. Interestingly, there is an additional
DMR (20.9% of total DMPs) spanning from -800 to -1000 where
enhancers are usually found.

3.2. Prediction of sequence motifs from DMPs

Because altering genome DNA methylation usually affects the
efficiency of gene expression, it can be assumed that a specific se-
quence motif that regulates the transcription of its target miRNA
gene is located within DMRs. Therefore, we analyzed the DMP se-
quences to predict a sequence motif using MEME software [26],
which is used to predict statistically overrepresented sequence
motifs.

After performing MEME with DMP sequences, we obtained six
significant sequence patterns (p-value < 1.00e�05; Fig. 2A) which
were 8–11 bp long. The most significantly overrepresented pattern
was CNNNNNNCT (C[N]6CT, p-value = 3.22e�18). N designates a
non-conserved nucleotide. CTANCCTC, CTCTNCNC, TCTNNNTNT,
GAGGTNTGATC, and CNNAGNGAC were also selected as significant
patterns, the p-values of which were 2.15e�07, 5.26e�07,
2.34e�05, 2.80e�05, and 8.22e�05, respectively. It should be
noted that there was a significant difference between the p-values
for the C[N]6CT pattern and CTANCCTC (11 logarithmic order), sug-
gesting that C[N]6CT is a major sequence motif in DMRs. Interest-
ingly, CTANCCTC and CTCTNCNC patterns, as well as C[N]6CT,
contain two cytosine residues at positions 1 and 8, suggesting
the cytosine residues at these positions are important for these
patterns.

When performing multiple sequence alignment with 161 DMPs
using the ClustalX program [27], only a single consensus sequence,
CNNNNNNC (C[N]6C), was found in all DMPs, which was also com-
posed of conserved cytosine residues at position 1 and 8 (see
Supplementary Fig. S2). It should be noted that this C[N]6C motif
is highly similar to the C[N]6CT pattern predicted by MEME. These
results suggest that the two conserved cytosine residues at posi-
tions 1 and 8 are likely embedded in the regulatory elements,
and that the C[N]6CT pattern may be a potential regulatory motif
for intergenic miRNA gene expression. Thus, we selected the
C[N]6CT pattern as a candidate motif of regulatory element for
intergenic miRNA expression.

We next examined the C[N]6CT pattern within 1000 bp up-
stream of 98 intergenic miRNAs that contain DMPs, and identified
a total of 1766 C[N]6CT motifs. Among the 1766 C[N]6CT motifs,
189 (10.7%) were located in DMPs (Supplementary Table S2). Over-
all, the number of C[N]6CT motifs found in DMPs is small compared
to that found in non-DMPs. However, further analysis of this motif
showed that each gene contains a different frequency of C[N]6CT
motifs in its DMPs. For example, miR-200c has three DMRs, and
16 out of 22 C[N]6CT motifs (72.7%) are concentrated in the DMRs
(top line in Fig. 2B). In miR-124-1, there are four largely methyl-
ated regions that contain 11 out of 28 C[N]6CT motifs (39.3%)
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Fig. 2. Identification of significant sequence patterns and the distribution of C[N]6CT motifs on the 50-flank of intergenic miRNA genes. (A) Six highly significant motifs were
identified in the DMRs using MEME software (see Section 2). Consensus designates the conserved sequence at each position. N represents non-conserved nucleotides. Motif
logos are the graphically represented sequences showing homology at each position. The p-value designates significance of the sequences calculated against the random
sequences. (B) Schematic representation of the genomic region encompassing miR-200c, miR-124-1, and miR-92b showing the distribution of C[N]6CT motifs. The blue box
represents DMR, which is the contig of DMPs. C[N]6CT motifs are marked with triangles. All features were drawn based on the distance from the 50-end of each miRNA.
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(middle line in Fig. 2B). On the other hand, miR-92b contains three
methylated regions, but there is no C[N]6CT motif in these regions
(bottom line in Fig. 2B).

3.3. Effect of demethylation on intergenic miRNA expression

It is important to determine whether the expression level of
intergenic miRNA changes depending on the frequency of
C[N]6CT motifs in DMRs. Therefore, we first treated H4 cells with
DAC to demethylate DNA. Then we isolated total RNA and mea-
sured the expression levels using quantitative PCR analysis against
eight selected intergenic miRNA genes: one miRNA which had the
highest frequency of C[N]6CT motifs in DMRs (miR-200c), two with
a 30–40% frequency (miR-124-1, miR-375), two with a 20–30%
frequency (miR-34c, miR-210), one with a 10–20% frequency
(miR-212), and two with less than 10% frequency (miR-3188 and
miR-92b), all of which had more than three DMRs in their
upstream regions but had no or only one C[N]6CT motif in the
DMRs (see Supplementary Table S2). Rnu6b was used as a negative
control. As shown in Fig. 3, the expression levels of six of eight
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Fig. 3. Measurement of intergenic miRNA gene expression by qPCR. The intergenic miRN
shows the experimental condition treated with (+) and without (�) DAC, respectively. T
miRNA after treating the cells with DAC. The fold change of non-treated cells was set to
intergenic miRNAs (miR-200c, miR-124-1, miR-375, miR-34c,
miR-210, and miR-212) increased significantly in DAC-treated cells
compared to untreated normal cells. The expression level of miR-
200c, which shows the highest frequency of C[N]6CT motifs in
DMRs (72.7%), was increased by 22.3-fold after DAC treatment.
The expression levels of miR-124-1, miR-375, miR-34c, miR-210,
and miR-212 were also increased by 11.3, 9.4, 8.4, 3.5, and
13.2-fold after DAC treatment, respectively. On the other hand,
DAC treatment did not significantly change the expression levels
of miR-92b or miR-3188. It should be noted that the frequencies
of the C[N]6CT motif in the DMR of miR-92b and miR-3188 are less
than 10%, although they have more than three DMRs. These results
strongly suggest that the frequency of C[N]6CT motifs in DMRs is
related to intergenic miRNA expression.

3.4. Correlations between the C[N]6CT motif in DMRs and intergenic
miRNA expression

Because the expression of intergenic miRNA genes were chan-
ged after DAC treatment in a motif-frequency dependent manner,
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we analyzed the relationship between the frequency of the C[N]6CT
motif in DMRs and the expression of intergenic miRNAs induced by
demethylation. Correlation analysis between the fold changes of
gene expression and the frequency of C[N]6CT motifs in DMRs
was performed with the eight miRNA genes described in the
previous section. After performing Pearson’s correlation test
using those miRNAs, we obtained a high correlation value of 0.87
(p-value = 4.3e�03) between the frequency of C[N]6CT motifs in
DMRs and the fold changes in miRNA expression after demethyla-
tion (Fig. 4).

These results indicate that the frequency of C[N]6CT motifs in
DMRs plays a role in the expression efficiency of intergenic miR-
NAs in conjunction with the methylation status, and strongly sug-
gests that the C[N]6CT sequence pattern in DMRs is a methylation-
dependent regulatory motif for intergenic miRNA expression.

4. Discussion

After identifying 161 DMPs within 1000 bp upstream of human
intergenic miRNAs using microarray analysis, we searched for
motifs within the DMRs and found a sequence motif, C[N]6CT,
which is conserved in the DMRs. Previous studies have reported
that CT-repeat microsatellites are abundant within 1000 bp up-
stream of most intergenic miRNA ([14] and references therein).
Some motifs containing CT-repeats, including (CCT)n, (CCTT)n,
(CGCT)n, and (CCTCT)n, have previously been identified in plants
[28,29]. Among these, the (CCT)n and (CCTCT)n motifs are very
similar to the C[N]6CT motif, which have two cytosine residues at
positions 1 and 8. In other words, when n equals 3 in (CCT)n, the
sequence of the motif will be CCTCCTCCT, which can be repre-
sented as C[N]6CT. Similarly, (CCTCT)n can also be represented as
CC[N]6CT when n equals 2. Therefore, the C[N]6CT motif is highly
similar to (CCT)n and (CCTCT)n.

The C[N]6CT motif must be located in DMRs to play a role as a
regulatory element because the expression was increased in the
genes with high frequency of the C[N]6CT motif in DMRs after
DAC treatment. It is possible that the cytosine residues at positions
1 and 8 of the C[N]6CT motif in DMRs are methylated because they
are found in methylated regions. The fact that this motif is associ-
ated with the expression of intergenic miRNA genes in a motif-
frequency dependent manner suggests that the C[N]6CT motif reg-
ulates gene expression by methylation/demethylation of cytosine.

Our findings indicate that the regulation of gene expression by
C[N]6CT motif is closely associated with DNA methylation status
and the frequency of C[N]6CT motif occurrence in DMRs of
intergenic miRNA gene. This motif may be a regulatory factor bind-
ing site for transcription factors or demethylase. Combining the
DNA methylation signature with the C[N]6CT motif may be useful
for computationally predicting novel intergenic miRNAs.
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Amyotrophic lateral sclerosis (ALS) is a neurodegenerative disease characterized by the progressive and
fatal loss of motor neurons. In ALS, there is a significant cell proliferation in response to neurodegener-
ation; however, the exact molecular mechanisms of cell proliferation and differentiation are unclear.
The Wnt signaling pathway has been shown to be involved in neurodegenerative processes. Wnt3a,
b-catenin, and Cyclin D1 are three key signaling molecules of the Wnt/b-catenin signaling pathway.
We determined the expression of Wnt3a, b-catenin, and Cyclin D1 in the adult spinal cord of SOD1G93A

ALS transgenic mice at different stages by RT-PCR, Western blot, and immunofluorescence labeling tech-
niques. We found that the mRNA and protein of Wnt3a and Cyclin D1 in the spinal cord of the ALS mice
were upregulated compared to those in wild-type mice. In addition, b-catenin translocated from the cell
membrane to the nucleus and subsequently activated transcription of the target gene, Cyclin D1. BrdU
and Cyclin D1 double-positive cells were increased in the spinal cord of these mice. Moreover, Wnt3a,
b-catenin, and Cyclin D1 were also expressed in both neurons and astrocytes. The expression of Wnt3a,
b-catenin or Cyclin D1 in mature GFAP+ astrocytes increased. Moreover, BrdU/Cyclin D1/GFAP triple-
positive cells were detected in the ALS mice. Our findings suggest that neurodegeneration activates the
Wnt/b-catenin signaling pathway, which is associated with glial proliferation in the adult spinal cord
of ALS transgenic mice. This mechanism may be significant in clinical gene therapy.

� 2012 Elsevier Inc. All rights reserved.
1. Introduction

Amyotrophic lateral sclerosis (ALS) also known as Lou Gehrigis
diseases, is an adult-onset neurodegenerative disease, character-
ized by the progressive and fatal loss of motor neurons in the
brainstem and spinal cord [1]. Although most cases of ALS are
sporadic in origin, 10–15% are familial (familial ALS) [2]. Among
this particular, approximately 20% possess a mutation in the gene
that encodes for the enzyme copper/zinc superoxide dismutase
(SOD1) [3]. Although more than 125 different mutations in SOD1
have been identified in patients with familial ALS [4], most of the
ll rights reserved.

OD1, copper/zinc superoxide
; LRP, low-density lipoprotein
ncer factor/T-cell factor.
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uan).
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disease symptoms caused by these mutations are similar, suggest-
ing that the progressive degeneration of motor neurons in ALS is
caused by one or several factors. The putative mechanisms of the
progressive degeneration of motor neurons include growth factor
deficiency, mitochondrial abnormalities, axonal disorganization,
oxidative stress, inflammation, and excitotoxicity, among others
[5,6]. The exact mechanisms responsible for motor neuron degen-
eration in ALS, however, are not completely understood and few
therapeutic options have emerged for slowing down disease
progression. Our previous study [7] showed that there was a signif-
icant cell proliferation in response to neurodegeneration in ALS,
however, the exact molecular mechanisms of cell proliferation
and differentiation are unclear.

Canonical Wnt/b-catenin signaling plays an important role in a
variety of cellular events, including cell proliferation, differentia-
tion, migration and morphogenesis. In the presence of Wnt, bind-
ing of Wnts to a Frizzled receptor and low-density lipoprotein
receptor-related protein 5/6 (LRP5/6) co-receptor triggers the
recruitment of the cytoplasmic component, Disheveled, which

http://dx.doi.org/10.1016/j.bbrc.2012.03.006
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inhibits the phosphorylation of b-catenin by glycogen synthase
kinase 3 beta (GSK-3b). This results in an increase in the stability
of b-catenin and its translocation to the nucleus, where it can inter-
act with members of the lymphoid enhancer factor/T-cell factor
(TCF/LEF) transcription factors and subsequently regulate the
expression of downstream target genes, such as c-myc and Cyclin
D1 [8,9]. The Wnt signaling pathway has also previously been
demonstrated to be involved in neurodegenerative processes. The
down-regulated Wnt signaling pathway was found to be associ-
ated with rat brain degeneration in Alzheimer’s disease (AD)
[10], and abnormalities of the Wnt signaling pathway were found
to be related to Huntington’s disease (HD) [11]. The roles of the
Wnt signaling pathway in the pathogenesis of ALS have not yet
been reported.

In this study, the expression of Wnt3a, b-catenin, and Cyclin D1
in the adult spinal cord of SOD1G93A transgenic mice was analyzed.
To find new targets for the treatment of ALS, our study examined
the role of Wnt/b-catenin signaling in the cell proliferation and dif-
ferentiation in the spinal cord of ALS transgenic mice, which may
have important significance in clinical gene therapy.
2. Materials and methods

2.1. Experimental animals and tissue preparation

Mice carrying the mutated human SOD1G93A gene and wild-
type human SOD1 gene were obtained from Jackson Laboratories
(Bar Harbor, ME, USA). Mice were crossbred and genotyping was
performed using genomic DNA from mouse-tail tissue, as sug-
gested by the Jackson Laboratory genotyping protocol. The Animal
Ethics Committee of the University approved all working protocols.
Mice were sacrificed at an early, middle, and end stage (95 d, 108 d
and 122 d, respectively) and spinal cords were quickly removed.
The samples were either saved in liquid nitrogen for molecular
biology analysis or immersed and fixed in 4% paraformaldehyde
for immunohistological analysis. The methods of tissue processing
and bromodeoxyuridine injection strategy were described previ-
ously [7].

2.2. RNA extraction & reverse transcriptase PCR

Total RNA was obtained from spinal cord tissue using Trizol Re-
agent (Invitrogen) following the instructions of the manufacturer.
The total RNA (2 lg) was reverse-transcribed with SuperScript II
Reverse Transcriptase (Invitrogen). RNA samples were treated with
RNase-free DNase I (Fermentas). A PCR was performed with the
following primers: (b-catenin) sense, 50TTTCCCAGTCCTTCAC-
GCAAG30; antisense, 50TAGAGCAGACAGACAGCACCTTC30; (Cyclin
D1) sense, 50TGTGAGGAGCAGAAGTGCGAAGA30; antisense, 50

TGTTCACCAGAAGCAGTTCCATTTG30; (b-actin) sense, 50GTCGTACC-
ACAGGCATTGTGATGG30; antisense, 50GCAATGCCTGGGTACATGG-
TGG30. The band intensity was evaluated using UVI Soft Image
Acquisition and Analysis software (UVItec, Cambridge, UK). Endog-
enous b-actin expression was used as a control.

2.3. Real-time PCR

Real-time PCR was performed with the Rotor-Gene 3000 Real-
time PCR System (Corbett Research). The following primers were
used: (Wnt3a) sense, 50CTTTCGCAGTGACACGCTC30; antisense,
50CCTGGCATCGGCAAACT30; (b-actin) sense, 50CCTGTACGCCA-
ACACAGTGC30; antisense, 50ATACTCCTGCTTGCTGATCC30. Amplifi-
cation was performed with the following program cycle: initial
melting temperature, 95 �C for 5 min followed by 40 cycles of
95 �C for 10 s, 59 �C for 15 s, 72 �C for 20 s, and 83 �C for 5 s. The
cycle number at which a statistically significant increase in the
Wnt3a gene was first detected (threshold cycle, Ct) was normal-
ized to the Ct for b-actin, which was used as an endogenous refer-
ence gene. The difference in the relative expression between ALS
and wild-type mice was calculated using the 2�DDCt method.

2.4. Western blot analysis

The isolated spinal cords were mechanically homogenized in ly-
sis buffer (50 mM Tris–HCl (pH 7.4), 50 mM NaCl, 1% Triton X-100,
1 mM EDTA, 20 mM NaF, 2 mM Na3VO4, 1 mM PMSF, 1 lg/ml apro-
tinin, 1 lg/ml leupeptin, and 1 lg/ml pepstatin). Homogenates
were clarified by centrifugation at 14,000g for 15 min at 4 �C, and
total extracts were obtained from the supernatant. Proteins were
separated by SDS–PAGE electrophoresis (100 lg of total protein
per well) and then transferred onto nitrocellulose membranes.
The membranes were then blocked in 5% fat free milk with 0.05%
Tween�-20 for 1 h at room temperature with constant agitation,
followed by overnight incubation in rabbit anti-Wnt3a antibody
(Abcam), rabbit anti-b-catenin (6B3) antibody (Cell Signaling), rab-
bit anti-Cyclin D1 antibody (Epitomics), mouse anti-b-actin anti-
body (Sigma) at 4 �C. Immunoreactive bands were visualized by
peroxidase-conjugated secondary antibodies (Jackson ImmunoRe-
search) and subsequent ECL-development.

2.5. Preparation of nuclear protein extraction

Nuclear protein from the spinal cords was extracted according
to the NE-PER Nuclear and Cytoplasmic Extraction Reagents man-
ufacturer’s instructions (Thermo). Rabbit anti-LMNB1 antibody
(Proteintech Group, Inc.) and rabbit anti-b-catenin (6B3) antibody
(Cell Signaling) were used. Nuclear b-catenin protein levels were
normalized to those of LMNB1, which was used as an internal
control.

2.6. Immunofluorescence labeling

Sections were blocked in 10% goat serum for 30 min at 37 �C,
and incubated with primary antibody overnight at 4 �C. The follow-
ing primary antibodies were applied: rabbit anti-Wnt3a IgG
(Abcam), rabbit anti-b-catenin IgG (Cell Signaling) and rabbit
anti-Cyclin D1 IgG (Epitomics). The samples were soaked for 2 h
in 0.01 M PBS, pH 7.4 with 0.1% Triton X-100 containing goat
anti-rabbit IgG conjugated to Cy3 (Jackson ImmunoResearch). Fi-
nally, the nuclei were stained with Hoechst33258. For BrdU stain-
ing, cryosections were pretreated with 2 N HCl at 37 �C for 30 min
and incubated with 0.4% (w/v) prewarmed pepsin in 0.01 N HCl at
37 �C for 10 min. For double labeling, two compatible primary anti-
bodies were simultaneously applied overnight at 4 �C. The follow-
ing primary antibodies were applied: mouse anti-BrdU IgG
(Sigma), rabbit anti-Wnt3a IgG (Abcam), rabbit anti-b-catenin
IgG (Cell Signaling), chicken anti-GFAP IgY (Abcam), chicken anti-
b-tubulinIII IgY (Abcam), and rabbit anti-Cyclin D1 IgG (Epitomics).
The samples were then incubated for 2 h in 0.01 M PBS, pH 7.4
with 0.1% Triton X-100 containing two of the following secondary
antibodies: goat anti-mouse IgG conjugated to FITC (Jackson
ImmunoResearch), or goat anti-rabbit IgG conjugated to Cy3 (Jack-
son ImmunoResearch) or goat anti-Chicken IgY-H&L (DyLight�488)
(Abcam). For triple labeling, three compatible primary antibodies
were simultaneously applied overnight at 4 �C. The following sec-
ondary antibodies were used: goat anti-mouse IgG conjugated to
FITC (Jackson ImmunoResearch), goat anti-rabbit IgG conjugated
to Cy3 (Jackson ImmunoResearch) and donkey anti-chicken IgY
conjugated to Cy5 (Millipore). As negative controls, we performed
staining in the absence of the primary antibodies by only adding
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PBS to the sections. Sections were documented with a fluorescence
or laser scanning confocal microscope.

2.7. Statistical analysis

The data are represented as mean ± standard deviation (SDs)
and analyzed using one-way ANOVA procedures. The significance
level is defined as p < 0.05.

3. Results and discussion

3.1. Neurodegeneration upregulates the expression of Wnt3a in the
spinal cord of ALS mice with disease progression

Wnt3a, one type of secreted protein in the Wnt/b-catenin sig-
naling pathway, initiates Wnt signaling. We performed real-time
Fig. 1. The expression of Wnt3a in the adult spinal cord of ALS and wild-type (WT) m
Representative Western blot of Wnt3a. b-actin was used as an internal control. (C) The
tubulinIII colocalization in gray matter of 122-day-old mice. (E) The percentage of posit
GFAP colocalization in the gray matter of 122-day-old mice. (G) The percentage of po
⁄⁄p < 0.01 vs. wild-type littermates.
PCR analysis to examine possible changes in Wnt3a mRNA expres-
sion over time. Our results showed that Wnt3a mRNA levels were
upregulated at the age of 95 d, 108 d, and 122 d in the spinal cord
of ALS mice compared with wild-type mice (Fig. 1A). Wnt3a pro-
tein levels were also upregulated (Fig. 1B and C), where we ob-
served a consistent change in the expression of Wnt3a protein
that corresponded with those of Wnt3a mRNA. To investigate
the distribution and localization of Wnt3a, we analyzed the
expression of Wnt3a by immunofluorescence labeling. Wnt3a-po-
sitive cells were detected in the gray and white matter of the
spinal cord, with a few Wnt3a-positive cells found in the central
canal. Within the gray matter, the majority of the Wnt3a-positive
cells were located in the ventral horn. Nerve fibers were also posi-
tive within the white matter. In ALS mice, the distribution of
Wnt3a was similar to that in wild-type mice, and the majority of
Wnt3a-positive cells were in the ventral horn of the gray matter
ice. (A) The relative mRNA levels of Wnt3a analyzed by real-time PCR (n = 4). (B)
relative intensity of Wnt3a protein analyzed by Western blot (n = 5). (D) Wnt3a/b-
ive Wnt3a+/b-tubulinIII+ cells in the ventral horn of gray matter (n = 4). (F) Wnt3a/
sitive Wnt3a +/GFAP+ cells in the gray matter (n = 4). Scale bar = 50 lm. ⁄p < 0.05,
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(Fig. 1D), the locus of neurodegeneration. Moreover, within the
white matter, the number of myelinated axons decreased due to
neuronal loss [12].

BrdU and Wnt3a double immunofluorescence staining were
used to demonstrate the localization of Wnt3a in proliferating
cells; however, no BrdU/Wnt3a double-positive cells were de-
tected (data not shown). This may suggest that there was a lack
of Wnt3a expression in proliferating cells. Wnt3a/b-tubulinIII and
Wnt3a/GFAP double immunofluorescence staining were per-
formed to demonstrate the localization of Wnt3a in differentiated
cells, such as in b-tubulinIII+ neurons and GFAP+ mature astrocytes.
Our results revealed that in wild-type mice, most of the Wnt3a-
positive cells were immunopositive for b-tubulinIII (Fig. 1D) and
a few of the Wnt3a-positive cells were immunopositive for GFAP
(Fig. 1F), suggesting that Wnt3a was expressed predominantly in
Fig. 2. The expression of b-catenin in the adult spinal cord of ALS and wild-type (WT) mic
internal control. (B) The relative intensity of total b-catenin protein as analyzed by Weste
was used as an internal control. (D) The relative intensity of the nuclear b-catenin protein
gray matter of 108-day-old mice. (F) The percentage of positive b-catenin+/b-tubulinIII+

the gray matter of 108-day-old mice. (H) The percentage of positive b-catenin+/GFAP+ c
littermates.
b-tubulinIII+ neurons and in a few GFAP+ mature astrocytes. In
ALS mice, especially at 122 d (considered to be the end stage of
the ALS disease model), the number of Wnt3a/GFAP double-
positive cells were markedly increased (Fig. 1G), but Wnt3a/b-tub-
ulinIII double-positive cells in the ventral horn, the locus of
neurodegeneration, were decreased (Fig. 1E). This may suggest that
the expression of Wnt3a in neurons decreased due to neuronal loss
[12] and that the expression of Wnt3a in mature astrocytes had in-
creased with neurodegeneration. This is consistent with our previ-
ous studies demonstrating mature GFAP+ astrocytes were found to
be markedly increased at the end stage of ALS [7]. The increasing
astrocytes in response to neurodegeneration were proven to
protect neurons from damage in ALS [13].

The direct activation of the Wnt signaling pathway by Wnt3a li-
gand had previously been demonstrated to prevent the toxic ef-
e. (A) Representative Western blot of total b-catenin protein. b-actin was used as an
rn blot (n = 5). (C) Representative Western blot of nuclear b-catenin protein. LMNB1
was analyzed by Western blot (n = 5). (E) b-catenin/b-tubulinIII colocalization in the
cells in the ventral horn of gray matter (n = 4). (G) b-catenin/GFAP colocalization in
ells in the gray matter (n = 4). Scale bar = 50 lm. ⁄p < 0.05, ⁄⁄p < 0.01 vs. wild-type
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fects induced by amyloid-b-peptide (Ab) in rat hippocampal neu-
rons. Wnt3a inhibited GSK-3b activity and tau phosphorylation,
and protected hippocampal neurons from apoptosis induced by
Ab. Frzb-1, a secreted Wnt antagonist protein, was able to reverse
the Wnt3a neuroprotective effects on cell survival against Ab tox-
icity, suggesting that Wnt3a loss-of-function may play a role in
triggering neurodegeneration in AD [9,14]. Activation of the
nuclear factor erythroid-2-related transcription factor 2 (Nrf2) in
astrocytes coordinates the upregulation of antioxidant defenses
and conferred protection to neighboring neurons. Overexpression
of Nrf2 in astrocytes protected motor neurons from mutant hSOD1
toxicity and significantly delayed onset and extended survival in
ALS mice [15].
Fig. 3. The expression of Cyclin D1 in the adult spinal cord of ALS and wild-type (WT) m
(B) The relative mRNA levels of Cyclin D1 as analyzed by RT-PCR (n = 5). (C) Representativ
relative intensity of Cyclin D1 protein as analyzed by Western blot (n = 5). (E) Cyclin D1/b
of positive Cyclin D1+/b-tubulinIII+ cells in the ventral horn of gray matter (n = 4). (G
percentage of positive Cyclin D1+/GFAP+ cells in the gray matter (n = 4). Scale bar = 50 l
3.2. b-catenin translocates from the cell membrane to the nucleus in
the spinal cord of ALS mice

b-catenin is an important key regulatory factor, which can
transmit the Wnt signal from the cytoplasm to the nucleus. Loss
of membrane b-catenin and the accumulation of cytoplasmic or
nuclear b-catenin may prompt abnormal changes in b-catenin pro-
tein expression. In this study, our results showed that there were
no clear changes in b-catenin mRNA and total protein levels
(Fig. 2A and B) in the spinal cord between wild-type and ALS mice.
At the middle (108 d) and end stage (122 d) of the ALS disease
model, we found that nuclear b-catenin protein levels in the ALS
spinal cord were increased (Fig. 2C and D), suggesting that b-cate-
ice. (A) Representative RT-PCR of Cyclin D1. b-actin was used as an internal control.
e Western blot of Cyclin D1 protein. b-actin was used as an internal control. (D) The
-tubulinIII colocalization in the gray matter of 122-day-old mice. (F) The percentage
) Cyclin D1/GFAP colocalization in the gray matter of 122-day-old mice. (H) The
m.⁄p < 0.05, ⁄⁄p < 0.01 vs. wild-type littermates.
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nin translocated to the cell nucleus during the progression of ALS,
leading to the upregulation of nuclear b-catenin protein levels. The
results obtained from our immunofluorescence labeling showed
that b-catenin-positive cells were localized mainly to the nuclei
at the middle (108 d) and end stage (122 d) of ALS, compared with
wild-type mice, implying that during the progression of ALS, there
was a loss of membrane b-catenin and an accumulation of nuclear
b-catenin. Nuclear translocation of b-catenin from the cell mem-
brane or the cytoplasm is a sign of activation of the canonical
Wnt signaling pathway. The activitiation of Wnt/b-catenin signal-
ing pathway are likely to be associated with the upregulation of
Wnt3a.

BrdU/b-catenin double-positive cells were detected in neither
wild-type nor ALS mice (data not shown). b-catenin/b-tubulinIII
and b-catenin/GFAP double-positive cells were detected in both
ALS and wild-type mice, but most of the b-catenin-positive cells
were also immunopositive for b-tubulinIII (Fig. 2E), although a
few were GFAP-positive (Fig. 2G). This shows that b-catenin is
mainly expressed in b-tubulinIII+ neurons, with small amount in
mature GFAP+ astrocytes. In ALS mice, especially at day 122, the
number of b-catenin/GFAP double-positive cells were increased
(Fig. 2H) and the number of b-catenin/b-tubulinIII double-positive
cells in the ventral horn were decreased (Fig. 2F), suggesting that
Fig. 4. BrdU/Cyclin D1 and BrdU/Cyclin D1/GFAP colocalization in the adult spinal cord o
(GM) and white matter (WM) of 95-day-old mice. (B) The analysis of BrdU/Cyclin D1 dou
and wild-type (WT) mice. The total number of labeled cells were counted (n = 5). For e
staining of BrdU, Cyclin D1 and GFAP in the adult spinal cord of 95-day-old ALS mice. Im
(WM). Scale bar = 50 lm. ⁄p < 0.05 vs. wild-type littermates.
the expression of b-catenin in mature GFAP+ astrocytes increased
and the expression of b-catenin in b-tubulinIII+ neurons decreased
as a result of the loss of neurons at the end stage of neurodegener-
ative disease [12]. Reactive astrocytes have a protective effect on
neurons. Recent evidence supports the role of b-catenin as a sur-
vival factor in AD. Tau hyperphosphorylation accompanied by in-
creases in the nuclear translocation of b-catenin prevented cells
from undergoing apoptosis. Further, reduced levels of b-catenin
antagonized the anti-apoptotic effect of tau [16].

3.3. Upregulation of Cyclin D1 in the spinal cord of ALS mice is
associated with glial proliferation

As one type of downstream target gene of the Wnt/b-catenin
signaling pathway, Cyclin D1 is an important nuclear transcription
factor, which can regulate the cell cycle. High levels of Cyclin D1
mRNA and protein promoted cell proliferation [17].

RT-PCR tests revealed that Cyclin D1 mRNA was upregulated in
the ALS spinal cord compared with the wild-type spinal cord at the
age of 95 d, 108 d, and 122 d; the changes of Cyclin D1 mRNA at
122 d were observed to be the most robust (Fig. 3A and B). In-
creased Cyclin D1 mRNA levels resulted in increased protein levels
(Fig. 3C and D). The results of our immunofluorescence labeling
f ALS and wild-type (WT) mice. (A) BrdU/Cyclin D1 colocalization in the gray matter
ble positive cells in the gray matter (GM) and white matter (WM) of 95-day-old ALS
ach mouse, 10 representative slides were selected. (C) Triple immunofluorescence
munohistochemistry images were taken of the gray matter (GM) and white matter
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showed that Cyclin D1-positive cells were detected in the gray
matter, white matter, and the central canal in both ALS and wild-
type mice. The number of Cyclin D1-positive cells were distinctly
increased in the gray and white matter as well as in the central ca-
nal of spinal cord in ALS mice at the age of 95 d, 108 d, and 122 d.

Double immunofluorescence staining suggested that Cyclin D1
was expressed in both proliferating and differentiated cells. BrdU
and Cyclin D1 double-positive cells were detected in the gray
and white matter of spinal cord in both ALS and wild-type mice
(Fig. 4A). The number of BrdU and Cyclin D1 double-positive cells
in the spinal cord of ALS mice (95-day-old) were increased
(Fig. 4B), suggesting an increase in the expression of Cyclin D1 in
proliferating cells. Cyclin D1/b-tubulinIII and Cyclin D1/GFAP dou-
ble-positive cells were detected in both sets of mice (Fig. 3E and G),
implying that Cyclin D1 expressed in b-tubulinIII+ neurons and
mature GFAP+ astrocytes. In ALS mice, the number of Cyclin D1/
GFAP and Cyclin D1/b-tubulinIII double-positive cells both in-
creased during ALS progression (Fig. 3F and H). In particular, we
found a robust increase in Cyclin D1/GFAP double-positive cells,
suggesting that the expression of Cyclin D1 in GFAP+ mature astro-
cytes had increased markedly. Because of the progressive degener-
ation of motor neurons and the increasing number of astrocytes in
ALS, the upward trends of Cyclin D1/b-tubulinIII were lower than
that of Cyclin D1/GFAP.

To identify the differentiation of proliferating cells, triple
labeling of BrdU/Cyclin D1/b-tubulinIII and BrdU/Cyclin D1/GFAP
was performed. Our results showed that BrdU/Cyclin D1/GFAP
triple-positive cells were detected in ALS mice (Fig. 4C); however,
BrdU/Cyclin D1/b-tubulinIII triple-positive cells were not detected
(data not shown), implying that proliferating cells expressing
Cyclin D1 may be differentiated largely into glial cells and not
neurons.

Taken together with our study, these findings demonstrate that
as target genes of the Wnt/b-catenin signaling pathway, the upreg-
ulation of Cyclin D1 mRNA and protein are likely to be associated
with the activation of the Wnt/b-catenin signaling pathway.
Upregulation of Wnt3a induces the translocation of b-catenin from
the cell membrane to the nucleus, activating the Wnt/b-catenin
signaling pathway. Nuclear translocation of b-catenin activates
transcription of Cyclin D1 by acting on TCF/LEF binding sites.
Upregulation of Cyclin D1 leads to cells entering into the S-phase,
and causes an increase in cell proliferation and the proliferating
cells differentiated largely into glial cells. Activation of the Wnt/
b-catenin signaling pathway increased the expression of b-catenin
and Cyclin D1 mRNA and protein, which played an important role
in the genesis and development of Alzheimer’s disease [18].

Recent studies have shown that the Wnt/b-catenin signaling
pathway is capable of regulating cell proliferation and differentia-
tion [19–21]. Wnt3a signaling induced b-catenin nuclear transloca-
tion and activated the Wnt pathway in rat bone marrow
mesenchymal stem cells (rMSC), thereby promoting the prolifera-
tion, myogenic differentiation, and migration of rMSC [19]. b-cate-
nin also plays an important role in regulating the cell proliferation
or differentiation [20]. Cyclin D1, a known direct target gene of
Wnt/b-catenin signaling, was activated by an increased expression
of Wnt1 in the developing mid/hindbrain, thus potentially enhanc-
ing the proliferation of local precursors [21].

In conclusion, activation of the Wnt/b-catenin signaling path-
way is associated with glial proliferation in the adult spinal cord
of ALS transgenic mice, which may protect neurons from further
damage during the progression of ALS. Further research is needed
to gather more evidence to demonstrate the protective roles of the
Wnt/b-catenin signaling pathway. Drugs targeting the key signal-
ing molecules that activate the Wnt/b-catenin signaling pathway
may be a new avenue to pursue for ALS treatment.
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a b s t r a c t

Down syndrome is the most common genetic disorder and is characterized by three copies of chromo-
some 21. Regulator of calcineurin 1 (RCAN1) is located close to the Down syndrome critical region (distal
part of chromosome 21), and its product functions as an endogenous inhibitor of calcineurin signaling.
RCAN1 protein stability is regulated by several inflammatory signaling factors, though the underlying
mechanisms remain incompletely understood. Here, we report that RCAN1 interacts with the inflamma-
tion-linked transcription factor, signal transducer and activator of transcription 2 (STAT2) in mammalian
cells. STAT2 overexpression decreased levels of RCAN1 protein. Decreases in RCAN1 were blocked by a
proteasome inhibitor, indicating that STAT2 regulates RCAN1 degradation via the ubiquitin–proteasome
system. Co-immunoprecipitation/immunoblot analyses showed that STAT2 enhanced RCAN1 ubiquitina-
tion through the ubiquitin E3 ligase FBW7. This pathway appeared to be physiologically relevant, as treat-
ment of cells with interferon-a reduced RCAN1 levels through the activation of STAT2 and FBW7.
Together, these results suggest that STAT2 influences diverse cellular processes linked to RCAN1 by
negatively affecting RCAN1 protein stability.

� 2012 Elsevier Inc. All rights reserved.
1. Introduction

The regulator of calcineurin 1 (RCAN1) was identified as a pro-
tein product of the Down syndrome critical region 1 (DSCR1; also
known as Adapt78, MCIP1, or calcipressin 1) gene on human chro-
mosome 21 [1]. RCAN1 has been shown to be involved in cardiac
valve development, cardiac hypertrophy, inflammation, angiogen-
esis, and cancer [2]. Preferentially expressed in the heart, skeletal
muscle, and brain, RCAN1 binds to and regulates calcineurin, a
Ca2+/calmodulin-dependent protein phosphatase 2B that mediates
many cellular responses, including lymphocyte activation and neu-
ronal and muscle development [3,4]. Although RCAN1 inhibits cal-
cineurin-dependent responses when overexpressed, it regulates
calcineurin through two paradoxical actions [3–5]. That is, RCAN1
inhibits calcineurin signaling through an auto-regulatory feedback
ll rights reserved.

ms Biology, College of Life
120-749, Republic of Korea.
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mechanism, while it stimulates calcineurin after being phosphory-
lated by the GSK3 family of protein kinases.

RCAN1 gene consists of seven exons plus the first alternative
one (exon 1 through 4) [1]. There are four possible transcripts,
and the major transcriptional products are isoforms that include
exon 1 (RCAN1-1) or 4 (RCAN1-4). RCAN1-1 encodes a protein of
197 amino acids and is primarily abundant in the fetal and adult
brains [1]. Recent study revealed an additional start site upstream
of exon 1, which leads to the production of RCAN1-1 with 252
amino acids [6]. In order to avoid confusion between these two
products, the former short form is referred as RCAN1-1S (short
from) and the latter as RCAN1-1L (long-form).

Signal transducer and activator of transcription 2 (STAT2), one
of seven mammalian STAT proteins, is known to be a key interferon
(IFN)-signaling molecule in the Janus kinase (JAK)/STAT pathway
[7]. In response to type I IFN (IFN-a, -b, and -x) stimulation,
IFN-a and -b receptor-associated JAK1 and Tyk2 are phosphory-
lated and activated [8]. Activated JAKs then phosphorylate tyrosine
residues on STAT1 and STAT2, resulting in the dimerization and
nuclear translocation of STAT1–STAT2 heterodimers. In the nu-
cleus, STATs interact with IRF-9/p48 protein to form ISGF3
complexes, which then bind to a specific DNA sequence in target

http://dx.doi.org/10.1016/j.bbrc.2012.03.007
mailto:kchung@yonsei.ac.kr
http://dx.doi.org/10.1016/j.bbrc.2012.03.007
http://www.sciencedirect.com/science/journal/0006291X
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genes [9]. Recent studies have shown that STAT2 plays a pivotal
role in blood development, immune responses, and myogenic dif-
ferentiation [10,11].

In this study, we set out to explore additional roles and/or reg-
ulatory modes of RCAN1 (RCAN1-1S). Using yeast two-hybrid as-
say, we identified several previously unreported RCAN1-binding
partners, including STAT2. We further explored the interaction be-
tween RCAN1 and STAT2 as well as its functional consequences,
focusing on the regulatory mechanism of RCAN1 stability. We
found that RCAN1 physically interacts with STAT2 in mammalian
cells, resulting in decreased RCAN1 protein levels. In addition,
STAT2 reduced RCAN1 levels through the ubiquitin E3 ligase
FBW7. Furthermore, IFN-a-activated STAT2 enhanced the RCAN1
degradation, providing evidence of a cytokine-induced RCAN1 deg-
radation pathway involving STAT2 and FBW7.
2. Materials and methods

2.1. Materials

Anti-RCAN1 antibody was purchased from Abgent and ECM Bio-
sciences. Anti-STAT2, anti-histone H1, anti-a-tubulin, anti-ubiqui-
tin, and anti-Hsp90 antibodies were purchased from Santa Cruz
Biotechnology. Mammalian expression vectors for HA- or Myc-
tagged human wild-type RCAN1 (RCAN1-1S) were kindly provided
by S. de la Luna and Z. Zhang, respectively. Plasmids encoding Flag-
or Myc-tagged STAT2 were provided by R. Fagerlund and J.H. Ahn,
respectively. Plasmids encoding Flag-tagged wild-type FBW7
(FBW7-WT) and its dominant-negative mutant lacking the C-ter-
minal 8xWD40 domain (FBW7-D8xWD40) were kindly provided
by B.E. Clurman, and Myc-tagged FBW7 by H.S. Park. Mammalian
construct encoding HA-tagged human wild type ubiquitin was ob-
tained from T. Dawson. HA-tagged mammalian expression vectors
encoding RCAN1 mutants with deletions spanning amino acids 1–
95 (RCAN11–95), 1–125 (RCAN11–125), 30–197 (RCAN130–197), and
90–197 (RCAN190–197) were constructed by PCR and subcloning
into pCMV-HA-4T1 (Clontech). All constructs were confirmed by
DNA sequencing.

2.2. Cell culture and DNA transfection

Human sarcoma 2fTGH cells (STAT2 +/+) and STAT2-null human
sarcoma U6A cells (STAT2 �/�) were kindly provided by G.R. Stark.
These two cell lines and human embryonic kidney 293 (HEK293)
cells were maintained in DMEM containing 10% FBS and
100 unit/ml penicillin–streptomycin. The cells were transfected
with LipofectAMINE PLUS reagent, according to the manufacturer’s
protocols.

2.3. Immunoprecipitation and immunoblotting

Cells were rinsed twice with ice-cold phosphate-buffered saline
(PBS), scraped with 1% Nonidet P40 lysis buffer (50 mM Tris, pH
7.5; 1.0% Nonidet P-40; 150 mM NaCl; 10% glycerol; 1 mM Na3VO4;
1 lg/ml leupeptin; 1 lg/ml aprotinin; 1 mM EGTA; 1 mM EDTA;
10 mM NaF; 0.2 mM phenylmethylsulfonyl fluoride), and briefly
sonicated. Lysates were collected by centrifugation at 13,000�g
for 20 min at 4 oC. Immunoprecipitation followed by immunoblot-
ing was performed as described previoulsy [12].

2.4. Immunocytochemistry

After DNA transfection for 24 h, immunocytochemical analaysis
was performed as described previoulsy [12]. Where specified, sam-
ples were stained with 4, 6-diamidino-2-phenylindole (DAPI) using
the SlowFade Antifade kit (Invitrogen). Fixed cells were visualized
using a LSM-510 META confocal microscope (Carl Zeiss, Gottingen,
Germany).

2.5. Preparation of cytosolic and nuclear fractions

Cells were washed with ice-cold PBS and suspended in hypo-
tonic buffer (10 mM HEPES, pH 7.9; 1.5 mM MgCl2; 10 mM KCl)
supplemented with protease inhibitors, including dithiothreitol,
aprotinin, and leupeptin. The cells were then incubated for
30 min on ice, lysed with a disposable syringe, and centrifuged at
1000�g for 15 min at 4 �C. The supernatants were saved and used
as the cytosolic fraction. The nuclear pellet fractions were washed
with hypotonic buffer and lysed with 1.0% NP-40 lysis buffer.
Supernatants were collected after centrifugation at 15,000�g for
15 min at 4 �C.

2.6. Statistical analysis

Statistical differences were determined using a one-way ANO-
VA with Tukey post test. All values were expressed as mean ± SD.
3. Results

3.1. RCAN1 specifically binds to STAT2

To investigate the additional cellular roles and/or regulatory
modes of RCAN1, we performed yeast two-hybrid screening of a
human fetal brain cDNA library using full-length RCAN1 as bait
[13,14]. We identified several previously unreported RCAN1-
binding partners, including NF-jB-inducing kinase (NIK) [13],
Tollip [14], and STAT2 (data not shown). To further assess the
interaction between RCAN1 and STAT2 as well as the functional
role of this interaction, we investigated whether RCAN1 is specifi-
cally associated with STAT2 in mammalian cells. HEK293 cells
were transiently transfected with plasmids encoding HA-tagged
RCAN1 alone or together with Myc-tagged STAT2, and immunopre-
cipitation of cell lysates was performed using anti-HA antibody.
Immunoblot analysis of anti-HA-immunocomplexes with anti-
Myc antibody revealed that ectopically expressed RCAN1 bound
to STAT2 in HEK293 cells (Fig. 1A). Interestingly, RCAN1 levels
were lower in cells co-transfected with STAT2 and RCAN1 than in
cells transfected with RCAN1 alone (Fig. 1A). These results suggest
that RCAN1-bound STAT2 negatively affects RCAN1 protein levels
in HEK293 cells. Immunocytochemical analysis of HEK293 cells
transfected with HA-RCAN1 and Myc-STAT2 confirmed the co-
localization of these two proteins, which were mainly present in
the cytoplasmic regions (Fig. 1B). To exclude the possibility that
this binding occurred due to an artifact of DNA transfection, we
tested whether endogenous RCAN1 interacts with endogenous
STAT2 in the 2fTGH human sarcoma cell line. Immunoblot analysis
of anti-RCAN1 IgG co-immunoprecipitates using anti-STAT2 anti-
serum demonstrated the specific interaction between these two
endogenous proteins in 2fTGH cells (Fig. 1C). Overall, these data
suggest that specific interactions occur between RCAN1 and STAT2
in mammalian cells.

To determine which domain(s) within RCAN1 protein is
responsible for the interaction with STAT2, several constructs
encoding deleted RCAN1 fragments fused to HA (Fig. 1D) were
generated, and co-immunoprecipitation/immunoblot assays were
performed. As shown in Fig. 1E, immunoblot analysis of anti-
STAT2 immunocomplexes with anti-HA IgG revealed that STAT2
bound well to full length RCAN1 as well as several RCAN1 pep-
tides, such as RCAN11–95, RCAN11–125, and RCAN130–197. However,
it did not bind to RCAN196–197 (Fig. 1E). This result suggests that



Fig. 1. The interaction between RCAN1 and STAT2. (A) HEK293 cells were mock-transfected or transfected for 24 h with plasmids encoding either HA-RCAN1 and/or Myc-
STAT2. The cell lysates were immunoprecipitated with anti-HA antibody, and immunoprecipitates were analyzed by immunoblot with anti-Myc or anti-HA antibodies. The
proper expression of transfected proteins in cell lysates was checked with the specified antiserum. Equal loading of the samples was confirmed by immunoblotting with anti-
HSP90 antibody. (B) HEK293 cells were co-transfected with HA-RCAN1 and Myc-STAT2 for 24 h, fixed, permeabilized, and labeled with anti-HA or anti-Myc antibody for 24 h.
The cells were then stained with TRITC-conjugated anti-rabbit, FITC-conjugated anti-mouse secondary antibodies. Nuclei were counterstained with DAPI. (C)
Immunocomplexes prepared with preimmune IgG or anti-RCAN1 antibodies were probed with anti-STAT2 antibodies. The expression of RCAN1 and STAT2 in cell extracts
was determined by immunoblotting. (D) Diagram of HA-tagged wild-type RCAN1 and its deletion mutants. (E) HEK293 cells were transfected with Flag-STAT2 alone or
together with various HA-tagged deletion RCAN1 mutants, as indicated. Total lysates and anti-Flag immunoprecipitates were analyzed by immunoblot with anti-HA or anti-
Flag antibodies. Asterisk indicates the nonspecific bands.
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the N-terminal 30–95 amino acid region of RCAN1 is critical for
the interaction with STAT2.
3.2. STAT2 overexpression decreases RCAN1 protein levels

As shown in Fig. 1, co-expression of STAT2 appeared to appre-
ciably reduce RCAN1 protein levels compared to expression of
RCAN1 alone. Thus, we investigated how the transcription factor
STAT2 may lead to a decrease in RCAN1 levels. First, we confirmed
that STAT2 reduces RCAN1 levels by transfecting HEK293 cells
with HA-tagged RCAN1 either alone or with increasing amounts
of Myc-tagged STAT2. We found that increasing the amount of
STAT2 decreased RCAN1 levels in a dose-dependent manner
(Fig. 2A). Next, we analyzed the effect of STAT2 on the sub-cellular
localization of RCAN1 and vice versa. Immunoblot analysis of cyto-
plasmic and nuclear fractions from HEK293 cell lysates revealed
that the sub-cellular localization of STAT2 was not considerably
affected by RCAN1 (Fig. 2B). However, RCAN1 was absent from
the nucleus in the presence of STAT2 (Fig. 2B). To understand
whether endogenous STAT2 similarly affects the level of endoge-
nous RCAN1, we compared RCAN1 levels in the 2fTGH human
sarcoma cell line, which contains wild-type STAT2, and the U6A
cell line, a mutant human sarcoma cell line lacking STAT2 [14].
Immunoblot analysis of the two cell lysates with anti-RCAN1 anti-
bodies demonstrated that endogenous RCAN1 levels were about
2-fold lower in 2fTGH cells than in U6A cells (Fig. 2C and D).
Moreover, the ectopic expression of STAT2 in STAT2-deficient
U6A cells decreased RCAN1 levels (Fig. 2E). These results show that
STAT2 actually mediates a reduction in RCAN1 protein levels.
3.3. STAT2 enhances RCAN1 degradation via the UPS

RCAN1 has been reported to be processed by the intracellular
ubiquitin–proteasome system (UPS) [12]. This finding led us to
investigate whether STAT2-induced decreases in RCAN1 occur
through the UPS. Pretreatment of HEK293 cells with the protea-
some inhibitor MG132 restored RCAN1 levels in STAT2 and RCAN1
co-transfected cells to those seen in control cells transfected with
RCAN1 alone (Fig. 3A). To confirm this finding and to assess
whether STAT2-induced decrease in RCAN1 may occur through
other intracellular protein degradation systems, we analyzed the
effect of various protease inhibitors on RCAN1 protein levels under
STAT2 overexpression. The protease inhibitors examined were the
proteasomal inhibitor lactacystin, the calpain inhibitor calpeptin,
the pan caspase inhibitor Z-VAD-FMK, and the lysosomal inhibitor
NH4Cl. Similar to MG132, lactacystin blocked the decrease in
RCAN1 levels caused by STAT2 overexpression (Fig. 3B). However,
none of the other inhibitors affected STAT2-induced decreases in
RCAN1 (Fig. 3B). These results indicate that STAT2 decreases
RCAN1 protein level mainly through the UPS.

Next, we tested whether STAT2 affects the ubiquitination of
RCAN1. HEK293 cells were transfected with HA-tagged ubiquitin



Fig. 2. STAT2 overexpression reduces RCAN1 levels. (A) HEK293 cells were transfected with HA-tagged RCAN1 alone or together with the increasing amounts of Myc-STAT2.
RCAN1 and STAT2 levels were determined by immunoblotting with anti-HA and anti-Myc antibody. (B) HEK293 cells were transfected with HA-RCAN1 and/or Myc-STAT2 for
24 h and fractionated into cytosolic and nuclear fractions, which were then analyzed by immunoblot with anti-HA or anti-Myc antibodies. The purity of each fraction was
confirmed by immunoblotting of a-tubulin (cytosolic marker) or histone H1 (nuclear marker). (C) Endogenous RCAN1 levels in 2fTGH and U6A cells were analyzed by
immunoblotting with anti-RCAN1 antibodies. (D) Quantification of RCAN1 levels in each sample. Error bars indicate ± SD. in triplicate experiments. ⁄⁄p < 0.05 compared to
2fTGH. (E) STAT2-deficient U6A cells were transfected for 24 h with Myc-tagged STAT2 plasmid, and endogenous RCAN1 levels were analyzed by immunoblotting and
quantified. The values at the bottom of the top panel indicate the relative intensities of RCAN1 bands measured using the ImageJ program (NIH).

Fig. 3. STAT2-induced decreases in RCAN1 occur via the UPS. HEK293 cells were transfected with HA-RCAN1 alone or together with Flag-STAT2 for 24 h (A). Cells were then
left untreated or treated with 10 lM MG132 for 6 h (A & B). Alternatively, they were treated with 10 lM lactacystin, 50 lM calpeptin, 10 lM Z-VAD-FMK, or 15 mM NH4Cl (B)
for 6 h. The expression of HA-RCAN1-S and Flag-STAT2 in cell lysates was assessed by immunoblotting with anti-HA or anti-Flag antibody. Equal loading among samples was
confirmed by analyzing HSP90 (A), and equal transfection yield was confirmed using GFP-vector (B). In panel (C), HEK293 cells were transfected for 24 h with HA-tagged
ubiquitin alone or along with Myc-tagged RCAN1 ± Flag-tagged STAT2. Cells were then treated with 10 lM MG132 for 6 h. Lysates were immunoprecipitated with anti-Myc
antibodies, and immunoprecipitates were analyzed by immunoblotting with anti-HA antibody. Asterisk indicates the nonspecific bands.
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alone or along with Myc-tagged RCAN1 ± Flag-tagged STAT2. Cells
were then treated with MG132, and the ubiquitination pattern of
RCAN1 was examined. Immunoblot analysis of anti-Myc immuno-
complexes with anti-HA antiserum revealed that STAT2 overex-
pression increased the extent of RCAN1 ubiquitination (Fig. 3C).
These results indicate that RCAN1 becomes more poly-ubiquitinat-
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ed in the presence of STAT2, an outcome that would lead to
increased RCAN1 degradation via the proteasome.
3.4. RCAN1 and STAT2 interacts with FBW7 in mammalian cells

The SCFFBW7 ubiquitin E3 ligase complex has recently been
shown to trigger the degradation of Rcn1, a yeast homologue of
RCAN1 [15]. To understand whether RCAN1 is also a substrate
for the ubiquitin E3 ligase FBW7 in mammalian systems, we trans-
fected HEK293 cells with plasmids encoding HA-tagged RCAN1
and/or Myc-tagged FBW7 for 24 h, treated the cells with MG132
for another 6 h, and performed immunoprecipitations using anti-
HA or anti-Myc antibodies. Immunoblot analysis of immunocom-
plexes obtained with anti-HA or anti-Flag antibody revealed that
RCAN1 also interacted with FBW7 in HEK293 cells (Fig. 4A). This
suggests that RCAN1 could be a target for the ubiquitin E3 ligase
FBW7 in mammalian cells.

Next, we assessed whether STAT2 also interacts with FBW7.
HEK293 cells were transfected with plasmid encoding Myc-
STAT2 alone or together with either Flag-tagged wild-type
FBW7 or the FBW7-D8xWD40 mutant, which lacks the C-termi-
nal 8-times WD40-repeat domain (Fig. 4B). Immunoblot analysis
of anti-Flag immunoprecipitates with anti-Myc IgG showed that
STAT2 also bound to wild-type FBW7 (Fig. 4C), but not to the
FBW7-D8xWD40 mutant (Fig. 4D). As the WD40-repeat domains
are mainly involved in the substrate recognition of FBW7, this
Fig. 4. FBW7 mediates STAT2-induced degradation of RCAN1. (A) HEK293 cells were mo
for 24 h. They were then treated with 10 lM MG132 for 6 h. Cell lysates were immunop
with the indicated antiserum. (B) Diagram of wild-type (FBW7-WT) and a FBW7 deletio
mock-transfected or transfected with Myc-STAT2 or Flag-FBW7 alone or together fo
immunoblot analysis was performed using anti-HA antibody. (D) HEK293 cells were e
alone or in combination. Immunoprecipitation/immunoblot assays were then performed
FBW7-WT (WT), or Flag-FBW7-D8xWD40 (MT) alone or together for 24 h. The cell lysate
values at the bottom of the top panel indicate the relative quantities of HA-RCAN1 ban
endogenous RCAN1 levels in cell extracts were determined by immunoblotting with
phosphorylated TYK2. The values at the bottom of the top panel indicate the relative qu
result suggests that a functional link between STAT2 and FBW7
exists.

3.5. FBW7 mediates STAT2-induced degradation of RCAN1

Next, we tested whether STAT2-induced degradation of RCAN1
occurs through FBW7. To check whether RCAN1 is cleaved by
FBW7, we co-transfected HEK293 cells with STAT2 and either
wild-type FBW7 or the dominant-negative FBW7-D8xWD40 mu-
tant. Immunoblot analysis showed that, like STAT2, FBW7-WT sig-
nificantly decreased RCAN1 levels, while FBW7-D8xWD40 had
�2.5-fold less effect (Fig. 4E). In addition, when cells were transfec-
ted with RCAN1, STAT2, and FBW7-D8xWD40, RCAN1 levels were
increased by more than 2-fold, compared to those seen in cells
transfected with RCAN1 and STAT2 (Fig. 4E). These data indicate
that RCAN1 is a target of the SCFFBW7 complex and that STAT2-
induced decreases in RCAN1 occur through the action of FBW7.

3.6. Inflammatory signaling reduces RCAN1 levels through STAT2

STAT2 acts as a key IFN-signaling molecule in the JAK/STAT
pathway. Accordingly, type I-IFNs (IFN-a, -b, and -x) activate
JAK1 and Tyk2, and the phosphorylation of these kinases subse-
quently activates STAT2 and the transcription of downstream
target genes. To understand the physiological relevance of
STAT2-induced alterations in RCAN1, we tested whether the
ck-transfected or transfected with either HA-RCAN1 or Myc-FBW7 alone or together
recipitated with anti-Myc or anti-HA antibody, and immunoblots were performed

n mutant lacking the eight WD40 repeat domain (FBW7-D8xWD40). (C) Cells were
r 24 h. The cell lysates were immunoprecipitated with anti-Flag antibody, and

ither mock-transfected or transfected with Myc-STAT2 and Flag-FBW7-D8xWD40,
, as indicated. (E) HEK293 cells were transfected with HA-RCAN1, Flag-STAT2, Flag-
s were subjected to immunoblot analyses with anti-HA or anti-Flag antibodies. The
ds. (F) After 2fTGH and U6A cells were treated with IFN-a for the indicated time,

anti-RCAN1 antibody. Proper inflammatory signaling was confirmed by analyzing
antities of endogenous RCAN1 bands.
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stimulation of cells with IFN-a can affect RCAN1 protein levels. We
compared the effect of an IFN-a stimulus on the levels of endoge-
nous RCAN1 in 2fTGH and STAT2-deficient U6A cells. Immunoblot
analysis with anti-RCAN1 antibodies revealed that, in 2fTGH cells,
levels of endogenous RCAN1 were decreased after 3 h of treatment
with IFN-a (Fig. 4F). In contrast, endogenous RCAN1 levels were
not considerably altered in U6A cells, but their levels were highly
increased by more than 3.5-fold than 2fTGH cells (Fig. 4F). These
data suggest that IFN-a-mediated inflammatory signaling reduces
RCAN1 levels through STAT2 activation.
4. Discussion

RCAN1 protein levels are known to be regulated by several
degradation pathways, such as the UPS and lysosomal pathway
[16–18]. More specifically, the SCFCDC4 E3 ubiquitin ligase complex
(yeast homologue of FBW7) has been reported to covalently modify
Rcn1 (yeast homologue of RCAN1) through poly-ubiquitination and
to trigger Rcn1 degradation [15]. This finding is supported by our
data showing that RCAN1 becomes ubiquitinated and that inhibition
of intracellular proteasomal machinery increases RCAN1 levels. Our
data also demonstrate that STAT2 facilitates the ubiquitin-depen-
dent degradation of RCAN1 and its action is mediated through
FBW7 E3 ligase. Furthermore, it demonstrates that FBW7-mediated
RCAN1 degradation is enhanced by IFN-a treatment.

FBW7 is not the only ubiquitin E3 enzyme that covalently trans-
fers an ubiquitin moiety to RCAN1. For example, b-TrCP, one of the
F-box protein components of the SCF ubiquitin ligase, mediates
RCAN1 ubiquitination following stimulation with H2O2 [19].
Nedd4-2 also acts as a novel E3 enzyme to target RCAN1 for degra-
dation through ubiquitination [20]. Based on these reports, it
would be interesting to check if STAT2 recruits these two enzymes.
We also recently demonstrated that, similar to STAT2, CREB can
activate the degradation of RCAN1, depending on its transcrip-
tional activation [17]. Like the UPS, chaperone-mediated autoph-
agy pathway can also degrade RCAN1 [18].

Here, we have provided evidence that STAT2 negatively regu-
lates the level of RCAN1. Although the action of STAT2 that de-
grades RCAN1 occurs through FBW7, the detailed mechanism of
how STAT2 modulates the SCF E3 enzyme is largely unknown.
We speculate that, under resting conditions, FBW7 has difficulty
binding to RCAN1 and processing RCAN1 ubiquitination. However,
cytokine-activated STAT2 or STAT2 that has accumulated due to in-
creased protein stability might directly and more freely bind to
RCAN1 and FBW7, providing a more optimal environment for ubiq-
uitination of RCAN1 by FBW7. The validity of this hypothesis needs
to be tested with additional experiments. To date, a few STAT2
binding proteins have been reported, and they are all linked to
gene transcription. Examples include STAT1 and p300/CBP
[21,22]. The current work provides the first evidence that STAT2 di-
rectly binds to the ubiquitin E3 ligase FBW7 and helps the degra-
dation of RCAN1. Similar to STAT2, Smad7 binds to the novel E3
ubiquitin ligase Tiul1 and targets Smad2 for degradation [23].
Studies have shown that CREB triggers RCAN1 degradation via
the UPS [18] and that both CREB and STAT2 bind to CREB-binding
protein [22]. Given these findings, CREB-mediated RCAN1 degrada-
tion likely proceeds through STAT2 action and involves FBW7
recruitment.

RCAN1 protein levels and activity are known to be affected by
several factors. For example, RCAN1 interacts physically and func-
tionally with calcineurin A, in some instances inhibiting its Ca2+-in-
duced phosphatase activity [3,5]. Similar to this study, recent
studies have also shown that RCAN1 protein stability is regulated
by inflammatory signaling. For example, NIK specifically interacts
with RCAN1 and phosphorylates its C-terminal region [12]. This
phosphorylation increases RCAN1 protein stability and blocks its
proteasomal degradation [12]. We also investigated whether
inflammatory signaling can affect the RCAN1 levels via STAT2 acti-
vation. We found that RCAN1 protein levels are decreased by the
cytokine IFN-a. Together, these reports show that STAT2 interplay
with RCAN1 can transduce and regulate diverse immune responses
through the NFAT and NF-jB signaling pathways.
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a b s t r a c t

Lung cancer, predominantly non-small cell lung cancer (NSCLC), remains the leading cause of cancer-
related deaths worldwide. Although epidermal growth factor receptor (EGFR) signaling is important
and well studied with respect to NSCLC progression, little is known about how miRNAs mediate EGFR sig-
naling to modulate tumorigenesis. To identify miRNAs that target EGFR, we performed a bioinformatics
analysis and found that miR-542-5p down-regulates EGFR mRNA and protein expression in human lung
cancer cells (H3255, A549, Hcc827). We observed increases in EGFR association with Ago2 in miR-542-
5p-transfected cells. Interestingly, we observed an inverse correlation of miR-542-5p expression and
EGFR protein levels in human lung cancer tissue samples, suggesting that miR-542-5p directly targets
EGFR mRNA. Furthermore, we found that miR-542-5p inhibited the growth of human lung cancer cells.
Our findings suggest that miR-542-5p may act as an important modulator of EGFR-mediated oncogenesis,
with potential applications as a novel therapeutic target in lung cancer.

� 2012 Elsevier Inc. All rights reserved.
1. Introduction

Lung cancer is the most common cancer and the leading cause
of cancer-related death worldwide [1]. The epidermal growth fac-
tor receptor (EGFR) signaling network plays a central role in the
growth and maintenance of epithelial tissues, and EGFR is overex-
pressed or mutated in most non-small cell lung cancer (NSCLC)
cases [2]. Consequently, the EGFR and its downstream signaling
effectors are major targets for new therapeutics such as monoclo-
nal antibodies and tyrosine kinase inhibitors [3]. However, the
clinical responses of tumors to existing anti-EGFR agents are often
limited, and thus a major research focus is the development of no-
vel approaches to block EGFR expression and signaling [4].

MicroRNAs (miRNA) belong to a class of endogenously-
expressed, non-coding small RNAs of approximately 22 nucleo-
tides. These small RNAs influence gene regulation by pairing to
protein-coding mRNAs to repress their expression via decreased
translational efficiency and/or mRNA levels [5]. Growing evidence
suggests that dysregulation of miRNA expression contributes to a
wide variety of human cancers, including lung cancers [6–11].
Recently, miRNAs have been demonstrated to be diagnostic and
prognostic markers in leukemia, lung cancer, and colon cancer
[12]. miRNAs may also represent therapeutic targets in human
ll rights reserved.

Molecular Pathology, Tokyo
yo 160-8402, Japan.
da).
cancers [13]. Interestingly, it has been reported that miR-7 has
the ability to coordinately regulate EGFR signaling in multiple hu-
man cancer cell types [14]. A miRNA that regulates EGFR may have
therapeutic potential against lung cancer.

Computational approaches to miRNA target prediction have
used criteria such as sequence complementarity between target
mRNAs and a ‘‘seed’’ region within the miRNA, and conservation
of predicted miRNA-binding sites across 30-UTRs from multiple
species [15]. Recently, additional features that determine target
site functionality have been identified [11,16]. However, the
imperfect complementarity of miRNA and target sequences means
that identification and functional validation of authentic miRNA
targets remains a major challenge.

In the present study we investigate miRNAs that might target
EGFR mRNA using computational approaches and identified miR-
542-5p as a direct regulator of EGFR mRNA in cancer cells. Further-
more, we showed that miR-542-5p suppressed proliferation of
lung cancer cells. Identifying miRNA regulators of EGFR may con-
tribute to the development of novel therapeutics.

2. Materials and methods

2.1. Cell culture and transfection

The HeLa human cervical cancer cell line and the A549 human
lung cancer cell line were purchased from the American Type
Culture Collection. Cells were cultured according to ATCC instruc-
tions. MicroRNAs used in this study were as follows: has-miR-7

http://dx.doi.org/10.1016/j.bbrc.2012.03.008
mailto:kuroda@tokyo-med.ac.jp
http://dx.doi.org/10.1016/j.bbrc.2012.03.008
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sense (50-UGGAAGACUAGUGAUUUUGUUGU-30) and antisense (50-
AACAAGUCACAGCCGGCCUCA-30); hsa-miR-541 sense (50-AAAGG
AUUCUGCUGUCGGUCCCACU-30) and antisense (50-UGGUGGGCAC
AGAAUCUGGACU-30); has-miR-542-5p sense (50-UCGGGGAUCAU
CAUGUCAUGAGA-30) and antisense (50-ugugacagauugauaacugaaa-
30) miR-nontarget control miRNA sense (50-AUCCGCGCGAUAG
CACGUAUU-30) and antisense (50-UACGUACUAUCGCGCGGAUUU-
30). Oligonucleotides were individually transfected into cells using
HiPerFect reagent (Qiagen) according to the manufacturer’s
instructions.
2.2. Western blot analysis

Protein samples were suspended in sodium dodecyl sulfate
loading buffer. After boiling, equal amounts (20 lg) of the protein
samples were run on 7.5% sodium dodecyl sulfate–polyacrylamide
gel electrophoresis gels and transferred to Immobilon membranes
(Millipore, Bedford, MA) by semi-dry blotting. The membranes
were probed with antibody for EGFR (sc-71033; Santa Cruz Bio-
technology) using standard techniques. The signals were visualized
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2.3. RNA isolation and quantitative RT-PCR

RNAs were isolated from miR-transfected A549 cells using Iso-
gen reagent (Nippon Gene) according to the manufacturer’s
instructions. miRNA levels were quantified using TaqMan MicroR-
NA Assays (Applied Biosystems). miRNA levels were normalized
based on has-miR-16 levels. Complementary DNA was synthesized
using SuperScriptII and Random Hexamers (Invitrogen). Quantita-
tive PCR analysis was run on a Stratagene MX3000P thermocycler
and analyzed with MxPro (Stratagene). The EGFR primers used in
this study were as follows: forward primer, 50-GTGACCGTTTGG-
GAGTTGATGA-30 and reverse primer, 50-GGCTGAGGGAGGCGTTCT
C-30.

2.4. Immunohistochemistry and in situ hybridization

Human lung cancer tissues for histologic studies were obtained
from Tokyo Medical University Hospital. This study was approved
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Fig. 2. EGFR is a direct target of miR-542-5p in lung cancer cells. (A) Quantitative
analysis of EGFR mRNA by real-time PCR. EGFR mRNA significantly decreased upon
transfection of synthetic miR-7, miR-541, and miR-542-5p in A549 cells. Bars,
mean ± SD. ⁄⁄P < 0.02 (B) Regulation of EGFR protein expression by synthetic miR-7,
miR-541, and miR-542-5p. A representative western blot analysis of total cell
extracts from A549 cells transfected with synthetic miR-7, miR-541, and miR-542-
5p is shown in (B). GAPDH was used as a loading control. Densitometry ratios of
EGFR to GAPDH were calculated and recorded. (C) Using an anti-Ago2 antibody, we
performed RNA co-immunoprecipitation from A549 cells transfected with synthetic
miR-7 and miR-542-5p. Reverse-transcribed RNA was PCR-amplified using primers
specific for the EGFR mRNA. The averages of three independent experiments are
shown. Bars, mean ± SD. ⁄⁄P < 0.02.
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by the institutional review board of Tokyo Medical University, and
all patients provided written informed consent.

Immunohistochemical assays were performed on formalin-
fixed, paraffin-embedded sections with the Ventana HX System
Benchmark (Ventana Medical Systems). An anti-EGFR monoclonal
antibody (DAK-H1-WT, DAKO) was applied at a dilution of 1:500.
miR-542-5p expression in human lung cancer specimens was de-
tected by in situ hybridization with miRCURY LNA probe for miR-
542-5p (Exigon) as described previously [17].
2.5. In vitro proliferation assays

We evaluated the effects of miR-7 and miR-542-5p on A549 cell
growth using the MTT metabolic growth assay kit (Cell Count
Reagent SF, Nacalai Tesque). After transfection with miR-7 or
miR-542-5p, cell numbers were assessed by MTT assay 72 h after
transfection according to the manufacturer’s instructions. Briefly,
reagents were added to each well and incubated at 37 �C for 4 h.
The reduction of MTT by living cells into a formazan product was
visualized using a multiwell scanning spectrophotometer at
450 nm.
2.6. Co-immunoprecipitation

miRNA-542-5p and Ago2 co-immunoprecipitation experiments
were performed using Ago2 antibody (Wako Pure Chemical Indus-
tries, Tokyo, Japan) as described previously [17]. Total RNA was
isolated from the precipitates using TRIzol reagent. Reverse tran-
scription-PCR was performed as described. Parallel immunoprecip-
itation using rabbit IgG served as a control.
2.7. Statistical analysis

Differences were statistically evaluated using one-way ANOVA
followed by Fisher’s protected least significant difference test. P
values < 0.05 were considered statistically significant.
3. Results

3.1. Identification of EGFR target miRNA

First, we used the miRanda system to select candidate miRNAs
that might regulate EGFR (NM_201281.1, NM201282.1,
NM201283.1, NM201284.1 and NM005228.3). In this analysis, we
evaluated the full-length EGFR gene, including the 50-UTR. We se-
lected a total of 413 candidate miRNAs that could potentially target
EGFR (Supplement 1). We narrowed the list of miRNAs based on
pairing scores and energies of sequence and synthesized 83 miR-
NAs (Fig. 1A). We next transfected HeLa cells in 96-well plates with
the miRNAs and determined the expression of EGFR mRNA by qRT-
PCR analysis. miR-1237, -1203, -541⁄, -1265, -1911, -541, and -
542-5p down-regulated EGFR mRNA in HeLa cells (Fig. 1B, C).
3.2. miR-542-5p directly targets EGFR in lung cancer cell lines

Next, we determined whether the above miRNAs down-
regulate EGFR in the A549 lung cancer cell line. We transfected
miR-1237, -1203, -541⁄, -1265, -1911, -541, and -542-5p as well
as miR-7, which has been reported to down-regulate EGFR mRNA
and protein expression in lung cancer cell lines [14]. In A549 cells,
RT-PCR analysis showed that miR-541, miR-542-5p, and miR-7
down-regulate EGFR mRNA (Fig. 2A); however, we could not
confirm down-regulation of EGFR mRNA by miR-1237, -1203,
-541⁄, -1265, or -1911.
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We next investigated whether miR-541 and miR-542-5p sup-
pressed EGFR protein expression. Interestingly, we observed that
miR-7 and miR-542-5p down-regulated EGFR protein, whereas
miR-541 did not affect EGFR protein levels. These data indicate
that miR-542-5p directly suppresses translation of EGFR mRNA.
Next, we performed immunoprecipitation assays using an anti-
Ago2 antibody. Ago2 is an essential mediator of miRNA-binding
to RNA-induced silencing complexes. We therefore analyzed EGFR
mRNA levels in Ago2 immunoprecipitates from lysates of HeLa
cells transfected with either miR-7 or miR-542-5p. After normaliz-
ing EGFR mRNA levels to b-actin mRNA levels in IP samples, we
observed increases in EGFR mRNA association with Ago2 in miR-
7 and miR-542-5p-transfected cells (Fig. 2C). Together, these data
indicate that EGFR mRNA is a direct target of miR-542-5p.

3.3. EGFR is up-regulated in human lung cancer in association with
miR-542-5p expression

To investigate the connection between EGFR expression and
miR-542-5p in lung cancer, we performed immunohistochemical
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analysis using anti-EGFR antibodies and in situ hybridization using
LNA-modified probes specific for miR-542-5p in a series of clinical
lung cancer samples. Positive staining for miR-542-5p was ob-
served in the cytoplasm within these specimens (Fig. 3A). We also
detected positive cytoplasmic and membrane staining for EGFR
(Fig. 3A). The majority of cases with low miR-542-5p staining
exhibited strong expression of EGFR protein (Fig. 3B), while most
tissues demonstrating high staining for miR-542-5p showed low
EGFR protein expression. These data demonstrate an inverse corre-
lation of miR-542-5p expression with EGFR protein levels in vivo
(r = �0.7, P < 0.02, by Spearman’s correlation coefficient by rank
test), and suggest that dysregulation of miR-542-5p is involved in
lung carcinogenesis and tumor progression by targeting EGFR.
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Fig. 4. miR-542-5p modulates the proliferation of human lung cancer cell lines. We
determined the number of A549 cells 72 h after transfection with the amiR-7 or
miR-542-5p by MTT assay. Bars, mean ± SD. (⁄P < 0.05).
3.4. Effects of miR-542-5p on a human lung cancer cell line

The EGFR oncoprotein plays a pivotal role in the proliferation of
lung cancer cells [18]. Therefore, we investigated whether miR-
542-5p would affect the proliferation of the A549 human lung can-
cer cell line. We transiently transfected either anti-miR-542-5p or
miR-7 antagomir into these cells and assessed cell number by MTT
assay three days after transfection. Cells transfected with anti-542-
5p or miR-7 antagomir exhibited lower proliferative rates than
cells transfected with control LNA (Fig. 4: P < 0.05). We confirmed
the levels of miR-542-5p and miR-7 in cells by quantitative real-
time PCR (data not shown). These results suggest that miR-542-
5p may serve as a molecular target for novel anticancer drugs.
4. Discussion

In the present study, we have demonstrated that miR-542-5p
can regulate the expression of EGFR. Furthermore, miR-542-5p
has functional effects in cancer cell lines that include reducing cell
growth and viability.

Recently, it has been reported that miR-7 down-regulates EGFR
mRNA and protein expression in cancer cell lines (lung, breast, and
glioblastoma), inducing cell cycle arrest and cell death [14]. We
confirmed that miR-7 suppresses EGFR mRNA and protein levels
and found that miR-542-5p does as well. Interestingly, miR-542-
5p more strongly suppressed cell proliferation than miR-7
(Fig. 4). One possibility for this difference is that miR-7 binds to
the 30-UTR of the EGFR mRNA whereas miR-542-5p binds to the
50-UTR. Recently, it has become apparent that miRNAs can target
sites in 50-UTRs, and that interactions of miRNAs with gene pro-
moters can regulate gene activity at the transcriptional level [19].
miR-7 has the ability to coordinately down-regulate the expression
of multiple members of the EGFR signaling cascade [14]. It is pos-
sible that these miRNAs have different potential to down-regulate
the expression of multiple members of the EGFR signaling cascade.

Selective inhibitors of EGFR tyrosine kinase activity (EGFR-TKI;
i.e., gefitinib and erlotinib) prevent binding of ATP to the ATP-bind-
ing pocket of EGFR in a competitive manner, resulting in the loss of
catalytic activity [20,21]. Interestingly, it has been reported that
the effects of EGFR-TKI are correlated with activating somatic
mutations in the epidermal growth factor receptor [22–24]. In con-
trast, miRNA-542-5p inhibits EGFR by a different mechanism –
down-regulating its levels by binding to the 50-UTR of the EGFR
mRNA. Therefore, the suppression of EGFR by miRNA-542-5p
should not be affected by mutations in the coding sequence. Agents
such as miR-542-5p that down-regulate expression of EGFR as well
as some of its signaling effectors may have significant therapeutic
potential in a range of human cancer types.

It has recently been reported that miR-543-5p plays a tumor
suppressor role in neuroblastoma cells [25], but the proposed tar-
get gene was nuclear. In this study, we showed that miR-542-5p
overexpression in lung cancer cells decreased cell numbers com-
pared with non-treated cells (Fig. 4). These data indicate that
miR-542-5p is a potential novel therapeutic target in lung cancer.

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.bbrc.2012.03.008.
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Although the small GTPase Rho family Cdc42 has been shown to facilitate exocytosis through increasing
the amount of hormones released, the precise mechanisms regulating the quantity of hormones released
on exocytosis are not well understood. Here we show by live cell imaging analysis under TIRF microscope
and immunocytochemical analysis under confocal microscope that Cdc42 modulated the number of
fusion events and the number of dense-core vesicles produced in the cells. Overexpression of a wild-type
or constitutively-active form of Cdc42 strongly facilitated high-KCl-induced exocytosis from the newly
recruited plasma membrane vesicles in PC12 cells. By contrast, a dominant-negative form of Cdc42 inhib-
ited exocytosis from both the newly recruited and previously docked plasma membrane vesicles. The
number of intracellular dense-core vesicles was increased by the overexpression of both a wild-type
and constitutively-active form of Cdc42. Consistently, activation of Cdc42 by overexpression of Tuba, a
Golgi-associated guanine nucleotide exchange factor for Cdc42 increased the number of intracellular
dense-core vesicles, whereas inhibition of Cdc42 by overexpression of the Cdc42/Rac interactive binding
domain of neuronal Wiskott–Aldrich syndrome protein decreased the number of them. These findings
suggest that Cdc42 facilitates exocytosis by modulating both the number of exocytosis-competent
dense-core vesicles and the production of dense-core vesicles in PC12 cells.

� 2012 Elsevier Inc. All rights reserved.
1. Introduction

Peptide hormones are packed into dense-core vesicles at the
Golgi complex and are released to the extracellular space in re-
sponse to Ca2+ influx. After the budding from the Golgi complex,
the dense-core vesicles translocate to the plasma membrane
(transport step). The transported dense-core vesicles morphologi-
cally attach to the plasma membrane (docking/tethering step).
The vesicles prepare to fuse with the plasma membrane with tight
complexes containing soluble N-ethylmaleimide-sensitive factor
attachment protein receptor (SNARE) protein (priming step), and
the readily releasable dense-core vesicles fuse with the plasma
membrane following Ca2+ influx (fusion step) [1]. To maintain a
continuous exocytosis, the refilling of the readily releasable pool
ll rights reserved.

Tsuboi).
by biogenesis and mobilizing the dense-core vesicle pools occurred
constantly.

Refilling of the readily releasable pool has been shown to be reg-
ulated by trafficking of the dense-core vesicles to the plasma mem-
brane, and this has been implicated in coordinated re-organization
of actin filaments [2–4]. Although small GTPase Rho family proteins
are involved in actin remodeling, the intracellular distribution and
their function in exocytosis are significantly distinct. For example,
Cdc42 and Rac1 preferentially exist in the subplasmalemmal region
and facilitate exocytosis, whereas RhoA is present on the dense-
core vesicles and inhibits exocytosis [5]. In addition to the actin
reorganization by Rho family proteins, in particular, Cdc42 has been
shown to bind to SNARE proteins directly or indirectly in insulin-
secreting cells [6,7]. Therefore, we focused on the role of Cdc42
on the dense-core vesicle exocytosis in neuroendocrine PC12 cells.

In the present study, to clarify the role of Cdc42 on the dense-core
vesicle exocytosis, we used total internal reflection fluorescence
(TIRF) microscopy to analyze single exocytotic events at a high
spatiotemporal resolution. We found that overexpression of a

http://dx.doi.org/10.1016/j.bbrc.2012.03.010
mailto:takatsuboi@bio.c.u-tokyo.ac.jp
http://dx.doi.org/10.1016/j.bbrc.2012.03.010
http://www.sciencedirect.com/science/journal/0006291X
http://www.elsevier.com/locate/ybbrc
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wild-type or constitutively-active form of Cdc42 strongly facilitated
high-KCl-induced exocytosis from the newly recruited plasma
membrane vesicles in the PC12 cells. Furthermore, we found that
active Cdc42 increased the total number of intracellular dense-core
vesicles in the cells revealed by confocal microscopy. Based on these
findings, we propose that Cdc42 induces the biogenesis of dense-
core vesicles and regulates the number of exocytosis-competent
dense-core vesicles in the neuroendocrine PC12 cells.
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Fig. 1. Cdc42 increased the number of fusion events. (A) The number of fusion
events for NPY-Venus during 5 min stimulation in control (Control), wild-type
Cdc42 (WT), constitutively-active Cdc42 (CA), or dominant-negative Cdc42 (DN)
overexpressing PC12 cells (n = 15 cells in each). (B) Percentage of NPY-Venus
release events in PC12 cells overexpressing Cdc42 or its mutants during the 5 min
stimulation determined from the number of plasma membrane-docked vesicle
before stimulation under TIRF microscopy (n = 15 cells in each). (C) Typical TIRF
images of plasma membrane-docked NPY-Venus vesicles observed in each cells.
Scale bar = 10 lm. (D) The density of the plasma membrane-docked NPY-Venus
vesicles was measured by counting the vesicles in each image (n = 7 cells in each).
Data shown as mean values ± SEM; ⁄P < 0.05, ⁄⁄P < 0.01 in comparison with the
control, respectively.
2. Materials and methods

2.1. Materials

Anti-chromogranin A (CgA) rabbit polyclonal antibody was from
Prof. Kinji Inoue (Saitama University, Japan). Goat anti-rabbit Alexa
Fluor 488 IgG was from Invitrogen (Eugene, OR, USA).

2.2. Plasmid constructions

A stop codon deleted monomeric red fluorescent protein
(mCherry) fragment [8] was amplified by PCR and inserted into
the BamHI-EcoRI site of pcDNA3.1(+) (Invitrogen) as a pcDNA
3.1(+)-mCherry. The full length of Cdc42 was amplified from
Marathon-Ready mouse brain cDNA (Clontech) by PCR with the
following pairs of oligonucleotides containing a restriction enzyme
site (underlined): 50-GAATTCATGCAGACAATTAAGTGTGTT-30 and
50-CTCGAGTCATAGCAGCACACACCTGCG-30. The fragment was fi-
nally inserted into the pcDNA3.1(+)-mCherry vector, and named
mCherry-Cdc42(WT). A constitutively-active form (G61L) and dom-
inant-negative form (T17N) of Cdc42 were created by using con-
ventional PCR techniques, and named mCherry-Cdc42(CA) and
mCherry-Cdc42(DN), respectively. A stop codon deleted mCherry
fragment was amplified by PCR again, and the amplified PCR frag-
ment was inserted into the AgeI-BspEI site of the pEGFP-C1 vector
(Clontech) replaced by EGFP with same frame as a pmCherry-C1
vector. The Cdc42/Rac-interactive binding (CRIB) domain of neuro-
nal Wiskott–Aldrich syndrome protein (N-WASP) [4] was amplified
from a PC12 cell cDNA library by PCR with the following pair of oli-
gonucleotides containing restriction enzyme site (underlined) and
a stop codon (boldface): 50-GAATTCTGCTCCAAATGGTCCCAA-30

and 50-GCGGCGCCTTATGCTTGCCTTCGGAG-30. The fragment was
finally inserted into the pmCherry-C1 vector, and named mCher-
ry-CRIB. Neuropeptide Y-tagged Venus (NPY-Venus) was prepared
as described previously [9]. GFP-Tuba and mCherry-Tuba were
generous gift from Prof. Frank B. Gertler (Massachusetts Institute
of Technology, USA) [10].

2.3. Cell culture

PC12 cells were cultured in Dulbecco’s modified Eagle’s med-
ium (DMEM, Invitrogen) supplemented with 10% fetal bovine ser-
um, 10% horse serum, 100 U/ml penicillin G, and 100 lg/ml
streptomycin, at 37 �C under 5% CO2. For live-cell imaging, PC12
cells were plated onto poly-L-lysine-coated coverslips, and the cells
were co-transfected with 3 lg NPY-Venus and 3 lg of mCherry-
Cdc42(WT), mCherry-Cdc42(CA), or mCherry-Cdc42(DN) vectors
using LipofectAMINE 2000 (Invitrogen) according to the manufac-
turer’s instructions.

2.4. Total internal reflection fluorescence microscopy

Total internal reflection fluorescence (TIRF) imaging was per-
formed in modified Ringer buffer at 37 �C (RB: 130 mM NaCl,
3 mM KCl, 5 mM CaCl2, 1.5 mM MgCl2, 10 mM glucose, and
10 mM HEPES, pH 7.4). High-KCl stimulation was achieved by
perfusion with RB-containing 70 mM KCl (the NaCl concentration
was reduced to maintain the osmolality). We mounted a high
numerical aperture objective lens (Plan Apochromatic, 100�,
NA = 1.45, infinity corrected, OLYMPUS) on an inverted microscope
(IX71, OLYMPUS) and introduced an incident light for total internal
reflection illumination through the high numerical aperture
objective lens via a single mode optical fiber and illumination lens
(IX2-RFAEVA-2, OLYMPUS). To observe the NPY-Venus fluorescence
image, we used a diode-pumped solid-state 488 nm laser
(HPU50100, 20 mW, Furukawa Electronic) for total internal fluores-
cence illumination and a band pass filter (HQ535/30m, Chroma) as
an emission filter. Images were acquired every 300 ms or otherwise
as indicated.

2.5. Immunofluorescence

PC12 cells were plated onto poly-L-lysine-coated coverslips and
transfected with mCherry-Cdc42(WT), mCherry-Cdc42(CA), mCher-
ry-Cdc42(DN), pmCherry-Tuba, or CRIB-mCherry as described above.
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Fig. 2. Cdc42 increased the number of ‘passenger’ and ‘visitor’ exocytotic events. (A) Dense-core vesicle exocytotic events were categorized into three types: ‘resident’
(morphologically previously docked vesicles), ‘visitor’ (newly docked vesicles in response to stimulation), and ‘passenger’ (vesicles that abruptly fused without stable
docking). Sequential TIRF images were acquired every 100 ms. Scale bar = 1 lm. (B) All fusion events were counted manually in control (Control), wild-type Cdc42 (WT),
constitutively-active Cdc42 (CA), or dominant-negative Cdc42 (DN) overexpressing PC12 cells and categorized into three types (n = 7 cells in each). The number of fusion
events during the stimulation is summed for each category of vesicles. (C) Stacked bar chart represents the percentage of the number of ‘resident’, ‘visitor’, and ‘passenger’
vesicles in (B). Data shown as mean values ± SEM; ⁄P < 0.05, ⁄⁄P < 0.01, ⁄⁄⁄P < 0.001 in comparison with the control, respectively.
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48 h after transfection, cells were fixed in 2% paraformaldehyde for
20 min and permeabilized with 0.1% Triton X/phosphate buffered
saline (PBS) for 2 min. The cells were blocked for 1 h with 0.1% Triton
X/PBS-containing 1% bovine serum albumin (BSA) prior to incubating
with primary antibody against CgA. Primary antibody and secondary
antibody was diluted 100-fold and 1000-fold, respectively. The
medium was replaced with PBS three times after each process. To ob-
serve Alexa488-stained CgA, the images were acquired on a Nipkow-
disk type confocal microscope (CSU-10, Yokogawa). A 488 nm argon
laser provided the excitation light for Alexa488 and the fluorescence
was acquired through a 500–530 nm bandpass filter.
2.6. Image analysis

To analyze the TIRF imaging data, single exocytotic events were
selected manually and the average fluorescence intensity of an
individual vesicle was calculated as previously described [11]. To
distinguish between fusion events and vesicle movement (i.e., ves-
icles that pause at the plasma membrane and then move back in-
side the cell without fusing), we focused on the fluorescence
changes just before the decrease in fluorescent signals. It is known
that a rapid transient increase in the fluorescence intensity occurs
during a fusion event, whereas, during vesicle movement, the fluo-
rescence intensity gradually decreases to the background level. The
number of fusion events during a 5 min period was counted
manually based on the above criteria [11].
2.7. Data analysis

Data are presented as means ± standard error of the mean
(SEM). The statistical significance of differences between means
was assessed by analysis of variance (ANOVA), followed by
Newman–Keuls test for multiple comparisons. All analyses were
conducted using GraphPad Prism software (GraphPad Software).
3. Results

3.1. Active Cdc42 increased NPY-Venus release

To examine whether active Cdc42 regulates hormone release,
we first counted the number of exocytosis visualized by fluorescent
protein-tagged hormone (i.e., NPY-Venus) using TIRF microscopy
during the 5 min stimulation. While overexpression of Cdc42(WT)
or Cdc42(CA) increased the number of fusion events, overexpres-
sion of Cdc42(DN) decreased it (Fig. 1A). To confirm whether the
modulatory effects by Cdc42 on the number of exocytosis were
due to either promotion or suppression of a priming step for the
plasma membrane-docked vesicles, we analyzed the ratio of the
number of NPY-Venus release events during the 5 min stimulation
(R) to the plasma membrane-docked vesicles before stimulation (D)
using TIRF microscopy. While the ratio of R to D was significantly
decreased with overexpression of Cdc42(DN), no significant differ-
ences in the ratio were observed among control, Cdc42(WT), and
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Cdc42(CA) overexpressing cells (Fig. 1B). These results suggest that
the modulatory effect on the number of fusion events by Cdc42
were caused not only by alteration of priming steps in exocytosis.
To further investigate the effect of overexpression of Cdc42 on the
docking status of dense-core vesicles on the plasma membrane,
we counted the number of plasma membrane-docked vesicles
using TIRF microscopy. Interestingly, we found that overexpression
of not only Cdc42(WT) and Cdc42(CA) but also Cdc42(DN) signifi-
cantly decreased the density of plasma membrane-docked vesicles
(Fig. 1C, D), indicating that Cdc42 play multiple roles in docking sta-
tus during exocytosis.
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3.2. Cdc42 facilitates the exocytosis from newly recruited plasma
membrane vesicles

Despite the number of docked vesicles on the plasma mem-
brane were decreased with overexpression of Cdc42(WT) or
Cdc42(CA), the number of fused events were increased in those
cells. To resolve this discrepancy, we classified the exocytosed
vesicles into three types (i.e., resident, visitor, and passenger)
according to the appearance and disappearance of the vesicles at
the plasma membrane before and during exocytosis (Fig. 2A).
Firstly, NPY-Venus vesicles visible before stimulation were named
‘resident’. Secondly, vesicles that had become visible just before
and during exocytosis were named ‘visitor’, which correspond to
the vesicles docked at the plasma membrane for some time before
exocytosis. Finally, vesicles that fused without stable docking were
named ‘passenger’ [11]. The latter two categories were discrimi-
nated based on whether the vesicles were visualized in more than
one consecutive frame (>300 ms). We found that overexpression of
Cdc42(WT) and Cdc42(CA) increase the number of ‘visitor’ and
‘passenger’ events, whereas they cause a decrease in the number
of ‘resident’ events (Fig. 2B). Consistently, overexpression of
Cdc42(WT) and Cdc42(CA) in the cells significantly increased the
ratio of ‘visitor’ and ‘passenger’ events. On the other hand, overex-
pression of Cdc42(DN) decreased the number of all types of
exocytosis, particularly ‘passenger’ events (Fig. 2C). These results
suggest that Cdc42 facilitates exocytosis from the newly recruited
plasma membrane vesicles through modification of docking and/or
priming steps to increase the amount of hormone.
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Fig. 3. Cdc42 increased the number of intracellular dense-core vesicles. (A) Confocal
images of dense-core vesicles (CgA) observed in control (Control), wild-type Cdc42
(WT), constitutively-active Cdc42 (CA), or dominant-negative Cdc42 (DN) over-
expressing PC12 cells. Scale bar = 10 lm. (B) The density of dense-core vesicles was
determined by counting the vesicles in each image (n = 7 cells in each). (C) Confocal
images of dense-core vesicles (CgA) observed in control (Control), Cdc42 GEF (Tuba),
or CRIB domain of N-WASP (CRIB) expressing cells. Scale bar = 10 lm. (D) The density
of dense-core vesicles was determined by counting the vesicles in each image (n = 7
cells in each). Data shown as mean values ± SEM; ⁄p < 0.05, ⁄⁄p < 0.01, ⁄⁄⁄p < 0.001 in
comparison with the control.
3.3. Cdc42 increases the number of intracellular dense-core vesicles

Although Cdc42 facilitated the exocytosis from newly recruited
plasma membrane vesicles (Fig. 2B, C), the priming step on docked
vesicles was not accelerated by active Cdc42 (Fig. 1B). We thus
attempted to investigate the effect of Cdc42 on the number of intra-
cellular dense-core vesicles. When we analyzed the number of
dense-core vesicles in Cdc42(WT)-, Cdc42(CA)-, and Cdc42(DN)-
overexpressed cells by using chromogranin A (CgA) antibody as a
dense-core vesicle marker, Cdc42(WT) and Cdc42(CA) increased
the total number of dense-core vesicles, whereas Cdc42(DN) had
no effect on the number of dense-core vesicles (Fig. 3A, B). We next
observed the effect of activation of Cdc42 by overexpression of
Tuba, a Golgi-associated guanine nucleotide exchange factor
(GEF) for Cdc42 [12], on the total number of dense-core vesicles.
As we expected, overexpression of Tuba significantly increased
the number of dense-core vesicles, whereas inhibition of Cdc42
activity by overexpression of the Cdc42/Rac interactive binding
(CRIB) domain of neuronal Wiskott-Aldrich syndrome protein (N-
WASP) significantly decreased the total number of dense-core ves-
icles (Fig. 3C, D). Taken together, these results suggest that Cdc42
controls the dense-core vesicle biogenesis, and regulates the
number of exocytosis-competent dense-core vesicles.
4. Discussion

In the present study, we have demonstrated that the increase in
peptide hormone release induced by Cdc42 was attributed to an in-
crease in the number of exocytosis (Fig. 1A). In contrast, Cdc42
decreased the number of plasma membrane-docked vesicles
(Fig. 1C, D). This discrepancy could be explained by the notion that
Cdc42 promoted the transition of the exocytotic process from the
docking step to the priming step. Namely, Cdc42 increased the
number of primed vesicles and these vesicles might be fused inci-
dentally to the plasma membrane without secretagogues. Conse-
quently, activation of Cdc42 decreased the number of plasma
membrane-docked vesicles. In support this notion, previous stud-
ies have shown that Cdc42 bound to SNARE proteins, such as ves-
icle-associated membrane SNARE protein (VAMP2) and syntaxin-
1A, and regulated insulin secretion [6,7]. Thus, activation of
Cdc42 presumably accelerates the formation of the SNARE complex
to promote the exocytotic process from the docking step to prim-
ing step in the PC12 cells.

Based on the above notion, inhibition of Cdc42 activity should
increase the number of plasma membrane-docked vesicles by inhi-
bition of the transition of the exocytotic process from the docking
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step to the priming step. However, the number of plasma
membrane-docked vesicles was decreased (Fig. 1C, D). Thus,
Cdc42 could also modulate the exocytotic step before the SNARE
complex forms (i.e., biogenesis, transport, and docking/tethering
step). In fact, other groups have shown that Cdc42 enhanced the
F-actin remodeling on the cell surface [4,13], and that the F-actin
localized preferentially to the cortical region forming a peripheral
barrier limiting vesicle access to the plasma membrane [14]. Fur-
thermore, the F-actin network is a key element in vesicle transport
during exocytosis [15,16]. Thus, the decrease in plasma mem-
brane-docked vesicles caused by inhibition of Cdc42 activity might
be ascribed to either the suppression of vesicle docking by actin
barrier formation or the attenuation of vesicle transport or biogen-
esis due to inhibition of actin remodeling.

We have also demonstrated that Tuba increased the total num-
ber of dense-core vesicles and CRIB domain of N-WASP decreased
them (Fig. 3C, D). Since Tuba is associated with Golgi apparatus
[12] and both Cdc42 and N-WASP are involved in the Golgi-to-ER
transport, activation of Cdc42 presumably accelerated the biogen-
esis of dense-core vesicles by modulating the Golgi to ER transport
[17,18]. However, the inhibition of Cdc42 activity by CRIB domain
of N-WASP decreased the number of intracellular dense-core vesi-
cles, while dominant-negative form of Cdc42 did not (Fig. 3). Since
N-WASP is a downstream target of Cdc42, N-WASP probably pro-
vides an immediate effect on the biogenesis of dense-core vesicles.

In summary, we have investigated the exocytotic behavior of
dense-core vesicles and biogenesis of vesicles by activation or inhi-
bition of Cdc42 function using live cell TIRF microscopy and confo-
cal microscopy, respectively. We propose that Cdc42 regulates not
only the number of exocytosis-competent dense-core vesicles but
also biogenesis of the dense-core vesicles in the neuroendocrine
PC12 cells.
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Flt1 and Flk1 are receptor tyrosine kinases for vascular endothelial growth factor-A which play a crucial
role in physiological and pathological angiogenesis. To study genetic interaction between the Flt1 and
Flk1 genes, we crossed between Flt1 and Flk1 heterozygous (Flt1+/� and Flk1+/�) mice. We found that
Flt1; Flk1 double heterozygous (Flt1+/�; Flk1+/�) mice showed enlarged eyes similar to the buphthalmia
detected in human congenital glaucoma with elevation of intraocular pressure (IOP). Actually, IOP was
elevated in Flt1+/�; Flk1+/�mice and also in Flt1 or Flk1 single heterozygous mice. However, none of these
mutants showed hallmarks of glaucoma such as ganglion cell death and excavation of optic disc. To clar-
ify the pathological causes for enlarged eyes and elevated IOP, we investigate the mice from matings
between Flt1+/� and Flk1+/� mice. Flt1+/� mice showed enlarged Schlemm’s canal and disordered collagen
fibers in the sclera, whereas Flk1+/� mice showed atrophied choriocapillaris in the choroid. These tissues
are a part of the main outflow and alternative uveoscleral outflow pathway of the aqueous humor,
suggesting that these pathological changes found in Flt1+/� and Flk1+/� mice are associated with the
buphthalmia in Flt1+/�; Flk1+/� mice.

� 2012 Elsevier Inc. All rights reserved.
1. Introduction exudative age-related macular degeneration (eAMD) by inducing
Flt1 and Flk1 are receptor tyrosine kinases for vascular endothe-
lial growth factor-A (VEGF-A) which is a key regulator of
physiological and pathological angiogenesis, and of vascular per-
meability [1]. Gene-targeting studies established a critical but dis-
tinct role for these two receptors in vascular development. Flk1
signals are essential for the development of endothelial cells
(ECs) and hematopoietic cells during embryogenesis in a cell
autonomous manner [2,3], whereas Flt1 is essential for suppress-
ing the overpopulation of ECs as a decoy receptor for the VEGF-A
agonist rather than a signaling receptor in ECs [4,5]. High levels
of VEGF-A expression was especially shown in epithelial tissues
adjacent to fenestrated capillary vessels. In the adult eye, soluble
isoform of VEGF-A protein secreted by retinal pigment epithelium
(RPE) plays an essential role in the maintenance of choriocapillaris
(CC) whose ECs are fenestrated [6–8]. On the other hand, VEGF-A is
involved in the onset and progression of diabetic retinopathy and
ll rights reserved.

irashima).
an abnormal neovascularization in the eye [9]. Indeed, VEGF-
blocking antibody, ranibizumab has been developed as an effective
drug for eAMD [10].

Intraocular pressure (IOP) is an important clinical index since its
elevation causes glaucoma or myopia in humans. IOP is regulated
by a balance between the production and excretion of the aqueous
humor in the eye. The main outflow pathway of the aqueous hu-
mor is composed of chamber angle, trabecular meshwork, and
Schlemm’s canal, whereas the alternative uveoscleral outflow
pathway has also been reported [11]. IOP is thus elevated by an in-
crease in accumulation of extracellular materials in the trabecular
and uveoscleral outflow [12]. In the mouse, DBA2/J mouse strain
[13,14], Vav2/Vav3-deficient mice [15], and transgenic mice with
ocular overexpression of calcitonin receptor-like receptor [16]
have been reported to date as genetic mouse models of the eleva-
tion of IOP caused by closure of the angle between the cornea and
iris in the anterior chamber. On the other hand, mice with a
targeted type I collagen mutation [17] and Myocilin transgenic
mice [18] have been reported as those with open angle in which
detailed mechanisms of impaired outflow pathway of aqueous
humor remain to be elucidated.

http://dx.doi.org/10.1016/j.bbrc.2012.03.011
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In this study, we aimed to analyze genetic interaction between
the Flt1 and Flk1 genes and investigated ocular phenotypes in Flt1;
Flk1 double heterozygous (Flt1+/�; Flk1+/�) mice, Flt1 or Flk1 single
heterozygous (Flt1+/� or Flk1+/�) mice, compared with wild-type
(WT) mice.
2. Material and Methods

2.1. Mice

A colony of outbred mice heterozygous for a null allele of Flt1 [4]
or Flk1 [2,19] was maintained for these studies. Heterozygous
males were crossed to ICR (Japan SLC, Hamamatsu, Japan) random
outbred females to generate stock. Mice were genotyped by poly-
merase chain reaction analysis of ear DNA. Eyes from adult mice
were dissected at 3 months of age or older. Animal experiments
were approved by the Institutional Animal Care and Use Committee
of Kobe University Graduate School of Medicine and Keio University
School of Medicine, and carried out in accordance with the animal
experimentation guidelines of the Kobe University Graduate School
of Medicine and Keio University School of Medicine.
2.2. Measurement of IOP

Every month from 2 to 12 months of age, IOP was measured five
times per eye between 1 pm to 3 pm with TonoLab Tonometer
(icare Finland) while mice were under sedation within 3–12 min
after intraperitoneal injection of ketamine (100 mg/kg) and xyla-
zine (9 mg/kg). Maximal and minimal values were excluded, and
intermediate three values were used for the data analysis.
2.3. X-gal staining of the eye

Eyes were fixed in 0.1 M sodium phosphate (pH7.3) containing
2% paraformaldehyde (PFA), 0.05% glutaraldehyde, and 2 mM mag-
nesium chloride at room temperature (RT) for 30 min. The eyes
were perforated and further fixed in the same fixative at RT for
1 h. Whole-mount eyes were stained with X-gal as described pre-
viously [20], sectioned in paraffin, and counterstained with nuclear
fast red (Vector).
2.4. Immunohistochemistry

We used rat anti-PECAM-1 (clone Mec13.3, BD Pharmingen), rat
anti-endoglin (clone MJ7/18, eBioscience), and rabbit anti-LYVE-1
(RELIATech) primary antibodies, and Alexa Fluor 488-, Cy3-, or
Cy5-conjugated secondary antibodies (Invitrogen and Jackson
ImmunoResearch).

Eyes were fixed in PBS containing 1% PFA at 4 �C for 30 min. The
eyes were perforated and further fixed in the same fixative at 4 �C
for 2 h. The eye was dissected into three regions; the anterior part
consisting of the cornea, iris, and ciliary body, the posterior part
consisting of sclera and choroid, and the retina, and further fixed
in the same fixative at 4 �C for 2 h. The rest of procedure for immu-
nostaining was described previously [21].
2.5. Electron microscopic analysis

Eyes were fixed in 0.1 M phosphate buffer containing 2.5% glu-
taraldehyde at RT for overnight. The eyes were further fixed in
0.1 M phosphate buffer containing 1% osmium tetroxide at RT for
2 h, dehydrated in ethanol, and embedded in epoxy resin after
substituting for n-butyl glycidyl ether. Ultrathin sections were
treated with uranyl acetate and lead citrate, and visualized on
transmission electron microscopy with Hitachi H-7600 (Hitachi
High-Technologies).
3. Results

3.1. Enlarged eyes and elevated IOP in Flt1+/�; Flk1+/� mice

To study genetic interaction between the Flt1 and Flk1 genes,
we crossed between Flt1+/� and Flk1+/� mice to analyze Flt1+/�;
Flk1+/� mice. Although none of wild-type (WT), Flt1 or Flk1 single
heterozygous (Flt1+/� or Flk1+/�) mice showed overt phenotypes
(n = 33, n = 32, and n = 39 at 4 months old, respectively), about
24% of Flt1+/�; Flk1+/� mice (n = 41, at 4 months old) showed the
enlargement of eyes (Fig. 1A). Since this phenotype is similar to
the buphthalmia which is detected in human congenital glaucoma
with elevation of IOP, we measured IOP from 2 to 12 months of age
for comparison among WT, Flt1+/�, Flk1+/� and Flt1+/�; Flk1+/�

mice. Compared with WT mice, Flt1+/�; Flk1+/� mice showed an
elevated average IOP by 2.2 mmHg. Flt1+/�; Flk1+/� mice with the
buphthalmia (n = 3) showed a higher average IOP than those with-
out the enlarged eyes (n = 15) by 3.5 mmHg at 4 months of age. In
addition, Flt1+/� and Flk1+/� mice showed elevated average IOPs by
1.8 mmHg and 1.3 mmHg, respectively (Fig. 1B), although these
single heterozygous mutant mice did not exhibit the buphthalmia.
Elevation of IOP causes hallmarks of glaucoma such as ganglion cell
death and excavation of optic disc. To investigate whether these
pathological changes were detected in these mutant mice, we per-
formed TdT-mediated dUTP Nick-End Labeling (TUNEL) staining in
paraffin sections of the retina. We did not detect TUNEL-positive
apoptotic cells or excavation of the optic disc in any of analyzed
mutant mice (Supplementary Fig. S1). These results indicate that
Flt1+/�; Flk1+/� mice showed the buphthalmia and elevation of
IOP without hallmarks of glaucoma.

3.2. Expression patterns of Flt1 and Flk1 in the adult eye

To perform histopathological analysis in Flt1+/�; Flk1+/� mice,
we first investigated the expression pattern of Flt1 and Flk1 in
the adult eye by detecting a lacZ reporter knocked into the Flt1
or Flk1 locus [2,4]. X-gal staining of heterozygous mice showed
that Flt1 and Flk1 both were detected in endothelial cells of the
Schlemm’s canal, corneal limbus, ciliary body, iris, and choroid
(Fig. 2A–D). However, only Flt1 expression was detected in the
retinal vasculature (Fig. 2C, D). In addition to endothelial expres-
sion, Flk1 was also detected in the stromal cells and endothelial
cells in the cornea, and neural cells in the retina (Fig. 2E, F).

3.3. Enlarged Schlemm’s canal and disordered collagen fibers of the
sclera in Flt1 heterozygous mice

IOP is regulated by a balance between the production and
excretion of the aqueous humor in the eye. The main outflow path-
way of the aqueous humor is composed of the chamber angle, tra-
becular meshwork, and Schlemm’s canal. In some genetic
glaucoma mice, the elevation of IOP results from the maldevelop-
ment of the outflow tissue, including the closure of the chamber
angle, thickened trabecular meshwork, and absence of Schlemm’s
canal [13–16]. We first performed histological analysis of this main
outflow pathway. In sections stained with hematoxylin and eosin
or transmission electron micrograms, we did not find an occlusion
of chamber angle or an abnormal deposition of extracellular matrix
in the trabecular meshwork of enlarged Flt1+/�; Flk1+/� eyes (Sup-
plementary Fig. S2). We next investigate the vascular network of
the outflow pathway including the Schlemm’s canal and corneal
limbal blood vessels by whole-mount confocal microscopy of the



Fig. 1. Appearance of eyes and measurement of IOP. (A) Appearance of eyes is shown from 9-month-old mice whose genotypes are indicated on the top. Enlarged eyes similar
to the buphthalmia were detected only in Flt1+/�; Flk1+/� mice. (B) IOP was measured from 2 to 12 months of age. Flt1+/�, Flk1+/� and Flt1+/�; Flk1+/� mice constantly showed
elevated average IOPs, compared with WT mice. Data represent the mean ± SEM of 5–20 eyes. Significant difference, ⁄P < 0.05, ⁄⁄P < 0.01 versus WT by Student’s t-test.

Fig. 2. Expression patterns of Flt1 and Flk1 in the adult eye. Expression analysis was performed by detecting a lacZ reporter knocked into the Flt1 or Flk1 locus. (A–D) Flt1 and
Flk1 both were expressed in endothelial cells of the Schlemm’s canal (arrowhead), corneal limbus, ciliary body (cb), iris (ir), and choroid (ch). (C, D) Flt1 but not Flk1 was
expressed in the retinal vasculature. Flk1 is expressed by retinal neural cells in inner nuclear layer (inl) and outer nuclear layer (onl). (E, F) Flk1 but not Flt1 was expressed in
the corneal stroma (cs) and corneal endothelium (cen). cep, corneal epithelium; co, cornea; gcl, ganglion cell layer; rpe, retinal pigment epithelium; sc, sclera. Scale bars,
250 lm.
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Fig. 3. Enlarged Schlemm’s canal and disordered collagen fibers of the sclera in Flt1 heterozygous mice. (A–C) Whole-mount confocal microscopy of the cornea, iris, and
ciliary body was performed with antibodies to a pan-endothelial marker PECAM-1 (green) and a lymphatic marker LYVE-1 (red). (A) Enlarged Schlemm’s canal (asterisks) was
detected in Flt1+/� and Flt1+/�; Flk1+/� mice. (B) In different optical sections, collector channels (arrowheads) connecting with the corneal limbal blood vessels were
comparable among WT, Flt1+/�, Flk1+/�, and Flt1+/�; Flk1+/� mice. (C) Vascular pattern of blood vessels and LYVE-1+ lymphatic vessels in the corneal limbus were also
comparable. Scale bars, 250 lm. (D) Transmission electron microscopy of the sclera shows that collagen fibers in the sclera of WT mice and Flk1+/� mice were uniform in size,
whereas various sizes and higher density of collagen fibers were detected in the sclera of Flt1+/� and Flt1+/�; Flk1+/�mice. Scale bars, 2 lm.
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cornea, iris, and ciliary body with antibodies to a pan-endothelial
marker PECAM-1 and a lymphatic marker LYVE-1. Compared with
WT and Flk1+/� mice, we found that the Schlemm’s canal was
enlarged in Flt1+/� and Flt1+/�; Flk1+/�mice (Fig. 3A). In different
optical sections, we found that collector channels connecting with
the corneal limbal blood vessels were comparable among WT,
Flt1+/�, Flk1+/�, and Flt1+/�; Flk1+/� mice (Fig. 3B, arrowheads).
Vascular pattern of blood vessels and lymphatic vessels in the
Fig. 4. Atrophied CC in Flk1 heterozygous mice. Whole-mount confocal microscopy of t
vascular network of the CC was detected in WT and Flt1+/� mice, whereas the CC was at
vasculature of Flk1+/� and Flt1+/�; Flk1+/� mice. Scale bars, 100 lm.
corneal limbus were also comparable (Fig. 3C). Although our previ-
ous study showed that soluble Flk1 plays an important role in
inhibiting lymphatic vessel growth into the cornea [22], we did
not detect abnormal distribution of lymphatic vessels in the cornea
of Flk1+/� mice, indicating that half amount of Flk1 protein is
enough for this inhibition of lymphatic growth. These results
indicated that Flt1 heterozygosity is associated with enlarged
Schlemm’s canal.
he choroid was performed with antibody to endoglin. A typical dense honeycomb
rophied with more avascular areas in both the central and the peripheral choroidal
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The sclera contains a plenty amount of collagen fibers and elas-
tic fibers which mechanically support the construction of eyes [23].
To investigate these mechanical fibers in enlarged eyes of Flt1+/�;
Flk1+/� mice, we performed histological analysis of the sclera.
Transmission electron microscopy showed that collagen fibers in
the sclera of WT mice and Flk1+/� mice were uniform in size,
whereas various sizes and higher density of collagen fibers were
detected in the sclera of Flt1 heterozygous mice (Fig. 3D). These
results indicated that Flt1 heterozygosity is associated with
disordered collagen fibers in the sclera.
3.4. Atrophied CC in Flk1 heterozygous mice

VEGF-A derived from the RPE plays a crucial role in the mainte-
nance of the CC [7] and its receptors, Flt1 and Flk1 both are
strongly expressed in CC (Fig. 2C, D). To investigate the vascular
structure of CC, we performed whole-mount confocal microscopy
of the choroid with antibody to endoglin which labels the CC. In
WT and Flt1+/� mice, a typical dense honeycomb vascular network
of the CC was detected, whereas the CC was atrophied with more
avascular areas in Flk1+/� and Flt1+/�; Flk1+/� mice (Fig. 4). The re-
duced vascular density was observed in both the central and the
peripheral choroidal vasculature. To investigate whether the atro-
phy of CC affect the RPE, we used Phalloidin to label the cortical
actin of RPE. Despite abnormal CC patterns in Flk1+/� and Flt1+/�;
Flk1+/� mice, the organization of the RPE was intact (Supplemen-
tary Fig. S3). The vasculature in the retina and iris appeared unaf-
fected in these mutant mice (Supplementary Fig. S4). These results
indicated that Flk1 heterozygosity is associated with atrophied CC.
4. Discussion

In this study, we showed enlarged eyes in Flt1+/�; Flk1+/� mice.
Compared with WT mice, IOP was elevated in Flt1+/�, Flk1+/�, and
Flt1+/�; Flk1+/� mice. However, none of them showed hallmarks of
glaucoma such as ganglion cell death and excavation of optic disc.
Flt1 heterozygosity is associated with enlarged Schlemm’s canal
and disordered collagen fibers in the sclera, whereas Flk1 heterozy-
gosity is associated with atrophied CC.

Enlarged eyes in Flt1+/�; Flk1+/� mice were similar to the buph-
thalmia which is detected in human congenital glaucoma with ele-
vation of IOP. Indeed, Flt1+/�; Flk1+/� mice showed the elevation of
IOP, but they did not show hallmarks of glaucoma in the retina. Of
note is that average IOPs in Flt1+/�; Flk1+/�mice went up and down
throughout adulthood although they were constantly higher than
those in WT mice by about 1.5 mmHg (Fig. 1B). Previous studies
regarding mice with eye projection and hallmarks of glaucoma
showed that IOP was more severely elevated [15,16]. It is thus
likely that gentle increase in IOP did not induce pathological
changes in retinal neural cells. We also detected the elevation of
IOP in Flt1+/�, and Flk1+/� mice, although they did not exhibit the
buphthalmia. Taken together, ocular phenotypes in Flt1+/�; Flk1+/�

mice were caused by combined effects of Flt1 and Flk1
heterozygosity.

In Flt1 heterozygous mice, we found the enlargement of the
Schlemm’s canal, suggesting obstruction of the main out flow path-
way of the aqueous humor. However, corneal limbal blood vessels
and their collector channels with the Schlemm’s canal appeared
unaffected. Endothelial cells in the Schlemm’s canal express many
blood endothelial markers [24] and our expression analysis also
detected the expression of Flt1 and Flk1. Since Flt1 works as a neg-
ative regulator for endothelial cell growth, Schlemm’s canal may be
enlarged directly by excess VEGF-A protein in Flt1 heterozygous
mice. We also found the disorder of collagen fibers in Flt1 hetero-
zygous sclera. Although it remains to be elucidated how Flt1
heterozygosity affects the organization of collagen fibers in the
sclera, this is probably a direct result from reduced function of
Flt1 rather than from mechanical stress induced by elevated IOP
since Flk1+/� mice with elevated IOP show a normal arrangement
of collagen fibers in the sclera. In mice with a targeted type I colla-
gen mutation leading to age-dependent collagen accumulation, the
age-related elevation of IOP with open anterior chamber angle was
reported [17]. Since the sclera is a part of alternative uveoscleral
outflow pathway of the aqueous humor, the quality and quantity
of collagen fibers in the sclera may affect IOP. Taken together, dis-
ordered collagen fibers in Flt1 heterozygous sclera may result in
the elevation of IOP.

In Flk1 heterozygous mice, we found the atrophy of the CC, sug-
gesting a change of the blood flow in the choroid and optical blood
vessels. This is probably a direct result from reduced function of
Flk1 since VEGF-A/Flk1 signals play an important role in mainte-
nance of the CC [7]. A previous study using a fluorescent tracer sug-
gested that the CC is a part of uveoscleral outflow pathway of the
aqueous humor [11], suggesting that atrophied CC in Flk1 hetero-
zygous choroid results in the elevation of IOP.

Our histopathological analysis still left some open questions
regarding the relationship between vascular phenotypes, eye ball
morphology, and regulation of IOP. It is tempting to speculate that,
in Flt1+/�; Flk1+/� mice, the eye projection by getting collagen
fibers loosen in the sclera compensates for increased IOP by vascu-
lar defects to keep intact neural tissues in the retina. This study is
the first report that Flt1+/�; Flk1+/� mice showed the buphthalmia
in mice.

Acknowledgments

We thank Dr. Janet Rossant for mutant mice for the Flt1 and Flk1
gene; Drs. Akiyoshi Uemura, Yoko Fukushima, Kazuichi Maruyama,
and Yoichi Kurebayashi for helpful discussion; and Drs. Noriko
Odani, Katsumi Oomachi, Tohru Shibata, and Takashi Yamanouchi
for technical supports. This study was supported in part by Grant-
in-Aid for JSPS Fellows (K.S.), Grant-in-Aid for Scientific Research
(C) (M.H.), the Uehara Memorial Foundation (M.H.), and the Global
COE Program ‘‘Global Center for Education and Research in Integra-
tive Membrane Biology’’ from the Ministry of Education, Culture,
Sports, Science, and Technology of Japan.

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.bbrc.2012.03.011.

References

[1] N. Ferrara, H.P. Gerber, J. LeCouter, The biology of VEGF and its receptors, Nat.
Med. 9 (2003) 669–676.

[2] F. Shalaby, J. Ho, W.L. Stanford, K.D. Fischer, A.C. Schuh, L. Schwartz, A.
Bernstein, J. Rossant, A requirement for Flk1 in primitive and definitive
hematopoiesis and vasculogenesis, Cell 89 (1997) 981–990.

[3] Y. Sakurai, K. Ohgimoto, Y. Kataoka, N. Yoshida, M. Shibuya, Essential role of
Flk-1 (VEGF receptor 2) tyrosine residue 1173 in vasculogenesis in mice, Proc.
Natl. Acad. Sci. U.S.A. 102 (2005) 1076–1081.

[4] G.H. Fong, J. Rossant, M. Gertsenstein, M.L. Breitman, Role of the Flt-1 receptor
tyrosine kinase in regulating the assembly of vascular endothelium, Nature
376 (1995) 66–70.

[5] S. Hiratsuka, O. Minowa, J. Kuno, T. Noda, M. Shibuya, Flt-1 lacking the tyrosine
kinase domain is sufficient for normal development and angiogenesis in mice,
Proc. Natl. Acad. Sci. U.S.A. 95 (1998) 9349–9354.

[6] A.S. Maharaj, M. Saint-Geniez, A.E. Maldonado, P.A. D’Amore, Vascular
endothelial growth factor localization in the adult, Am. J. Pathol. 168 (2006)
639–648.

[7] M. Saint-Geniez, T. Kurihara, E. Sekiyama, A.E. Maldonado, P.A. D’Amore, An
essential role for RPE-derived soluble VEGF in the maintenance of the
choriocapillaris, Proc. Natl. Acad. Sci. U.S.A. 106 (2009) 18751–18756.

http://dx.doi.org/10.1016/j.bbrc.2012.03.011


K. Sano et al. / Biochemical and Biophysical Research Communications 420 (2012) 422–427 427
[8] M. Saint-Geniez, A.E. Maldonado, P.A. D’Amore, VEGF expression and receptor
activation in the choroid during development and in the adult, Invest.
Ophthalmol. Vis. Sci. 47 (2006) 3135–3142.

[9] A.N. Witmer, G.F. Vrensen, C.J. Van Noorden, R.O. Schlingemann, Vascular
endothelial growth factors and angiogenesis in eye disease, Prog. Retin. Eye
Res. 22 (2003) 1–29.

[10] G.D. Yancopoulos, Clinical application of therapies targeting VEGF, Cell 143
(2010) 13–16.

[11] J.D. Lindsey, R.N. Weinreb, Identification of the mouse uveoscleral outflow
pathway using fluorescent dextran, Invest. Ophthalmol. Vis. Sci. 43 (2002)
2201–2205.

[12] B.T. Gabelt, P.L. Kaufman, Changes in aqueous humor dynamics with age and
glaucoma, Prog. Retin. Eye Res. 24 (2005) 612–637.

[13] S.W. John, R.S. Smith, O.V. Savinova, N.L. Hawes, B. Chang, D. Turnbull, M.
Davisson, T.H. Roderick, J.R. Heckenlively, Essential iris atrophy, pigment
dispersion, and glaucoma in DBA/2J mice, Invest. Ophthalmol. Vis. Sci. 39
(1998) 951–962.

[14] M. Scholz, T. Buder, S. Seeber, E. Adamek, C.M. Becker, E. Lutjen-Drecoll,
Dependency of intraocular pressure elevation and glaucomatous changes in
DBA/2J and DBA/2J-Rj mice, Invest. Ophthalmol. Vis. Sci. 49 (2008) 613–621.

[15] K. Fujikawa, T. Iwata, K. Inoue, M. Akahori, H. Kadotani, M. Fukaya, M.
Watanabe, Q. Chang, E.M. Barnett, W. Swat, VAV2 and VAV3 as candidate
disease genes for spontaneous glaucoma in mice and humans, PLoS ONE 5
(2010) e9050.

[16] L.M. Ittner, K. Schwerdtfeger, T.H. Kunz, R. Muff, K. Husmann, C. Grimm, F.
Hafezi, K.S. Lang, M.O. Kurrer, J. Gotz, W. Born, J.A. Fischer, Transgenic mice
with ocular overexpression of an adrenomedullin receptor reflect human acute
angle-closure glaucoma, Clin. Sci. 114 (2008) 49–58.
[17] F. Mabuchi, J.D. Lindsey, M. Aihara, M.R. Mackey, R.N. Weinreb, Optic nerve
damage in mice with a targeted type I collagen mutation, Invest. Ophthalmol.
Vis. Sci. 45 (2004) 1841–1845.

[18] V. Senatorov, I. Malyukova, R. Fariss, E.F. Wawrousek, S. Swaminathan, S.K.
Sharan, S. Tomarev, Expression of mutated mouse myocilin induces open-
angle glaucoma in transgenic mice, J. Neurosci. 26 (2006) 11903–11914.

[19] M. Ema, S. Takahashi, J. Rossant, Deletion of the selection cassette, but not cis-
acting elements, in targeted Flk1-lacZ allele reveals Flk1 expression in
multipotent mesodermal progenitors, Blood 107 (2006) 111–117.

[20] M. Hirashima, Y. Lu, L. Byers, J. Rossant, Trophoblast expression of fms-like
tyrosine kinase 1 is not required for the establishment of the maternal-fetal
interface in the mouse placenta, Proc. Natl. Acad. Sci. U.S.A. 100 (2003) 15637–
15642.

[21] M. Hirashima, K. Sano, T. Morisada, K. Murakami, J. Rossant, T. Suda, Lymphatic
vessel assembly is impaired in Aspp1-deficient mouse embryos, Dev. Biol. 316
(2008) 149–159.

[22] R.J. Albuquerque, T. Hayashi, W.G. Cho, M.E. Kleinman, S. Dridi, A. Takeda, J.Z.
Baffi, K. Yamada, H. Kaneko, M.G. Green, J. Chappell, J. Wilting, H.A. Weich, S.
Yamagami, S. Amano, N. Mizuki, J.S. Alexander, M.L. Peterson, R.A. Brekken, M.
Hirashima, S. Capoor, T. Usui, B.K. Ambati, J. Ambati, Alternatively spliced
vascular endothelial growth factor receptor-2 is an essential endogenous
inhibitor of lymphatic vessel growth, Nat. Med. 15 (2009) 1023–1030.

[23] P.G. Watson, R.D. Young, Scleral structure, organisation and disease. A review,
Exp. Eye Res. 78 (2004) 609–623.

[24] K.M. Perkumas, W.D. Stamer, Protein markers and differentiation in culture for
Schlemm’s canal endothelial cells, Exp. Eye Res. 96 (2012) 82–87.



Biochemical and Biophysical Research Communications 420 (2012) 428–433
Contents lists available at SciVerse ScienceDirect

Biochemical and Biophysical Research Communications

journal homepage: www.elsevier .com/locate /ybbrc
Androgen receptor is up-regulated by a BLT2-linked pathway to contribute
to prostate cancer progression

Jin-Wook Lee, Geun-Young Kim 1, Jae-Hong Kim ⇑
College of Life Sciences and Biotechnology, Korea University, Seoul 136-701, Republic of Korea

a r t i c l e i n f o
Article history:
Received 18 February 2012
Available online 9 March 2012

Keywords:
AR
Prostate cancer
BLT2
ROS
Survival
0006-291X/$ - see front matter � 2012 Elsevier Inc. A
http://dx.doi.org/10.1016/j.bbrc.2012.03.012

Abbreviations: LTB4, leukotriene B4; HETE, hydroxye
oxygen species; NOX, NADPH oxidase; LOX, lipoxygen
⇑ Corresponding author. Address: College of Life

Korea University, 5-1 Anam-dong, Sungbuk-gu, Seou
Fax: +82 2 927 9028.

E-mail addresses: ilisamsao@korea.ac.kr (J.-W.
(G.-Y. Kim), jhongkim@korea.ac.kr (J.-H. Kim).

1 Present address: Aab Cardiovascular Research Inst
601 Elmwood Avenue, Box CVRI, Rochester, NY 14642
a b s t r a c t

The androgen receptor (AR) plays a central role in the development and progression of prostate cancer.
AR expression is maintained throughout the progression of prostate cancer and is also associated with an
aggressive, castration-resistant (CR) phenotype. Despite the critical roles of AR expression in prostate
cancer progression, the exact signaling mechanism regulating AR expression remains unclear. In this
study, we demonstrated that AR expression was increased by a low-affinity leukotriene B4 receptor
(BLT2)-linked pathway. We found that BLT2 was overexpressed in AR-positive prostate cancer cells, such
as LNCaP cells, and BLT2 inhibition, using an inhibitor or siRNA knockdown, clearly attenuated AR expres-
sion and triggered apoptosis in these cells. These results suggest a role for BLT2 in AR expression and the
survival of AR-positive prostate cancer cells. Moreover, we found that the NADPH oxidase family protein,
Nox4, lay downstream of BLT2 and mediated the production of reactive oxygen species (ROS) and subse-
quent NF-jB stimulation, thereby inducing AR expression. Taken together, our results demonstrate that
BLT2 plays a critical role in AR expression via a Nox4-ROS-NF-jB-linked pathway, thereby mediating the
survival of AR-positive prostate cancer cells. Our findings point to BLT2 as a key regulator of AR expres-
sion and will contribute to the development of novel therapies for AR-positive prostate cancers, including
androgen-responsive and CR prostate cancers.

� 2012 Elsevier Inc. All rights reserved.
1. Introduction refractory CR phenotypes [2]. AR belongs to the steroid receptor
Prostate cancer is the most frequently diagnosed cancer and is
one of the leading causes of cancer-related death in men [1].
Although androgen deprivation, through surgical castration or
the administration of anti-androgens, has been widely accepted
as a major medical treatment for prostate cancer, most patients
with advanced prostate cancer eventually develop resistance to
the therapy and progress to a more aggressive, castration-resistant
(CR) phenotype [2]. Currently, there are no effective treatments for
this stage of prostate cancer. During the progression of prostate
cancers from an androgen-responsive to an androgen-refractory
CR phenotype, prostate cancer cells still require the expression
and activity of the androgen receptor (AR), which suggests that
AR is necessary for both androgen-responsive and androgen-
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superfamily and is a nuclear transcription factor that is responsible
for mediating prostate cancer progression, particularly by regulat-
ing proliferation and survival [3]. Previous studies have shown that
the inhibition of AR expression is in itself sufficient to induce cell
death in both androgen-dependent and CR prostate cancer cells
[3–6]. Based on these observations, various therapeutic strategies
for reducing AR expression are being explored. Despite the critical
role of AR expression in prostate cancer progression, the exact sig-
naling mechanism regulating AR expression remains to be
determined.

The metabolism of arachidonic acid by the lipoxygenase (LOX)
or cyclooxygenase (COX) pathway generates eicosanoids, which
have been implicated in the pathogenesis of a variety of human
cancers, including prostate cancer, and are now thought to play
critical roles in tumor promotion and progression [7]. For example,
levels of leukotriene B4 (LTB4), a 5-LOX-catalyzed product, and
12(S)-hydroxyeicosatetraenoic acid (HETE), a 12-LOX-catalyzed
product, are increased in prostate cancer, and these eicosanoids
have been suggested to be critically involved in prostate carcino-
genesis [7–12]. Additionally, previous studies have shown that
BLT2, a putative receptor for LTB4 and 12(S)-HETE, plays a critical
role in tumor progression [13–18]. BLT2 is overexpressed in vari-
ous human cancers, although the contribution of BLT2 to prostate
cancer progression has not yet been determined.
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In this study, we investigated the role of BLT2 in prostate cancer
and found that BLT2 plays a critical role in driving AR expression,
thereby affecting the survival of prostate cancer cells. In addition,
we examined the downstream cascade responsible for AR expres-
sion and found that BLT2 stimulation upregulates NADPH oxidase
(Nox)-4 and the subsequent generation of reactive oxygen species
(ROS), which leads to the activation of the redox-sensitive tran-
scription factor NF-jB, one of the major transcription factors regu-
lating AR expression [19]. Together, our results suggest that this
BLT2-Nox4-ROS-NF-jB cascade mediates AR expression, thus con-
tributing to the progression of prostate cancer.
2. Materials and methods

All of the experiments were performed using the immortalized
human prostate epithelial cells (PWR-1E) and prostate cancer cells
(LNCaP and CWR22rv-1). The detailed descriptions of the methods
that were used in this study are provided in the supplemental
materials.
3. Results

3.1. BLT2 plays a role in the survival of AR-positive prostate cancer
cells

To investigate the role of BLT2 in AR-positive prostate cancer
cells, we initially examined the expression of BLT2 in prostate can-
cer cells. We found that the level of BLT2 transcripts was signifi-
cantly increased in AR-positive prostate cancer cells compared
with normal prostate epithelial cells. Semi-quantitative RT-PCR
and real-time PCR analysis showed that AR-positive LNCaP and
CWR22rv-1 prostate cancer cells contained highly increased levels
of BLT2 transcripts compared with normal prostate epithelial
PWR-1E cells (Fig. 1A). Similarly, we observed by Flow cytometric
analysis that the protein levels of BLT2 were elevated in AR-posi-
tive prostate cancer cells, especially LNCaP cells, compared with
normal epithelial cells (Fig. 1B). Next, to study whether or not
BLT2 plays any role in these cells, the effect of the BLT2 antagonist
LY255283 was tested. As shown in Fig. 1C, treatment with
LY255283 significantly reduced the viability of AR-positive LNCaP
and CWR22rv-1 prostate cancer cells, but not normal epithelial
PWR-1E cells. Interestingly, we observed that the viability of AR-
negative PC-3 and PC-3M prostate cancer cells was not affected
by LY255283 treatment (data not shown), which suggests that
the effect of BLT2 on survival was specific to AR-positive prostate
cancer cells. Next, we tested whether or not the cell death induced
by BLT2 inhibition with LY255283 in AR-positive prostate cancer
cells resulted from apoptosis. A remarkable level of nuclear DNA
fragmentation was clearly detected in LNCaP and CWR22rv-1 cells
treated with LY255283 (Fig. 1D). Similarly, nuclear condensation
and cleavage of poly ADP-ribose polymerase (PARP) and caspase-
9 were demonstrated in the LY255283-treated LNCaP cells
(Fig. 1E, F). BLT2 knockdown by siRNA induced apoptotic cell death
in LNCaP cells (Fig. 1G). However, BLT2 inhibition did not cause any
apoptotic death in PWR-1E control cells (Supplemental Fig. S1A
and B). Together, our results suggest that BLT2 plays a role in medi-
ating the AR-dependent survival of prostate cancer cells.

3.2. BLT2 regulates AR expression in AR-positive prostate cancer cells

Next, we examined whether or not BLT2 contributes to AR
expression in AR-positive prostate cancer cells. BLT2 inhibition by
treatment with LY255283 dramatically reduced the levels of AR at
both the protein and transcript levels in AR-positive prostate cancer
cells (Fig. 2A). Similarly, BLT2 knockdown by siRNA significantly
diminished AR expression in LNCaP cells (Fig. 2B). Moreover,
BLT2 stimulation by treatment with a BLT2 agonist, CAY10583
[20], which is also known as Compound A, appeared to further
induce AR expression in these cells (Fig. 2C). Together, these results
suggest that BLT2 plays a critical role in regulating AR expression,
thereby affecting the survival of prostate cancer cells.

3.3. A Nox4-ROS cascade downstream of BLT2 mediates AR expression
and survival

Recently, ROS have been suggested to regulate AR [21] and we
have previously shown that the BLT2-Nox pathway mediates ROS
generation [22–25]. Thus, we hypothesized that BLT2 may mediate
AR expression through a Nox-ROS-dependent pathway. We there-
fore tested the effect of DPI, which is an inhibitor of flavoproteins
such as Nox, on the regulation of AR expression and cell survival
[26]. As shown in Fig. 3A, B, DPI significantly reduced AR levels
and cell survival, which suggests that DPI-sensitive Nox may be in-
volved in AR expression and may thus affect the viability of AR-po-
sitive prostate cancer cells. Indeed, Nox1 and Nox4 transcripts
were detectable in AR-positive LNCaP prostate cancer cells, and
BLT2 overexpression further increased the levels of Nox4 tran-
scripts and AR expression in these cells (Fig. 3C). These results sug-
gest that BLT2-Nox4-derived ROS is likely to be involved in the
signaling pathway that leads to AR expression. In accordance with
the proposed role of Nox4 downstream of BLT2, we observed that
the levels of Nox4 transcripts and ROS generation were signifi-
cantly diminished by knockdown of BLT2 with siRNA in LNCaP cells
(Fig. 3D, E). Moreover, Nox4 knockdown clearly attenuated the le-
vel of AR expression in LNCaP cells (Fig. 3F). Together, these results
suggest that a BLT2-Nox4-ROS-linked cascade mediates AR expres-
sion in AR-positive prostate cancer cells.

3.4. NF-jB acts downstream of BLT2-Nox4-ROS to mediate AR
expression and survival

Recently, NF-jB, which is a redox-sensitive transcription factor,
has been shown to regulate AR expression [19]. Thus, to test
whether or not NF-jB lies downstream of the BLT2-Nox4-ROS cas-
cade leading to AR expression, the effect of the NF-jB inhibitor
Bay11-7082 was examined in AR-positive prostate cancer cells.
As shown in Fig. 4, NF-jB inhibition by treatment with Bay11-
7082 reduced AR transcript and protein levels (Fig. 4A) as well as
the viability (Fig. 4B) of LNCaP and CWR22rv-1 cells, which sug-
gests a role for NF-jB in AR expression. In addition, Fig. 4C shows
that whereas p65 nuclear translocation was apparent in LNCaP
cells transfected with control siRNA, there was no detectable p65
nuclear translocation in the cells transfected with BLT2 siRNA.
Thus, NF-jB activity was clearly diminished by BLT2 inhibition. To-
gether, these data suggest that NF-jB is likely to lie downstream of
the BLT2-Nox4-ROS cascade in the signaling pathway leading to AR
expression in AR-positive prostate cancer cells.
4. Discussion

In this study, we demonstrated that BLT2 played a role in upreg-
ulating AR, thereby potentially mediating the survival of AR-posi-
tive prostate cancer cells. Additionally, we extensively analyzed
the key components mediating AR expression in the BLT2-linked
pathway and found that the Nox4-ROS-NF-jB cascade lay down-
stream of BLT2 in AR-positive LNCaP and CWR22rv-1 prostate can-
cer cells. Furthermore, we observed that BLT2 blockade reduced
tumor formation in a xenograft prostate cancer model (Supple-
mental Fig. S2). We believe that this finding provides valuable in-
sight into prostate cancer progression, particularly with regard to



Fig. 1. BLT2 plays a role in the survival of AR-positive prostate cancer cells. (A) Total cellular RNA was isolated, and the levels of each transcript were assessed by semi-
quantitative RT-PCR (left panel) and real-time PCR (right panel). Data indicate the means ± SD of three independent experiments (⁄P < 0.01). (B) PWR-1E, LNCaP and
CWR22rv-1 cells were stained with primary antibodies against human BLT2 and analyzed by FACS analysis as described in Section 2. (C) PWR-1E, LNCaP and CWR22rv-1 cells
were starved and treated with vehicle (DMSO) or 5 lM of LY255283 for 48 h. The MTT assay was then performed as described in the materials and methods. Data indicate the
means ± SD of three independent experiments (⁄⁄P < 0.001). (D) LNCaP and CWR22rv-1 cells were starved and treated with vehicle (DMSO) or LY255283 (5 lM) for 48 h. Then,
the genomic DNA was isolated, electrophoresed on a 1.8% agarose gel and visualized using ethidium bromide staining. (E) LNCaP cells were incubated with vehicle (DMSO) or
LY255283 (5 lM) for 36 h. The cells were stained with Hoechst 33258 (50 lg/ml) as described in Section 2, and the nuclear morphology was observed by fluorescence
microscopy. (F) LNCaP cells were treated with vehicle (DMSO) or LY255283 (5 lM) for 48 h, and total cell lysates were used for western blotting to analyze the cleavage of
caspase-9 and PARP. a-Tubulin was used as loading control. (G) LNCaP cells were transfected with control or BLT2 siRNA, and the level of BLT2 transcripts was analyzed by
semi-quantitative RT-PCR (upper panel). After 72 h of transfection, the cells were stained with Hoechst 33258 as described in Section 2, and the nuclear morphology was
observed by fluorescence microscopy (lower panel). Data indicate the means ± SD of three independent experiments.

Fig. 2. BLT2 regulates AR expression in AR-positive prostate cancer cells. (A) LNCaP and CWR22rv-1 cells were starved and treated with vehicle (DMSO) or LY255283 (5 lM)
for 12 or 24 h. Then, to analyze the level of AR, semi-quantitative RT-PCR was performed using the cells incubated for 12 h (lower panel), and western blotting was performed
using the cells incubated for 24 h (upper panel). (B) LNCaP cells were transfected with control or BLT2 siRNA using Oligofectamine. After 24 h, the cells were starved and
maintained for an additional 24 or 48 h. Then, the cells incubated for an additional 24 h were used for semi-quantitative RT-PCR (lower panel), and the cells incubated for the
additional 48 h were used for western blotting (upper panel). (C) After being starved for 24 h, LNCaP cells were treated with various concentrations of CAY10583 for 24 h.
Western blotting was performed to analyze the level of AR, and a-tubulin was used as a loading control.
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the mechanism of progression toward androgen-responsive and CR
prostate cancer.

Androgen plays a critical role in the development and progres-
sion of prostate cancer [2,3]. Prostate cancer cells are typically
androgen-dependent, and therefore, androgen deprivation is the
standard therapy for this disease. However, virtually most prostate
cancer patients treated with androgen deprivation by surgical cas-
tration or anti-androgen administration develop resistance to the
therapy and progress into a CR phenotype [2,3]. Currently, no effec-
tive therapy exists at this stage. In the development of resistance,



Fig. 3. A Nox4-ROS cascade downstream of BLT2 mediates AR expression and survival. (A) LNCaP and CWR22rv-1 cells were incubated with vehicle (DMSO) or DPI (100 nM)
for 12 or 24 h. Then, to analyze the level of AR, semi-quantitative RT-PCR was performed using the cells incubated for 12 h (lower panel), and Western blotting was performed
using the cells incubated for 24 h (upper panel). (B) LNCaP and CWR22rv-1 cells were incubated with 100 nM DPI for 48 h, and The MTT assay was then performed. Data
indicate the means ± SD of three independent experiments (⁄⁄P < 0.001). (C) LNCaP cells were transfected with pcDNA3.1 or pcDNA3.1-BLT2 using Lipofectamine and then
selected with 300 lg/ml of G418 for 15 days. The levels of Nox4, Nox1, AR and BLT2 mRNA were analyzed by semi-quantitative RT-PCR. (D) LNCaP cells were transfected with
control or BLT2 siRNA, and the level of Nox4 mRNA was analyzed by semi-quantitative RT-PCR. (E) The intracellular level of ROS was measured in LNCaP cells transfected with
control or BLT2 siRNA as described in Section 2. (F) LNCaP cells were transfected with pSuper or pSuper-siNox4 by electroporation as described in Section 2. After 48 h, RNA
was isolated, and the levels of AR and Nox4 were analyzed by semi-quantitative RT-PCR.

Fig. 4. NF-jB acts downstream of BLT2-Nox4-ROS to mediate AR expression and survival. (A) LNCaP and CWR22rv-1 cells were treated with vehicle (DMSO) or Bay11-7082
(10 lM) for 12 or 24 h. Then, to analyze the level of AR, semi-quantitative RT-PCR was performed using the cells incubated for 12 h (lower panel), and western blotting was
performed using the cells incubated for 24 h (upper panel). (B) LNCaP cells were incubated with vehicle (DMSO) or Bay11-7082 (10 lM) for 48 h, and the MTT assay was
performed. Data indicate the means ± S.D. of three independent experiments (⁄⁄P < 0.001). (C) LNCaP cells were transfected with control or BLT2 siRNA, and after 24 h,
nuclear/cytoplasmic fractionation was performed as described in Section 2. The translocation of the p65 subunit was then analyzed by western blotting. Lamin B and b-actin
were used as loading controls.
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AR activation by overexpression has been implicated as one of the
potential mechanisms [27]. Thus, a marked increase in AR expres-
sion is a critical event in the development of resistance for both
androgen-responsive and androgen-refractory CR prostate cancer.
Although angiotensin II (Ang-II) and interleukin-8 (IL-8) were re-
cently reported to have the potential to induce AR expression,
the detail signaling mechanism regulating AR expression remains
to be further determined [28,29].
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BLT2 is a G-protein-coupled receptor (GPCR) for LTB4 and 12(S)-
HETE and has previously been shown to be overexpressed in vari-
ous human cancers [14–18]. We and others have demonstrated
that BLT2 is involved in multiple pleiotropic capacities (e.g., cell
proliferation, survival, invasiveness, metastasis, and angiogenesis),
depending on the cancer cell type [16–18,22–25]. However, the
role of BLT2 in prostate cancer progression has not yet been deter-
mined. In this study, our results revealed a previously unsuspected
function of BLT2, i.e., a potential capacity to induce AR expression
in prostate cancer cells. The inhibition of BLT2 using an inhibitor or
siRNA knockdown diminished AR expression (Fig. 2A, B), and stim-
ulation of BLT2 by overexpression upregulated AR (Fig. 3C). In sup-
port of the role of BLT2 as an upstream mediator of AR expression,
the addition of CAY10583, which is a well-known BLT2 agonist,
further increased AR expression in LNCaP cells (Fig. 2C). Addition-
ally, it has previously been shown that LTB4 and 12(S)-HETE are
associated with prostate cancer carcinogenesis, and the levels of
these ligands have been reported to be increased in prostate cancer
patients [7–12], which also supports our observation. To further
examine whether or not these ligands act via BLT2 in prostate can-
cer cells to drive AR expression, we tested the effects of inhibitors
of 5-LOX or 12-LOX on AR expression. As expected, treatment with
Baicalein, which is an inhibitor of 12-LOX, clearly diminished AR
expression and the survival of AR-positive LNCaP prostate cancer
cells (Supplemental Fig. S3A and B), and the addition of 12(S)-HETE
to LNCaP cells further increased AR expression (Supplemental
Fig. S3C). However, treatment with MK-886, which is an inhibitor
of 5-LOX activating protein (FLAP), did not show any effect on AR
expression in LNCaP cells (data not shown). This lack of effect
was probably caused by the absence of FLAP protein and the result-
ing low rate of LTB4 synthesis in these cells (Lee et al., unpublished
observation). Thus, we suspect that 12(S)-HETE is a principal ligand
for BLT2 and that a 12(S)-HETE-BLT2-linked cascade drives AR
expression in AR-positive prostate cancer cells to contribute to cell
survival. We investigated a potential role for GPR31 in AR-positive
prostate cancer cells because GPR31 was recently identified as an-
other receptor for 12(S)-HETE [30]. However, we could not detect
any inhibitory effect of GPR31 siRNA on the survival of LNCaP cells
(data not shown). Based on our observations, we suspect that BLT2 is
a major receptor for 12(S)-HETE in AR-positive prostate cancer cells.

In this study, we showed that Nox4-derived ROS lie down-
stream of BLT2 and mediates AR expression, thus affecting survival
in AR-positive prostate cancer cells. Consistent with our results,
ROS and Nox have previously been suggested to be critical for sur-
vival or metastatic potential in prostate cancer cells [31,32],
although the signaling mechanism by which ROS contribute to
prostate cancer progression has not been investigated yet. Our re-
sults suggest that ROS upregulates AR expression by stimulating
NF-jB activity. Zhang et al. also demonstrated that NF-jB can di-
rectly regulate AR expression in prostate cancer cells, and that lev-
els of NF-jB and AR were strongly correlated in human prostate
cancer [19]. Furthermore, it was demonstrated that inhibitors of
NF-jB exerted anti-tumor activity in androgen-deprivation-resis-
tant prostate cancer xenografts, which suggests that NF-jB is an
important determinant of prostate cancer clinical biology [19].
We propose a hypothetical model that describes how BLT2 regu-
lates AR expression to affect prostate cancer survival. Our results
reveal that the upregulation of BLT2 resulted in the generation of
ROS via Nox4 and also that NF-jB is a potential downstream com-
ponent of the BLT2-Nox4-ROS cascade. Thus, we propose that a
BLT2-linked pathway leads to the induction of AR expression and
subsequently promotes cell survival in AR-positive prostate cancer
cells. Further studies will be needed to analyze whether or not
BLT2 mediates other parameters (e.g., invasion, metastasis or angi-
ogenesis) in addition to the survival of AR-positive prostate cancer
cells.
Considering the critical role of AR in androgen-responsive and
androgen-refractory CR prostate cancer, our findings pointing to
BLT2 as a key determinant of AR expression will provide valuable
insight into the mechanism underlying the progression toward
these prostate cancer types. In addition, we believe that these find-
ings will contribute to the development of effective therapies for
prostate cancers, including CR prostate cancer.
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Testicular torsion (TT) is a urologic emergency that may result in future infertility problems. The patho-
logic process of TT is similar to an ischemia reperfusion injury (IRI). The purpose of this study was to eval-
uate the effect of epigallocatechin-3-gallate (EGCG) on reversing the damaging consequences of TT-
induced IRI by examining its inhibitory effects on the expression of inflammatory and apoptosis media-
tors in a unilateral TT rat model. Eighteen male Sprague–Dawley rats were divided into 3 groups. Group 1
underwent a sham operation of the left testis under general anesthesia. Group 2 underwent ischemia for
1 h followed by 4 h reperfusion in the presence of saline. The third group was similar to group 2, however,
EGCG (50 mg/kg) was injected i.p. 30 min after ischemia induction. The in vivo protective effect of EGCG
was tested by measuring testicular levels of TNF-a, IL-6 and IL-1b by ELISA and mRNA expression of iNOS,
MCP-1, p53, Bax, Bcl-2 and survivin by real-time PCR. Also, testicular morphological changes and damage
to spermatogenesis were evaluated using H&E staining and Johnsen’s scoring system, respectively. EGCG
treatment improved testicular structures in the ipsilateral testis, markedly inhibited germ cell apoptosis
(GCA) and significantly decreased testicular cytokine levels. In addition, EGCG was able to down regulate
the mRNA expression of iNOS, MCP-1 and pro-apoptosis genes in favor of cell survival. For the first time
we show that in vivo EGCG treatment rescued the torsed testes from IRI-induced inflammation, GCA and
damage to spermatogenesis thus suggesting a new preventive approach to inhibiting the inflammatory
and apoptotic consequences of TT-induced IRI.

� 2012 Elsevier Inc. All rights reserved.
1. Introduction

Testicular torsion (TT) is caused by twisting of the spermatic
cord and leads to ischemia of the testicular tissue due to the
obstruction of blood flow to the testis. Extended period of tissue
ischemia will result in permanent testicular damage, loss of sper-
matogenesis and necrosis. Therefore, TT is considered a medical
emergency that usually requires immediate surgical intervention
to reperfuse the affected testis. Despite return of blood flow after
testis detorsion, loss of spermatogenesis is still observed [1]. The
ischemia reperfusion injury (IRI) to the testis induced by TT is
accompanied by germ cell apoptosis (GCA), increase in intratestic-
ular neutrophils, generation of reactive oxygen species (ROS) and
DNA damage [2]. Furthermore, some studies suggest that ROS pro-
duced by the recruited neutrophils disturb Bcl-2 family members
in the germ cells and thus initiate apoptosis via the mitochondrial
pathway [3]. A fine balance between pro-apoptosis molecules and
ll rights reserved.

aghrebi).
anti-apoptosis molecules can trigger the onset or inhibition of
apoptosis.

Coinciding with IRI-induced GCA is the generation of pro-
inflammatory cytokines, in particular TNFa, IL-6 and IL-1b. Both
TNFa and IL-1b are known to cause inflammation and induce the
expression of pro-inflammatory peptides such as iNOS, cyclooxy-
genase 2 and IL-6 in Sertoli cells [4] as well as in seminiferous per-
titubular cells [5]. In fact, IL-1a, IL-1b, and TNFa stimulate their
own expression as well as each other’s production in an amplifica-
tion loop [6,7]. Inducible nitric oxide synthase (iNOS) is the en-
zyme responsible for nitric oxide (NO) production and it is
known to be expressed in the testes and is involved in spermato-
genesis, infertility, sperm maturation and apoptosis of Sertoli and
germ cells [8,9]. iNOS is induced in tissues after exposure to
inflammatory cytokines or ischemia [10] and produces relatively
larger amounts of NO than its other two isoforms, nNOS and eNOS
[11], thus it may cause cell death [12]. Therefore, testicular iNOS
concentration may define prognosis after IRI. NO was also found
to regulate the expression of monocyte chemoattractant protein-
1 (MCP-1), a member of the C–C or beta subfamily of chemokines
and the principal monocyte-selective chemotactic cytokine [13].

http://dx.doi.org/10.1016/j.bbrc.2012.03.013
mailto:malmaghrebi@hsc.edu.kw
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Interestingly, this chemokine has been shown to be produced by
several testicular interstitial cell types in vitro [14,15].

Epigallocatechin-3-gallate (EGCG) is the major component of
polyphenols in green tea and is widely investigated due to its abil-
ity to suppress the inflammatory processes that lead to transfor-
mation, inhibit cell proliferation and exert a strong antiradical
activity [16,17]. It has been shown that EGCG protects cardiomyo-
cytes against ischemia/reperfusion-induced apoptosis both in vitro
and in vivo [18]. EGCG is also used now as a nutritional supplement
due to its many health benefits and positive effects that surpasses
any other natural product.

Based on its protective properties, we aimed to investigate
whether EGCG treatment can rescue the testes from TT-induced
IRI harmful consequences by assessing the morphological changes
in testicular tissue, the expression of apoptosis and inflammation
genes and measuring testicular cytokine concentrations.
2. Materials and methods

2.1. Animals and surgical procedure

The study included 18 adult male Sprague Dawley rats (8 weeks
of age and weighing between 250 and 300 g). Rats were housed in
a temperature, humidity, and 12 h light/12 h dark cycle controlled
room with food and water ad libitum. The rats were randomly as-
signed into three groups: Sham (n = 6); IRI + vehicle (n = 6) and IR-
I + EGCG (n = 6). Animals were handled according to the guidelines
of experimental animals recommended by Kuwait University for
animal welfare and care. All animal experiments were performed
following a protocol approved by the ethics committee on animal
research at Kuwait University. All surgical procedures were per-
formed under xylazine/ketamine anesthesia (62.5/3.2 mg/kg, i.p.)
using sterile conditions with the aid of a surgical microscope. TT
and detorsion were performed in the form of 1 h ischemia followed
by 4 h of reperfusion, respectively. For the three animal groups, the
scrotum was entered through a midline incision. The tunica vagi-
nalis was opened, and the left testis was exposed. The left testicu-
lar artery was compressed with a Dumont #7 curved jewelers
forceps (Fine Science Tools Inc., North Vancouver, BC, Canada) to
completely cut off the blood supply to the testes (ischemia) for
1 h. In the IRI + vehicle group, 250 ll of saline was injected i.p.
30 min after ischemia onset. At the end of 1 h ischemia, the forceps
was removed and the left testis was replaced in the scrotum for 4 h
of reperfusion followed by animal sacrifice. In the IRI + EGCG
group, 50 mg/kg EGCG was dissolved in saline and one dose was
injected i.p. 30 min prior to reperfusion. The left testis was then re-
turned to the scrotum for 4 h of reperfusion. In the sham-operated
group, the left testis was brought through the incision, exposed for
1 h and then returned to the scrotal sac. Animals in each group
were sacrificed together and the testes were harvested, cut into 2
halves and preserved for further histopathologic and biochemical
investigations. The right contralateral testes served as a positive
internal control.
2.2. Histologic examination

Testicular tissue was immediately immersed and fixed in Bou-
in’s fixative for 24 h before they were washed in PBS buffer and fur-
ther processed for light microscopy and embedded in paraffin
blocks. 4 lm sections were stained with hematoxylin and eosin
(H&E). Three sections from each testis (ipsilateral and contralat-
eral) were analyzed under light microscopy. The examiner was
blinded to the treatment of each group. As described earlier [19],
the Johnsen’s score was used to evaluate the morphological
impairment to testicular tissue as a result of IRI. Briefly, the John-
sen’s method [20] applies a score of 1–10 for each tubule cross-sec-
tion, whereby a score of 10 indicates complete spermatogenesis
and perfect tubules, while a score of 1 means no germ cells and
no Sertoli cells present. The Johnsen’s score per tubule was ex-
pressed as mean ± SEM for each group.

2.3. TUNEL assay

The level of DNA damage was detected via the terminal trans-
ferase-mediated dUTP-biotin nick end-labeling (TUNEL) assay,
which was performed using an in situ cell death detection POD
kit (Roche Diagnostics, Mannheim, Germany) following the manu-
facturer’s instructions. Briefly, 4 lm sections were deparaffinized
and rehydrated with serial changes of xylene and ethanol followed
by Proteinase K treatment (20 mg/L) for 15 min (Sigma–Aldrich,
Saint Louis, MI, USA). The sections were then treated with the reac-
tion mixture containing TdT and biotinylated 16-dUTP for 1 h at
37 �C. Labeled DNA was visualized with peroxidase-conjugated
antidigoxigenin antibody using 3,30-diaminobenzidine as the chro-
mogen. One-hundred seminiferous tubules from each testis were
evaluated for DNA damage in circular cross sections using ran-
domly selected microscopic fields from three testes in each group.
The number of TUNEL-positive nuclei per tubule were counted and
expressed as the mean ± SEM.

2.4. ELISA assay

Protein extracts were prepared from fresh testicular tissues
homogenized in RIPA lysis solution (50 mM Tris–HCl, pH 8.0, with
150 mM sodium chloride, 1.0% Igepal CA-630, 0.5% sodium deoxy-
cholate, and 0.1% sodium dodecyl sulfate) (Sigma–Aldrich, Saint
Louis, MI, USA). A cocktail of protease inhibitors including aproti-
nin, leupeptine, pepstatine, PMSF (2 lg/ml each) was added to
the RIPA lysis solution just before tissue homogenization. Protein
concentrations were measured and equal protein amounts were
used for each ELISA assay. Protein extracts were analyzed in tripli-
cates for cytokine levels according to the ELISA kit procedures for
TNF-a, IL-1b, IL-6 (eBioscience, San Diego, CA, USA).

2.5. RNA isolation and reverse transcription

Total RNA was isolated from testicular tissue using the Trizol re-
agent (Life Technologies Inc., Gaithersburg, MD, USA). Single-
strand complementary DNA (cDNA) was synthesized by random
priming of 1–5 lg total RNA using the High Capacity cDNA Reverse
Transcription Kit (Applied Biosystems, CA, USA) for 2 h at 85 �C.

2.6. Real-time PCR

Standardized Taqman probe/primers assays for Bax, p53, Bcl-2,
survivin, MCP-1 and iNOS were purchased from Applied Biosys-
tems (Carlsbad, CA, USA). Amplification of the above genes was
performed in a 96-well reaction plate. The 25 ll reaction mixture
in each well contained 3 lL of cDNA, 200 nmol/l of Taqman
probe/primers assay and 12.5 lL of qPCR Super Mix (Applied Bio-
systems, Carlsbad, CA, USA). A non-template PCR negative control
reaction and a positive PCR control with a known template size
were included. All reactions were run in duplicates. Real-time
PCR was performed using the sequence documentation system
(SDS) 7000 (Applied Biosystems, Carlsbad, CA, USA). The compara-
tive CT method was used to quantitate mRNA expression [21].
Briefly, the target gene specific signal was normalized to the con-
stitutively expressed b-Actin gene signal using the formula
2�DDCT = 2�(CT,b-Actin-CT,target gene), resulting in the evaluation of the
samples as n-fold difference relative to that of b-Actin mRNA
expression.
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2.7. Statistical analysis

A one-way analysis of variance (ANOVA) was applied to assess
significant differences between the mean Johnsen’s scores ob-
served in sham, IRI + vehicle, and IRI + EGCG group. The LSD and
Bonferroni Post Hoc tests were performed to determine individual
probability values for multiple comparisons using SPSS software (v
17.1). t-test (independent) was performed for each group using
SPSS software. Statistical analysis for the gene expression and ELI-
SA data was performed using GraphPad Prism (v 5.0). Group differ-
ences were compared by ANOVA followed by the Kruskal–Wallis
test. All data were expressed as mean ± SEM. P values 6 0.05 were
considered to indicate statistical significance.
3. Results

3.1. Histologic analysis

The contralateral testes from all three experimental groups
including the ipsilateral testes from the sham animals displayed
normal morphology of seminiferous tubules. The sham testes
showed normal seminiferous tubular diameter, number of germ
cell layers and spermatogenesis from spermatogoniun in the base-
ment to spermatozoon in the center of the tubules (Fig. 1A).
Fig. 1. Histologic analysis of testicular tissue. H & E sections of rat testes showing low (A
sham, IRI + vehicle and IRI + EGCG- experimental groups. A and B are examples of ipsilat
testis from the IRI + vehicle animal group and E and F are examples of morphological fi
IRI + vehicle rat testes displayed remarkable morphological
changes and tissue damage (Fig. 1C) with significant seminiferous
tubular atrophy, reduction in the number of germ cell layers and
spermatogenous arrest. In contrast, IRI + EGCG (50 mg/kg i.p.) trea-
ted animals displayed normal histologic morphology in the major-
ity of seminiferous tubules of ipsilateral testes (Fig. 1E). High
magnifications of the histologic alterations from the sham,
IRI + vehicle and IRI + EGCG-experimental groups are also shown
(Fig. 1B, D and F).

The mean morphologic testicular damage was assessed by the
Johnsen’s scoring system in the three experimental groups (Ta-
ble 1). The testes from the IRI + vehicle group showed significant
low scores (p 6 0.001) compared to sham-operated and contralat-
eral testes. The average Johnsen’s score for the sham and IRI + vehi-
cle group was 9.375 ± 0.125 and 6.875 ± 0.375, respectively. In
contrast, the IRI + EGCG testes exhibited significantly (p 6 0.001)
higher scores (8.313 ± 0.120) compared to the IRI + vehicle group
and significantly lower (p 6 0.03) than the sham group.

3.2. Evaluation of germ cell apoptosis

Tissue sections from the testes of sham-operated animals
stained by TUNEL revealed very few stained nuclei (1.9 ± 0.35)
indicating baseline DNA damage (Fig. 2A). However, sections taken
, C and E) and high (B, D and F) magnifications of the histologic alterations from the
eral testis from the sham group; C and D represent histologic sections of ipsilateral
ndings of the ipsilateral testis from IRI + EGCG (50 mg/kg, i.p.) group.



Table 1
Mean morphological damage assessed by Johnsen’s scoring system.

Animal groups Ipsilateral testes Contralateral testes

Sham 9.375 ± 0.125 9.438 ± 0.063
IRI + vehicle 6.875 ± 0.375* 9.313 ± 0.120
IRI + EGCG 8.313 ± 0.120** 9.375 ± 0.125

* p < 0.001 injured + saline group compared to sham and injured + EGCG groups
and all the contralateral testes; as analyzed by ANOVA followed by Bonferroni and
LSD post hoc tests.
** p < 0.03 EGCG-treated group III compared to group I and all the contralateral
testes; as analyzed by ANOVA followed by Bonferroni and LSD post hoc tests.

Table 2
Effect of in vivo treatment with EGCG on testicular cytokine levels in rats subjected to
unilateral testicular ischemia and reperfusion injury (IRI).

Animal groups Sham IRI + vehicle IRI + EGCG

TNF-a – C 3921 ± 515 4045 ± 341 3800 ± 718
TNF-a – I 3399 ± 329 5675 ± 394a 3503 ± 444
IL-6 – C 1988 ± 121 1239 ± 148 1262 ± 145
IL-6 – I 1258 ± 497 3788 ± 386b 1438 ± 661
IL-1b – C 4509 ± 349 4883 ± 271 4766 ± 513
IL-1b – I 4533 ± 254 6324 ± 489c 4936 ± 266

Cytokine levels are measured as pg/mg tissue. Data are given as mean ± SEM.
C = Contralateral and I = Ipsilateral. a,b,c Represent p values of 0.0084, 0.0032, 0.0179
in comparison to the sham group. Significant correlation was calculated by ANOVA
followed by the Kruskal–Wallis test.
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4 h after the repair of torsion in the IRI + vehicle group showed sig-
nificantly increased number of GCA due to DNA damage (28 ± 2.5,
p 6 0.05) and the seminiferous epithelium were most sensitive to
induction of apoptosis (Fig. 2B). Upon EGCG treatment, a signifi-
cant decrease in GCA was observed (2.8 ± 0.46, p 6 0.05) (Fig. 2C)
in comparison to IRI + vehicle group and similar to sham levels
(Fig. 2D).

3.3. Levels of inflammation markers

Testicular concentration of TNF-a, IL-1b and IL-6 were evalu-
ated in the three experimental groups using ELISA (Table 2). In
the IRI + vehicle animals, the levels of TNF-a, IL-1b and IL-6 were
significantly increased (p = 0.0084, 0.0032 and 0.0179, respec-
tively). Rats injected with EGCG pre-reperfusion showed reduced
levels of the three cytokines that were similar to sham levels.

3.4. Expression of apoptosis and inflammation genes

In the ipsilateral testes, a significant increase in the mRNA
expression of the pro-apoptosis genes p53 and Bax was obtained
Fig. 2. TUNEL assay analysis for the detection of germ cell apoptosis. IRI + vehicle group (
and IRI + EGCG animal group (C) after 4 h of reperfusion of the ipsilateral testes. Bars (
statistical significance (p 6 0.0001).
after IRI (6.2 ± 0.75, p 6 0.001 and 5.37 ± 1.03, p 6 0.001, respec-
tively), which was normalized upon EGCG treatment (Fig. 3). On
the other hand, the expression of the anti-apoptosis genes Bcl-2
and survivin was not significantly changed by the IRI + vehicle
(1.39 ± 0.38, p > 0.05 and 0.85 ± 0.15, p > 0.05, respectively) or by
the IRI + EGCG treatment. Calculation of Bax to Bcl-2 ratio resulted
in a 3.86 value, which is considered as positive indicator for the
induction of apoptosis. There was a trend toward an increased
mRNA expression of the inflammatory markers iNOS and MCP-1
(4.5 ± 0.95, p 6 0.001 and 9.28 ± 1.05, p 6 0.001, respectively) as a
result of IRI. EGCG treatment prior to reperfusion was able to re-
verse the inflammatory response and decreased the mRNA expres-
sion of iNOS and MCP-1 to sham levels.
4. Discussion

Testicular torsion can either occur due to a trauma to the testi-
cles, like an accident, or as in most cases happen for no apparent
B) displayed a significant increase in germ cell apoptosis in comparison to sham (A)
D) represent the mean of the results from 6 animals per group ± SEM; ⁄⁄⁄ denotes



Fig. 3. Gene expression measurement using real-time PCR analysis. Real-time PCR was performed on RNA purified from testicular tissue using Taqman assays for the
following genes: Bax, p53, survivin, Bcl-2, MCP-1 and iNOS. Relative mRNA expression was calculated using the 2�DDCT method. The expression ratios of the target mRNA
against the level of b-actin mRNA are given as bar graphs. The results are representative of reactions run in duplicates on 6 animals per group. ⁄⁄⁄ indicates statistical
significance (p 6 0.001).
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reason. The underlying mechanism of TT is an IRI to the testes,
which leads to production of reactive oxygen species, stimulation
and secretion of pro-inflammatory cytokines, generation of ROS,
apoptosis, testicular atrophy and consequent decrease in sper-
matogenesis [22,23]. Although the underlying mechanism of GCA
in TT is not fully understood, activation of caspases 2 and 3 was
demonstrated in both rat and mice models of TT [24,25]. Also,
the up-regulation and re-localization of the pro-apoptosis mole-
cule Bax was associated with TT-induced IRI in several studies
[26,27]. In our study, the IRI + vehicle showed increased Bax to
Bcl-2 ratio suggested a favorable shift toward apoptosis onset
and subsequent damage to spermatogenesis. Also, enhanced p53
expression and a positive TUNEL assay indicated the presence of
cellular DNA damage. Acute treatment of EGCG prior to testes re-
sulted in a protective effect on the negative outcome of the TT-in-
duced IRI.

Another factor that is also known to induce apoptosis during TT
is the stimulation of an inflammatory response. It has been re-
ported that during testes reperfusion, neutrophils and macro-
phages release free radicals and pro-inflammatory cytokines that
can induce apoptosis and thus act as mediators of testicular injury
[24,28]. Enhanced expression of TNF-a and IL-1b has been shown
after IRI in testicular cells, activated interstitial macrophages
[29,30] as well as in other cell types [31]. Furthermore, both cyto-
kines are important regulators of other cytokines, chemokines,
adhesion molecules, growth factors and inducible enzymes. IL-6,
an acute phase reactant, enhances monocytes and macrophages
functions after stimulation. But it also has a modulatory effect on
the TNF-a and IL-1b production [32]. There is also evidence that
TNF-a and IL-1b can stimulate the expression of the adhesion mol-
ecule E-selectin through an NFjB nuclear localization pathway or
phosphorylation of JNK [33]. However, the details and order of
events of this mechanism is not yet fully elucidated. Another adhe-
sion molecule, MCP-1, was also found to be highly expressed in in-
flamed rat testes prior to a large invasion of monocytes into the
testicular interstitial tissue suggesting a regulatory role of MCP-1
during testes inflammation [15]. Recent studies indicate that the
up-regulation of MCP-1 is, in part, regulated by the cytokines
TNF-a and IL-1b [34]. Our results are in agreement with the cur-
rent published reports whereby TNF-a, IL-1b, IL-6 and MCP-1
expression is elevated after IRI of the testis. This enhanced expres-
sion was abolished upon EGCG treatment.

NO is a powerful biologic molecule that functions at low con-
centrations as a signal in many physiologic processes, however at
high concentrations could cause DNA damage and cell death
[10,35]. During development, NO plays an important function in
the conversion of stem cells to spermatozoa and plays a regulatory
role within Sertoli cells, pachytene spermatocytes and elongating
spermatids [14]. NO is produced by the enzyme iNOS, which has
been implicated in the pathogenesis of IRI, and the inhibition of
its activity and consequent NO production could offset IRI
[4,36,37]. The over expression of iNOS is controlled at the tran-
scriptional level that is induced by various cytokines. Toxic levels
of NO due to the overexpression of iNOS were reported in apoptotic
germ cells of mice testis [9]. Similarly, we found significant eleva-
tions in iNOS mRNA expression after testicular IRI, which corre-
lates with previous studies. Interestingly, iNOS transcriptional
up-regulation was suppressed by EGCG treatment. Based on these
findings we report for the first time the protective effects of EGCG
from the dire consequences of TT-induced-IRI due to its anti-
inflammatory and anti-apoptotic properties.

In conclusion, the protective effects of EGCG reported in this
study are of clinical importance to patients with testicular torsion.
An adjunct interventional use of EGCG prior to testicular detorsion
surgery could prevent the destructive effects of TT-induced IRI and
possible future infertility problems or removal of damaged testis.
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Aptamers are attractive tools for modulating function of a desired target. In this study, we isolated an
RNA aptamer that specifically inhibits transcription of SP6 RNA polymerase. The dissociation constant
and 50% inhibitory concentration of the aptamer were estimated 9.5 nM and 24.8 nM, respectively.
Doped-SELEX and mutational analysis revealed that the aptamer adopts the structure including two
stems, two loops, and 50 single-stranded region. Based on the results, the aptamer could be engineered
to circular permutant and binary construct forms without decreasing the activity. The aptamer would
be applicable for the construction of expression regulation systems.

� 2012 Elsevier Inc. All rights reserved.
1. Introduction

Since the proposal of the central dogma of molecular biology, the
importance of RNAs’ functions has been recognized, and at present,
a wide variety of dynamic roles of RNAs for intracellular events are
known [1]. Moreover, functional RNAs has been engineered to
manipulate cellular behaviors [2–4]. Compared with proteins, func-
tional RNAs have several attractive features. For example, guide
RNAs, similar to short interference RNA, can be designed simply
based on base-pairing formations. Concerning structural RNAs, the
modular property and the predictability of their two dimensional
(2D) architecture enable rational engineering of them. Furthermore,
it is also possible to generate novel, artificial RNAs with desired
binding or catalytic properties employing an in vitro methodology
[5,6].

RNA aptamers are such artificial RNAs selected in vitro from a
large random sequence library based on their high affinity to a tar-
get molecule by a process known as SELEX (systematic evolution of
ligands by exponential enrichment) [7–11]. Since the establishment
of the procedure, a wide variety of aptamers have been generated,
and their applications have been extensively studied [9–11].

In this study, we isolated an inhibitory RNA aptamer against SP6
RNA polymerase (RNAP). SP6 RNAP is one of the most commonly
used enzymes for in vitro transcription [12–14]. In addition, appli-
cability of the RNAP for in vivo expression is also demonstrated
[15–18]. Thus, the specific inhibitor against SP6 RNAP would be
applicable for the construction of a novel regulation system of gene
expression.
ll rights reserved.
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chi).
2. Materials and methods

2.1. RNAP preparations

SP6 RNAP coding sequence was amplified from a plasmid
pACSP6R (kind gift from Prof. Changwon Kang of Korea Advanced
Institute of Science and Technology) [17,18] by PCR using KOD-
Plus-DNA polymerase (Toyobo, Japan) with following primers; 50-
AGCGGATCCA TGCAAGATTT ACACGC-30 (BamHI restriction site is
underlined) and 50-AGCCTGCAGT TAGGCAAATA CGTATTC-30 (PstI
restriction site is underlined). Otherwise mentioned, all synthetic
DNAs were purchased from Operon Biotechnologies (Japan). The
amplified fragment was digested by BamHI and PstI, cloned into
BamHI/PstI site of an expression vector, pQE-80 (Qiagen). Employ-
ing the resulting plasmid, pQE-SP6R, recombinant hexa-histidine-
tagged SP6 RNAP was expressed in Escherichia coli BL21 (DE3)
(Novagen). The protein was purified from the crude cell lysate
using HisLink Protein Purification Resin (Promega), followed by
ion exchange chromatography using HiTrap CM FF (GE Healthcare)
and HiTrap DEAE (GE Healthcare). The recovered fractions contain-
ing the protein were dialyzed against buffer D (50 mM Tris–HCl,
pH 7.6, 1 M NaCl, 10 mM 2-mercaptoethanol, 10% glycerol) at
4 �C overnight and stored at �20 �C until use.

Recombinant hexa-histidine-tagged T7 RNAP was expressed
employing an expression plasmid, pQE-T7R (kind gift from Prof.
Tsutomu Suzuki of University of Tokyo, Japan), and purified as
described above.
2.2. SELEX

SELEX against SP6 RNAP was performed essentially as described
[19] employing the following synthetic DNA as an initial DNA pool;
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Fig. 1. Progress of SELEX against SP6 RNAP. (A) Affinity enrichment during SELEX. Binding activity of the pool RNA after each round was evaluated by filter-binding assay. Two
independent duplicate experiments were performed employing SP6 RNAP (at a final concentration of 10 nM). Error bars indicate standard deviation. (B) Sequences of clones
isolated after 10 rounds of SELEX. The numbers in parentheses indicate the frequency with which the sequence was selected. The primer regions are indicated in lowercase
letters.

Fig. 2. Inhibitory activity of aptamer S05. In vitro transcription was carried out in
the presence of indicated concentrations of the RNA. (A) Transcription by SP6 RNAP
in the presence of aptamer S05. (B) Transcription by SP6 RNAP in the presence of
N35 RNA. (C) Transcription by SP6 RNAP in the presence of T06 RNA. (D)
Transcription by T7 RNAP in the presence of aptamer S05. Value under each lane
of the gel images indicates the relative amount of transcript compared with that of
the reaction in the absence of RNA. Two independent duplicate experiments were
performed and the mean values are shown. (E) Estimation of dissociation constant
(KD) by filter-binding assay. The estimated KD for aptamer S05 and SP6 RNAP was
9.5 nM. Two independent duplicate experiments were performed. Error bars
indicate standard deviation.
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50-TAATACGACT CACTATAGGA TGGCAGCGGA GAG-N35-CAGCCCA
CAC CACTCTCC-30 (T7 promoter sequence is underlined, and N35
represents 35-nucleotides [nts] of random sequence). The detailed
conditions of SELEX are described in Supplemental Table 1.

For the doped-SELEX, the following synthetic DNA (purchased
from Gene Design Inc., Japan) was employed as an initial DNA pool;
50-TAATACGACT CACTATAGCC CCAGGGATGG GGAAAAggat ggcag
cggag agttgcttgg aatgcgttat agtctcttag gtgtgtacag cccacaccac tct
ccAAAAC TCGGCATCCG TGCCGAG-30 (uppercase and underlined
letters indicate primer binding sites and T7 promoter sequence,
respectively. Positions indicated by lowercase letters were 8.1%-
doped, that is, mixture of 91.9% of a base identical to that of the
parental S05 sequence and 3 � 2.7% of other bases).

2.3. Transcription inhibition assay

For the construction of template DNA for in vitro transcription
by SP6 RNAP, the DNA fragment between nucleotides 289–486 of
plasmid pEGFP (Clontech) was amplified by PCR employing KOD-
Plus-DNA polymerase with following primers; 50-AATTTAGGTG
ACACTATAGA GATGGTGAGC AAGGGCGAGG AGC-30 (SP6 promoter
sequence is underlined) and 50-GGTCAGGGT GGTCACGAGG
GTGGG-30. The amplified fragment was cloned into SmaI site of
pUC19, re-amplified by PCR, purified by phenol/chloroform extrac-
tion and ultrafiltration with Microcon YM-30 (Millipore).

Before the transcription reaction, 2 nM SP6 RNAP was incubated
with 50 nM of above template DNA and indicated concentration of
the RNA at 37 �C in buffer R [40 mM Tris–HCl, pH 7.6, 6 mM MgCl2,
2 mM spermidine, 10 mM DTT, 0.01% BSA, 0.1 U/lL RNase inhibitor
(Takara Bio, Japan)] for 10 min. The reaction was started by adding
0.25 mM of each rNTPs and 0.5–2 lCi/lL [alpha-32P]-GTP (Perkin-
Elmer), carried out at 37 �C for 30 min, and stopped by adding
equal volume of the stop solution (95% formamide, 20 mM EDTA).
The transcript was separated by 6% PAGE containing 8 M urea and
quantified by FLA-5100 (Fujifilm Life Science). The 50% inhibitory
concentration (IC50) was estimated by curve fitting using Gnuplot
4.5.0 (http://www.gnuplot.info/).

2.4. Filter-binding assay

The filter-binding assay was performed essentially as described
[19]. Indicated amounts of SP6 RNAP and [32P]-labeled RNAs were
mixed in buffer R, incubated for 20 min at 37 �C, and chilled on ice.
The mixture was filtered through a pre-soaked MF-Millipore Mem-
brane Filter (Millipore; HAWP02500) placed in a vacuum manifold,
and the filter was washed once with 1 ml of RNase inhibitor-free
buffer R. Radioactivity retained on the filter was measured by
Cerenkov counting using a scintillation counter. The dissociation
constant (KD) was estimated by curve fitting using Gnuplot 4.5.0.

3. Results and discussion

To generate a specific inhibitor to SP6 RNAP, we intended to iso-
late inhibitory RNA aptamers against the RNAP. SELEX was carried

http://www.gnuplot.info/


Fig. 3. Mutational analysis of aptamer S05. The two dimensional structure of aptamer S05 is shown at the center. Dots and black arrows indicate base-pairings and 5’-to-30

orientations, respectively. The mutated regions and mutants are shown in gray squares at arrow roots and tips, respectively. The altered bases are emphasized by gray
shadows. Values in the parentheses indicate the relative transcript amounts in the presence of 100 nM RNA.
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out against hexa-histidine-tagged SP6 RNAP using an initial pool
containing 3 � 1014 variants of 69-nt RNA with 35-nt random
sequences.

After 3 rounds of SELEX, slight increase of the pool RNA affinity
against SP6 RNAP was observed (Fig. 1A). The pool affinity was pro-
gressively enriched, and after 10 rounds, the enrichment reached a
plateau. Thus, the variants of the pool were cloned and sequenced.
Of 28 clones randomly picked out, 13 independent sequences were
isolated. Three sequences appeared multiple times [S12 (eleven),
S01 (five), and S10 (twice)], and three (S02, S06, and S09) and
one (S11) single-clones showed sequence similarities to S12 and
S01, respectively (Fig. 1B). In addition, two single-clones (S08
and S13) had sequences almost identical each other (Fig. 1B).

The isolated 13 independent clones were analyzed for the inhib-
itory activity against SP6 RNAP, and only one variant, S05, showed
strong inhibitory activity. Its IC50 (50% inhibitory concentration)
value was estimated as 24.8 (±6.7) nM under the typical in vitro
transcription condition (Fig. 2A). Under this condition, negative
control RNAs [the initial pool RNA (N35 RNA) and a 71-nt RNA apt-
amer (T06 RNA) against T7 RNAP (manuscript in preparation)]
showed no apparent inhibition, even when the RNA was added
up to 4 lM (Fig. 2B). The dissociation constant (KD) of aptamer
S05 was estimated as 9.5 (±1.6) nM by filer-binding assay, whereas
the negative controls showed no apparent binding against SP6
RNAP up to 1 lM (Fig. 2E). As expected from the fact that no reduc-
tion was observed on transcription efficiencies by T7 RNAP for the
pool RNA preparations during SELEX, aptamer S05 did not inhibit
T7 RNAP (31% identical to SP6 RNAP) even at a concentration up
to 4 lM, demonstrating the specificity of the aptamer (Fig. 2D).
To elucidate the essential elements of aptamer S05, we first
examined several deletions at 50- or 30-regions, and found that
short deletions reduced the activity (data not shown). Thus, to esti-
mate structure/sequence requirements of aptamer S05 based on
artificial phylogeny of the aptamer derivatives, SELEX from an
RNA pool of 8.1% mutagenized variants of aptamer S05, or
doped-SELEX, was carried out [20]. After 3 rounds of the doped-SE-
LEX, the pool RNA showed the inhibitory activity comparable with
that of the parental aptamer (data not shown), and the variants
were cloned. Among 45 clones analyzed, 27 clones showed the
inhibitory activity comparable with aptamer S05 (Supplemental
Fig. 1). According to the prediction by the sequence alignment pro-
grams based on consensus 2D structure (MASTR and CMfinder)
[21,22], the aptamers adopt the structure including two stems
(Stem 1 and Stem 2), two loops (Loop 1 and Loop 2), and 50 sin-
gle-stranded (50ss) region (Fig. 3 and Supplemental Fig. 1). The pri-
mary sequence of Loop 1 is highly conserved, whereas that of Loop
2 and 50ss region are not. The stems are moderately tolerant for
mutations, even when the mutations disrupt the base-pairings
for some extent (Supplemental Fig. 1).

To confirm the predicted 2D structure, mutational analysis of
aptamer S05 was carried out (Fig. 3). When mutations were intro-
duced to disrupt base-pairings of Stem 1 (mut1 and mut2), the
activity was significantly reduced. However, the activity was com-
pletely retained when the sequence was changed without affecting
the base-pairing (mut3). Similar results were obtained for muta-
tions at Stem 2 (mut4, mut5, and mut6). Thus, the secondary
structure and not the primary sequence of the stems are
important.
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With regard to the 50ss region, four nucleotide truncation of the
9-nt single-stranded fragment (mut7) moderately reduced the
activity, and complete deletion (mut8) showed more deleterious
effect. Furthermore, addition of an extra 30 fragment complemen-
tary to 50ss, or change the single-stranded fragment to the
extended stem structure (mut9), also showed deleterious effect
on the activity. Because the artificial phylogeny indicates that the
mutations of 50ss region are highly bearable (Supplemental
Fig. 1), the results suggest that the existence of enough length of
single-stranded fragment at 50 position is required for the full
activity in the sequence independent manner.

Finally, Loop 2, the mutation tolerant 7-nt loop, was analyzed.
When the loop was replaced with UUCG tetraloop (mut10), no ef-
fect on the inhibitory activity was observed. Thus, Loop 2 is likely
to have no structural/functional role for the activity.

Based on these results, we designed a Loop 2-lacking derivative
by circular permutation (mut11) and found that the variant showed
the activity comparable with that of aptamer S05 as intended. Both
terminals of the derivative are capped with an extended stem struc-
ture to protect the RNA from exonuclease degradation [23], and the
aptamer may be efficiently expressed in vivo. T7 lysozyme is a spe-
cific inhibitor against T7 RNAP, and expression regulation systems
employing them are widely used for the production of toxic pro-
teins [24]. The circular permutant aptamer against SP6 RNAP might
be used for the similar applications.

We also designed another derivative by dividing aptamer S05 to
two fragments (mut12), and the resulting binary aptamer also re-
tained the complete activity. The transcription by SP6 RNAP was
suppressed only when both RNA fragments simultaneously ex-
isted, and the inhibitory activity could be modulated with an anti-
sense fragment complementary to the aptamer (data not shown).
Thus, we expect that the binary aptamer is applicable to the
sophisticated design of translation-free, expression regulation sys-
tems [25–28].
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Irritable bowel syndrome (IBS) is a gastrointestinal disorder characterized by chronic abdominal pain
associated with altered bowel habits. Since the prevalence of IBS is very high and thus, involves elevated
health-care costs, treatment of this condition by methods other than prescribed medicines could be
beneficial. b-(1,3)-D-glucan with b-(1,6) branches (b-glucan) has been used as a nutritional supplement
for many years. In this study, we examined the effect of b-glucan on fecal pellet output and visceral pain
response in animal models of IBS. Oral administration of b-glucan suppressed the restraint stress- or
drug-induced fecal pellet output. b-Glucan also suppressed the visceral pain response to colorectal dis-
tension. These results suggest that b-glucan could be beneficial for the treatment and prevention of IBS.

� 2012 Published by Elsevier Inc.
1. Introduction

IBS is a functional gastrointestinal disorder characterized by
chronic and recurrent abdominal pain and discomfort (colonic
hypersensitivity) that are associated with altered bowel habits
but not with any detectable structural or biochemical abnormality
[1,2]. IBS is categorized into subtypes according to the predomi-
nant bowel habit: diarrhea-predominant IBS, constipation
-predominant IBS, and mixed pattern IBS [1]. In spite of the signif-
icant impact that IBS has on patient quality-of-life, currently avail-
able clinical treatments for IBS have proved unsatisfactory, mainly
due to the difficulty in suppressing the visceral pain associated
with IBS.

IBS is one of the most common gastrointestinal disorders,
estimated to affect 7–15% of the general population in the USA
and 6–12% in Asian countries [2,3]. Considering the health-care
costs associated with treating the condition, the identification of
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effective therapies (such as the taking of supplements) that do
not involve prescription drugs is beneficial [4,5].

Although the pathogenesis of IBS is not completely understood,
studies have suggested that genetic factors, previous inflammation,
mental stressors and microbiota play important roles [6]. A num-
ber of animal models for IBS has been established and used to eval-
uate clinical protocols designed to treat the condition. Mental
stressor- or drug-induced alterations in defecation have been used
as a model for defecation disorders related to IBS in animals [7–9].
Since hypersensitivity to colorectal distension (CRD) was observed
in IBS patients [10], monitoring the electrical activity of the
abdominal muscles (visceromotor response) in response to CRD
is a standard procedure to detect IBS-related abdominal pain (vis-
ceral pain) in animals [11,12]. Furthermore, based on the increased
colonic level of butyrate in IBS patients [13,14], butyrate enema-
induced hypersensitivity to CRD is also considered as a useful ani-
mal model for IBS [15,16].

b-Glucans are naturally-occurring polysaccharides found in the
cell walls of yeast, fungi, cereal plants and certain bacteria [17,18].
As suggested by the fact that various foods contain b-glucans, they
are known to have few toxic and adverse effects [18]. b-Glucans
from mushrooms have been used in Japan as anti-tumor drugs
due to their immunostimulating activities [17]. In addition, b-
(1,3)-D-glucans with b-(1,6) branches have been reported to have
various clinically beneficial effects, such as enhancing the
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bio-defense activity against bacterial, viral, fungal and parasitic
challenge, increasing hematopoiesis and radioprotection, stimulat-
ing the wound healing response, and decreasing serum lipid levels
[17–20]. Interestingly, it was recently reported that b-glucans sup-
press inflammatory responses in some animal models [21–26],
suggesting that b-glucan could be an interesting immunomodula-
tor, causing opposing effects on different aspects of the immune
system.

We succeeded in the purification and industrial-scale produc-
tion of low-molecular-weight b-(1,3–1,6)-D-glucan from Aureoba-
sidium pullulans (A. pullulans) GM-NH-1A1 strain (LMW b-glucan)
[27,28]. The characteristic features of LMW b-glucan are its low
molecular weight (about 100 kDa), low viscosity, high water-
solubility and high level of b-(1–6) branching (50–80%) [27,28].
We previously reported that LMW b-glucan has various clinically
beneficial effects, such as suppression of the allergic response, sup-
pression of restraint stress-induced immunosuppression and anti-
tumor and anti-metastatic actions [27–29]. Moreover, we recently
reported that LMW b-glucan protects the gastric mucosa against
the formation of irritant-induced lesions by increasing levels of
defensive factors such as heat shock protein 70 and gastric mucin
[30]. In the present study, we use different animal models for IBS to
test the hypothesis that LMW b-glucan could be effective in the
treatment of this condition. Our results suggest that the oral
administration of LMW b-glucan suppresses not only fecal pellet
output but also the visceromotor response to CRD (visceral pain re-
sponse). These findings suggest that LMW b-glucan could be ther-
apeutically effective for the treatment of IBS.
2. Materials and methods

2.1. Chemicals and animals

LMW b-glucan was prepared from the conditioned culture med-
ium of A. pullulans GM-NH-1A1, as described previously [27,28].
Analysis of 1H and 13C NMR spectra and gel-filtration chromatogra-
phy revealed that the LMW b-glucan contains approximately 70%
b-(1–6) branches and an average molecular weight of 100 kDa, as
described previously [27,28]. Clonidine hydrochloride and castor
oil were from WAKO Pure Chemicals (Osaka, Japan). Sodium buty-
rate, brewer’s yeast and carbamyl- b-methylcholine chloride (beth-
anecol) were obtained from Sigma (St. Louis, MO). Loperamide
hydrochloride and 5-hydroxytryptamine hydrochloride (5-HT)
were purchased from Nacalai Tesque (Kyoto, Japan). Wild-type
mice (C57/BL6, 6–8 weeks of age) and Wistar rats (4–6 weeks of
age) were obtained from Charles River (Yokohama, Japan).
Wistar-Imamichi rats (4 weeks of age) were purchased from the
Institute for Animal Reproduction (Kasumigaura, Japan). The
experiments and procedures described here were carried out in
accordance with the Guide for the Care and Use of Laboratory Ani-
mals as adopted and promulgated by the National Institutes of
Health, and were approved by the Animal Care Committees of Keio
University and Kumamoto University.
2.2. Analysis of fecal pellet output in mice

Female mice were subjected to restraint stress by being placed
individually into a 50 ml Falcon tube (Becton Dickinson, Franklin
Lakes, NJ) for 1 h, as described previously [31]. These tubes are
small enough to restrain a mouse so that it is able to breathe but
unable to move freely. Control mice were left to move freely in
the cage. The number of fecal pellets excreted during the 1-h
restraint stress period was measured. b-Glucan was dissolved in
phosphate-buffered saline (PBS) and administered orally 2 h before
animals were subjected to the restraint stress. Control animals
were administered PBS.

In a separate experiment, mice were administered one of differ-
ent drugs that stimulate intestinal motility (bethanecol and 5-HT),
cause diarrhea (castor oil) or cause constipation (loperamide and
clonidine). Animals were then placed in a cage and the number or
wet weight of fecal pellets excreted in the subsequent 1-, 2- or
24-h period determined. Drugs administered subcutaneously were
bethanechol (3 mg/kg) and 5-HT (3 mg/kg), while those adminis-
tered orally were loperamide (10 mg/kg), clonidine (3.5 mg/kg)
and castor oil (300 ll/mouse).

b-Glucan was dissolved in PBS and administered orally 2 h
before animals were subjected to the restraint stress or drug-
treatment. Control animals were administered PBS.
2.3. Electromyography and CRD

Rats were deeply anaesthetized with pentobarbital sodium
(40 mg/kg) and then electromyography electrodes (Star Medical,
Tokyo, Japan) sutured into the external oblique muscle of the abdo-
men for electromyogram recording. Electrode leads were tunneled
subcutaneously and exteriorized at the nape of the neck for future
access. After surgery, rats were housed individually and allowed to
recuperate for 6 days before being used for visceromotor response
testing.

Repeated CRD was performed as described previously [32]. Rats
were restrained in a plastic conical-shape tube (diameter, 6 cm;
height, 15 cm), 15 min before electromyography. To reduce con-
founding effects due to restraint stress, rats were habituated to
the tube 30 min per day for 3 days prior to the experiment. A poly-
ethylene bag (length 2 cm) was inserted in the distal colon, posi-
tioned 1 cm proximal to rectum, and connected to a balloon
catheter which was anchored with tape to the base of the tail.
The pressure and volume of the balloon were controlled and mon-
itored by a pressure controller-timing device (Distender Series II; G
& J Electronics, Toronto, Canada), connected to the balloon. Rats
were subjected to repeated CRD (80 mm Hg, 30 s, 5-min interstim-
ulus interval, 12 times) on day 7. b-Glucan was given orally once
daily for 7 days (from day 0 to day 6).

In separate experiments, CRD associated with the use of buty-
rate enemas was examined as described previously [15]. Rats were
instilled with 1 ml sodium butyrate (110 mg/ml, pH 6.9) or saline
into the colon twice daily for 3 days (day 1, 2 and 3). Rats were sub-
jected to CRD (10, 20, 40 60 and 80 mm Hg, 20 s, 150-s interstim-
ulus interval) on day 7. b-Glucan was given orally once daily for
7 days (from day 0 to day 6).

Visceromotor responses were monitored by electromyography,
as described previously [11,33], 12 h after the last administration
of b-glucan. Electromyograph data were collected and analyzed
using 8 STAR software (version 6.0–19.2 for Windows; Star Medi-
cal, Tokyo, Japan). Responses evoked by contraction of the external
oblique musculature were quantified by calculating the area under
the curve (AUC) of the voltage alteration graph. The baseline was
determined by data collected 20 s (butyrate enema) or 30 s
(repeated CRD) before each distention.
2.4. Inflamed paw pressure nociception test

The pain threshold in Wistar-Imamichi rats was measured
using a Randall–Sellito test with an analgometer (Ugo basile,
Comerio, Italy), as described previously [34]. Brewer’s yeast (20%,
1 ml) was injected into one of the hind paws. Seven hours later,
an increasing pressure was applied to the underside of the hind
limb and the pain threshold was defined as the pressure in grams
eliciting a cry from the animal.
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Fig. 1. Effects of LMW b-glucan on restraint stress- or drug-induced alteration of fecal pellet output in mice. Mice were orally administered indicated doses (A) or 600 mg/kg
(B–F) of LMW b-glucan or vehicle (PBS). Two hours later, mice were exposed to restraint stress (A) or administered bethanecol (3 mg/kg, s.c.) (B), 5-HT (3 mg/kg, s.c.)
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2.5. Statistical analysis

All values are expressed as the mean ± S.E.M. Two-way ANOVA
followed by the Tukey test or a Student’s t test for unpaired results
was used to evaluate differences between more than two groups or
between two groups, respectively. Differences were considered to
be significant for values of P < 0.05.

3. Results and discussion

3.1. Effect of LMW b-glucan on fecal pellet output in mice

We first examined the effect of a once-only oral administration
of LMW b-glucan on restraint stress-induced fecal pellet output in
mice. In untreated mice (administered PBS vehicle only), restraint
stress (restricted movement by placement of mouse in a 50 ml plas-
tic tube) caused a more than 5-fold increase in fecal pellet output
per hour compared to unrestrained mice (Fig. 1A), as described pre-
viously [35]. The once-only oral pre-administration of LMW
b-glucan suppressed this increase in a dose-dependent manner
without affecting the basal level (without restraint stress) of fecal
pellet output (Fig. 1A). Similar results were observed in response
to a once-daily oral administration of LMW b-glucan for 7 days
(data not shown). The LMW b-glucan-dependent suppression of re-
straint stress-induced fecal pellet output was also confirmed in rats
(data not shown).

We also examined the effect of LMW b-glucan on the fecal
pellet output induced by drugs that increase intestinal motility
(bethanecol and 5-HT) or cause diarrhea (castor oil) [8,36]. As
shown in Fig. 1B–D, the oral administration of LMW b-glucan
(600 mg/kg) to mice suppressed the fecal pellet output induced
by each of these drugs.

We then examined the effect of LMW b-glucan on drug-induced
constipation. As shown in Fig. 1E and F, administration of
loperamide or clonidine to mice decreased fecal pellet output, as
described previously [36]. The oral pre-administration of LMW
b-glucan did not alter the fecal pellet output. The results in Fig. 1
thus suggest that orally administered LMW b-glucan suppresses
the restraint stress- or drug-induced stimulation of intestinal motil-
ity but does not affect the motility in the absence of these stimuli or
in presence of constipation-inducing drugs. The mechanism under-
lying the LMW b-glucan-dependent suppression of intestinal
motility is not clear at present.

3.2. Effect of LMW b-glucan on the visceromotor response to CRD in
rats

In addition to alterations of fecal pellet output, hypersensitivity
to visceral pain is one of the principle pathogenetic pathways for
IBS. To study this phenomenon, we examined the effect of LMW
b-glucan on visceromotor response to CRD, which has been used
as an index of visceral pain response [33]. Rats were used for this
analysis since the techniques for measuring the visceromotor re-
sponse and CRD were established with these animals. As a single
oral administration of LMW b-glucan did not significantly affect
the visceromotor response to CRD (data not shown), we decided
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to determine the effect of LMW b-glucan administered orally once-
daily for 7 days. In control rats (PBS-treated), CRD evoked a viscer-
omotor response which increased in amplitude in response to
repeated CRDs (Fig. 2), as described previously [32]. Oral
pre-administration of LMW b-glucan (600 mg/kg) to animals signif-
icantly decreased the visceromotor response to CRD not only after
repetitive CRDs but also upon the first CRD (Fig. 2). Pre-administra-
tion of LMW b-glucan (100 mg/kg) also showed a tendency to de-
crease the visceromotor response to CRD, however the effect was
not statistically significant (Fig. 2). These results indicate that oral
pre-administration of high dose of LMW b-glucan suppresses the
visceral pain response to CRD.

Since the visceromotor response to the first CRD was reduced by
the pre-administration of LMW b-glucan, the results in Fig. 2 can be
interpreted to indicate that LMW b-glucan suppresses the visceral
pain response to CRD itself, but does not affect the repeated CRD-in-
duced hypersensitivity to visceral pain. However, although we tried
to habituate rats to the tube used for CRD experiment (see Section
2), it is possible that the animals entered into a state of restraint-
like stress. Thus, it is also possible that LMW b-glucan suppresses
the restraint stress-induced hypersensitivity to visceral pain.

We then examined the effect of LMW b-glucan on the visceral
pain response in another animal model, butyrate-induced hyper-
sensitivity to CRD. The butyrate enema is known to reduce the
threshold of the visceromotor response to CRD [15,16]. We con-
firmed that twice-daily butyrate enemas (on days 1, 2 and 3) stim-
ulated the visceromotor response to CRD on day 7 and found that
when LMW b-glucan was orally pre-administered once daily from
day 0 to day 6, the visceromotor response to CRD was similar to
that measured in control rats (not given butyrate enemas)
(Fig. 3). This result suggests that LMW b-glucan suppresses buty-
rate-induced hypersensitivity to CRD.

Finally, we tested whether the inhibitory effect of LMW b-glucan
on the pain response is specific for visceral pain. For this purpose,
we used the inflamed paw pressure test in which a yeast solution
was administered to one of hind paws of rats to induce inflamma-
tion and the pressure-induced pain response was subsequently
determined. As shown in Fig. 4, oral administration of LMW
b-glucan once daily for 7 days did not affect the paw pressure
required to elicit a nociception response (pain threshold) in both
presence and absence of yeast injection. This finding suggests that
LMW b-glucan does not affect the pain response in general but
specifically affects the visceral pain response.

In conclusion, we have shown here that the oral administration
of LMW b-glucan suppresses not only restraint stress- or drug-
induced fecal pellet output, but also suppresses the visceral pain
response. The difficulty associated with therapeutic management
of IBS can be attributed to the fact that both abdominal pain and
bowel habit disorders must be addressed. The results presented
in this study thus suggest that LMW b-glucan could prove thera-
peutically beneficial for the prevention and treatment of IBS, espe-
cially in relation to the diarrhea-predominant IBS.
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Endothelial argininosuccinate synthetase 1 (ASS1) regulates the provision of L-arginine to nitric oxide
synthase 3 (NOS3). Previous studies demonstrated that endothelial ASS1 expression was induced by lam-
inar shear stress (LSS) and that this enzyme plays a role in maintaining anti-inflammatory microenviron-
ments through enhancing NO production. However, differently from the case of NOS3, the regulatory
mechanism for the endothelial ASS1 expression in response to LSS is not well understood. This study
addressed a specific issue whether endothelial ASS1 expression is regulated by Kruppel-like factors (KLFs)
that are presumed to coordinate endothelial gene expressions in response to LSS. The cDNA microarray
data indicated that LSS stimulated the expression of numerous KLFs in human umbilical vein endothelial
cells. KLF4 showed the highest fold increase and LSS-dependent increases of KLF4 and most other KLFs
were similar in young versus senescent endothelial cells. LSS-induced KLF4 expression was verified by
RT-PCR and Western blotting. LSS-induced ASS1 expression and NO production were suppressed by a
small interfering RNA for KLF4. The ectopic expression of KLF4 led to the increase of ASS1 expression
and NO production. The present study demonstrated a key regulatory role of KLF4 in the endothelial
ASS1 expression and NO production in response to LSS.

� 2012 Elsevier Inc. All rights reserved.
1. Introduction inhibits the key events of vascular inflammation such as endothe-
The endothelium, a monolayer of endothelial cells, plays a key
role in the regulation of vascular physiology, not only as a physical
interface between circulating blood and the rest of the vessel wall,
but also as a chemical factory that produces a variety of substances
involved in vasodilatation, blood coagulation, inflammation and
immune response [1–2]. Thus, the structural and functional integ-
rities of the endothelium are important for the maintenance of vas-
cular health.

Nitric oxide (NO) produced by nitric oxide synthase 3 (NOS3) in
the endothelium is one of the key mediators of vascular responses
to various stimuli. NO actively participates in the regulation of vas-
cular tone by promoting smooth muscle relaxation and thus has
been named ‘endothelium-derived relaxing factor’ [3]. NO also
ll rights reserved.
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lial cell death or activation, adhesion of monocytes to the inflamed
endothelium, transmigration of monocytes beneath the endothe-
lium and proliferation of smooth muscle cells [4]. In these regards,
the decreased availability of endothelial NO has been considered a
biochemical marker of endothelial dysfunction associated with
cardiovascular diseases.

Laminar shear stress (LSS) due to pulsatile blood flow is known
to enhance endothelial NO production by increasing both the
amount and the catalytic activity of NOS3 [5]. The calcium-depen-
dent calmodulin binding and phosphorylation of NOS3 on multiple
sites including Ser1177 were identified as the primary mechanisms
for NOS3 activation by LSS [5]. The increase of NOS3 protein level
was also observed in cultured endothelial cells exposed to chronic
LSS [6,7] and in mice trained to exercise [8]. NO production is also
governed by the availability of L-arginine, the substrate of NOS3.
Argininosuccinate synthetase 1 (ASS1) is the key enzyme that reg-
ulates the provision of L-arginine [9]. ASS1 catalyzes the ATP-
dependent condensation reaction between L-citrulline and aspartic
acid generating L-argininosuccinate, which is used in the subse-
quent reaction catalyzed by argininosuccinate lyase to form L-argi-
nine. The L-arginine produced in this way can be directed to NO
synthesis by NOS3.

Kruppel-like factors (KLFs) have been identified as a group of
major transcription factors directing endothelial gene expression
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program in response to LSS [10]. KLF2 has been most intensively
studied previously. It plays a key role in the induction of ASS1,
NOS3 and thrombomodulin in response to LSS, thus contributing
to the establishment of vasodilatory, anti-inflammatory and anti-
thrombotic endothelial microenvironments [11]. The phytogenetic
analysis revealed the closest relationship between KLF2 and KLF4
[12], and a recent study identified ASS1 as one of the common
transcriptional targets of KLF2 and KLF4 based on the transcrip-
tomic profiling of endothelial cells over-expressing KLF2 and
KLF4 [13]. However, no direct evidence is available for the regula-
tory role of KLF4 in endothelial ASS1 expression in response to
LSS.

We previously demonstrated that LSS stimulated both ASS1 and
NOS3 expressions, and that the expression of ASS1, but not of
NOS3, was suppressed in senescent endothelial cells [7]. ASS1
has also been demonstrated to prevent inflammatory monocyte
adhesion under both static and LSS conditions, by increasing NO
production and suppressing the expression of cell adhesion mole-
cules [14]. In an attempt to understand the mechanism associated
with the endothelial ASS1 expression, the present study addressed
a specific issue whether of KLFs, especially KLF4, regulates the
endothelial ASS1 expression in response to LSS.
2. Materials and methods

2.1. Cell culture and induction of replicative senescence

Human umbilical vein endothelial cells (HUVECs) obtained
from Clonetics Cambrex (Rockland, ME, USA) were cultured in
EBM-2 medium containing endothelial growth supplements (Clo-
netics Cambrex), 10% fetal bovine serum (Gibco BRL, Grand Island,
NY, USA) and antibiotics (100 U ml�1 penicillin, 100 lg ml�1 strep-
tomycin, 0.25 lg ml�1 amphotericin B) on 0.2% gelatin-coated
100 mm-culture dishes (BD Biosciences, San Jose, CA, USA) at
37 �C and 5% CO2. [15] Cells were serially sub-cultured at ratios
of 1 to 3�5 in the same media. The population doubling level
(PDL) was calculated using the formula PDL = log[the final cell
count/the starting cell count]/log2. Young cells with cumulative
PDL 8–12 and senescent cells with cumulative PDL 35–45 were
used in the present study. The senescent cells were significantly
larger than young cells and expressed a high level of senescence-
associated b-galactosidase as verified by in situ activity staining
[7,16].
2.2. LSS treatments

After changing the growth medium with a fresh one, young
and senescent HUVECs on an 100 mm-culture dish (BD Biosci-
ences) were exposed to steady LSS at 12 dyn cm�2 or kept under
static conditions for 24 h. LSS was provided by rotating a Teflon
cone (0.5� cone angle) mounted onto a culture dish, as described
previously [17,18]. Cell morphology was examined under an
Eclipse TS100 inverted phase microscope from Nikon (Melville,
NY, USA).
2.3. Gene expression profiling

Total cellular RNA was extracted from cells using the RNeasy kit
(Qiagen, Valencia, CA, USA) and gene expression profiles were ana-
lyzed on the GeneChip� HG-U133 Plus 2.0 (Affymetrix, Santa Clara,
CA, USA), as reported previously [7]. The complete datasets were
deposited in the Gene Expression Omnibus database [Accession
Number, GSE13712].
2.4. Reverse transcriptase-polymerase chain reaction (RT-PCR)

Total cellular RNA was extracted from cells using the RNeasy kit
(Qiagen). RT-PCR was conducted using the GeneAmp� PCR system
9700 (Applied Biosystems, Foster city, CA, USA) in a reaction mix-
ture (20 ll) containing the Prime RT-PCR Premix (GENETBIO, Non-
san, Korea), 1–125 ng RNA and 10 p mole of gene-specific primer
sets (Bioneer, Daejeon, Korea). The sequences of PCR primers were:
ASS1 (GeneBank accession number, NM_000050.4) 50-TCC TGG AGA
ACC CCA AGA AC-30 (sense) and 50-CTC AGC AAA TTT CAA GCC CA-30

(antisense); NOS3 (NM_000603.3) 50-TGC TGG CAT ACA GGA CTC
AG-30 (sense) and 50-TAG GTC TTG GGG TTG TCA GG-30 (antisense);
KLF4 (NM_004235.4) 50- GCT CCA TTA CCA AGA GCT CAT G-30

(sense) and 50- GTA GTG CCT GGT CAG TTC AT-30 (antisense); GAP-
DH (NM_002046.3) 50-GCC AAA AGG GTC ATC ATC TC-30 (sense) and
50-GTA GAG GCA GGG ATG ATG TTC-30 (antisense). Reaction condi-
tion for RT-PCR were the following: A cDNA synthesis at 42 �C for
30 min and heat inactivation of reverse transcriptase at 95 �C for
10 min was followed by 32 cycles of 95 �C for 30 s (denaturation),
55 �C for 30 s (annealing) and 72 �C for 30 s (extension) and a final
extension at 72 �C for 5 min. The PCR products were electrophore-
sed in 1.0% agarose gel with a DNA ladder marker (ELPIS-BIOTECH,
Daejeon, Korea). The gel was ethidium bromide-stained and the
band intensities were determined using the Gel Doc system (BioRad,
Hercules, CA, USA).

2.5. Western blotting

Preparation of cell lysates and Western blotting were done as
described previously [14]. Mouse monoclonal antibodies for ASS1
and NOS3 were purchased from BD Transduction Laboratories
(San Diego, CA, USA). Rabbit polyclonal antibodies for KLF4 were
from Santa Cruz Biotech (Santa Cruz, CA, USA). Mouse monoclonal
b-actin antibody was purchased from Sigma-Aldrich (St. Louis, MO
USA). Goat anti-mouse and anti-rabbit antibodies conjugated to
horse radish peroxidase were purchased from Cell signaling and
Santa Cruz Biotech, respectively.

2.6. Transfection with a small interfering RNA (siRNA)

KLF4 siRNA (#1299001, HSS19018) with nucleotide sequences
corresponding to the coding region of a human KLF4 gene tran-
script (NM_004235.4) and a negative control siRNA (#12935200)
with scrambled sequences were purchased from Invitrogen (Grand
Island, CA, USA). The nucleotide sequences of KLF4 siRNA were:
50-UCG UCA GCG UCA GCC UCC UCU UCG U-30 (sense) and
50-ACG AAG AGG AGG CUG ACG CUG ACG A-30 (antisense). Trans-
fection of HUVECs with siRNAs was performed using the lipofect-
amine RNAiMAX (Invitrogen). In brief, cells at �50% confluency
on an 100 mm-culture dish were treated with a mixture of
100 nM siRNA and 1.25 ll ml�1 Lipofectamine RNAiMAX in 5 ml
Opti-MEM (Invitrogen) for 4 h.

2.7. Transfection with a plasmid encoding KLF4

Total RNA from HUVECs was used for the synthesis of first-
strand cDNA using the Reverse Transcription Master Premix
(ELPIS-BIOTECH). Full coding sequence of KLF4 was PCR-amplified
from the first-strand cDNA using primers 50-CCG AAG CTT ACA TTA
ATG AGG CAG CCA CCT GGC-30 and 50-GCG TCT AGA TTA AAA ATG
CCT CTT CAT GTG TAA GGC A-30 (HindIII and XbaI sites were incor-
porated into sense and antisense primers, respectively, as under-
lined). The PCR products were gel-purified using the QIA Quick
gel extraction kit (Qiagen), digested with HindIII and XbaI (New
England Biolabs, Ipswich, MA, USA) and ligated with the
pcDNA3.1(+) vector (Invitrogen) using the Ligation Mix Kit (TaKaRa
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Bio Inc., Shiga, Japan). The plasmid was cloned and propagated in
the Escherichia coli strain DH5a (TaKaRa Bio Inc.) and purified using
the Maxi-Prep DNA purification kit (Qiagen). The KLF4 coding
sequence was verified to be identical to the reference sequence
(NM004235.4). Transfection of HUVECs with the KLF4 expression
plasmid (or the empty vector) was performed using the TrueFect™
(United BioSystems Inc., Rockville, MD, USA). Briefly, cultured cells
at �90% confluency were treated with 1 lg ml�1 plasmid DNA and
3 ll ml�1 TrueFect™ in Opti-MEM for 4 h, followed by incubation
in a growth medium.

2.8. Assay of NO production

Cells were transfected with siRNAs or plasmids and cultured for
24 h and then exposed to LSS at 12 dyn cm�2 or kept under static
conditions for 24 h in Dulbecco’s modified Eagle’s medium
(DMEM) without phenol red (Sigma-Aldrich, St. Louis, MO, USA).
NO release from cultured endothelial cells was determined by
measuring NO metabolites, nitrite plus nitrate, accumulated in cul-
ture media as described previously [26].

2.9. Statistical analysis

Data are presented as the means ± SEM. The statistical analyses
were conducted using the Sigma Stat 3.1 software program. Signif-
icant differences among the groups were determined via one-way
ANOVA. Duncan’s multiple-range test was conducted if differences
were identified between the groups at a significance level of
p < 0.05.
3. Results

Young and senescent HUVECs were exposed to an arterial level
of LSS (12 dyn cm�2) or maintained under static conditions for
Fig. 1. Differential gene expressions of ASS1, NOS3 and KLFs in young and senescent HUV
(original magnification, 200�) (A). Total cellular mRNA was extracted and gene express
mRNA levels of ASS1, NOS3, KLFs and GAPDH are shown (means ± SEM, n = 3). Columns
24 h, and their typical morphologies are shown in Fig. 1A. The
cDNA microarray analysis of total mRNA from these cells indicated
that the expressions of many KLFs at the mRNA levels were upreg-
ulated by LSS treatments irrespectively of cellular senescence
(Fig. 1B). KLF4 mRNA level was the most greatly changed by LSS
among the KLF family members, and LSS-dependent increases of
KLF4 and most other KLFs were similar in young versus senescent
cells. These changes were apparently similar to that of NOS3, but
different from that of ASS1 whose expression level was lowered
in senescent cells compared to young cells.

The changes in the mRNA levels of ASS1, NOS3 and KLF4 due to
endothelial cell senescence and LSS were also examined by RT-PCR
analysis using gene-specific primer sets (Fig. 2A). GAPDH expres-
sion was examined as a house-keeping control gene. The results
of RT-PCR analysis verified the effect of LSS inducing KLF4 expres-
sion in both young and senescent endothelial cells. LSS stimulated
both ASS1 and NOS3 expressions, and the expression of ASS1, but
not of NOS3, was partially suppressed in senescent endothelial
cells, as previously observed [7]. Total proteins were extracted
from young and senescent HUVECs cultured under static and LSS
conditions were subjected to Western blotting analysis for ASS1,
NOS3, KLF4 and b-actin using specific antibodies (Fig. 2B–E). The
expression levels of ASS1, NOS3 and KLF4 proteins were increased
by LSS while control b-actin expression remained unchanged. ASS1
protein expression was lowered in senescent cells, as noted previ-
ously [7].

Because KLF4 expression levels appeared to be highly up-regulated
by LSS, next experiments were undertaken to examine whether KLF4
plays a regulatory role in the induction of ASS1 and NOS3 expression in
endothelial cells exposed to LSS. To this end, cells were pretreated with
a siRNA targeted to the coding region of KLF4 gene transcript or the
control scrambled siRNA. Twenty four hours later, cells were exposed
to LSS for additional 24 h. Compared to the control siRNA, KLF4 siRNA
markedly inhibited the expression of KLF4 and this led to the attenu-
ation of ASS1 and NOS3 expressions due to LSS at the mRNA and
ECs under static and LSS conditions. Cell images were captured under a microscope
ion profile was analyzed using a cDNA microarray method (B). Fold changes in the
not sharing the same letter differ significantly from each other (p < 0.05).



Fig. 2. Effects of endothelial cell senescence and LSS on the expressions of ASS1, NOS3 and KLF4 at the mRNA and protein levels. Young and senescent HUVECs were exposed
to LSS at 12 dyn cm�2 or maintained under static conditions for 24 h. Expression of ASS1, NOS3, KLF4 and GAPDH or b-actin at the mRNA and protein levels were monitored
by RT-PCR (A) and Western blotting (B–E), respectively. Relative protein levels are presented as means ± SEM (n = 3). Columns not sharing the same letter differ significantly
from each other (p < 0.05).
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protein levels (Fig. 3A–E). KLF4 siRNA had no effects on GAPDH mRNA
expression and b-actin protein expression, supporting the selective
gene silencing effect of KLF4 siRNA. It was also confirmed that
LSS-stimulated KLF2 mRNA expression was not affected by KLF4 siR-
NA. KLF4 siRNA lowered the LSS-stimulated NO production (Fig. 3F),
supporting the critical role of KLF4 in endothelial physiology.

The regulatory role of KLF4 in the expression of ASS1 and NOS3
was further verified by ectopic expression of KLF4 in endothelial
cells. Transfection of HUVECs with the KLF4 expression plasmid
(pcDNA-KLF4) increased KLF4 expression to a significantly higher
level than the control cells transfected with the empty pcDNA vec-
tor (Fig. 4). KLF4 over-expression led to increases in the mRNA and
protein levels of ASS1 and NOS3, and NO production (Fig. 4).

4. Discussion

Endothelial NO plays a critical role in maintaining vascular
homeostasis. NOS3 catalyzes the conversion of L-arginine to L-cit-
rulline producing NO in endothelial cells. Thus NO production is
governed not only by NOS3 activity but by substrate availability.
Normal cytosolic levels of L-arginine in endothelial cells
(>800 lM) [19] is much higher than NOS3’s Michaelis constant
(KM) for L-arginine (�2.9 lM) [20], but NOS3 activity still appears
to be dependent on the extracellular availability of L-arginine
in vivo [21]. To explain this phenomenon called ‘arginine paradox’,
it has been suggested that L-arginine may not be freely diffusible
throughout the cell and its subcellular local concentration in the
vicinity of NOS3 may be lower than the mean value of the entire
cell [22]. In accordance with this model, L-arginine regeneration
enzymes and NOS3 are co-localized at caveolae in endothelial cells,
constituting ‘citrulline-NO cycle’ [22–24]. As a rate limiting en-
zyme of this citrulline-NO cycle, ASS1 can regulate NO production
in endothelial cells [25–26]. Indeed, NO production in endothelial
cells was quite dependent on the expression level of ASS1 [7,14].

The present study clearly demonstrated an essential regulatory
role of KLF4 in ASS1 and NOS3 expressions and NO production in
response to LSS through a genetic approach involving siRNA-med-
iated knockdown and over-expression of KLF4 (Figs. 3 and 4).
Potentially ASS1 could supply L-arginine to other NOS enzymes
including NOS2. In addition, KLF4 has been shown to stimulate
NOS2 expression in macrophages [29]. However, NOS2 protein
was not detected by Western blotting in human aortic endothelial
cells [16]. Its expression level in HUVECs was also very low and not
increased by KLF4 over-expression (data not shown). Thus it was
suggested that NOS3 rather than NOS2 may be functionally associ-
ated with ASS1 in endothelial cells.

The fold changes of KLF4 expression due to LSS exposure were
almost same in young versus senescent endothelial cells (Fig. 2).
The cDNA microarray data also indicated that the fold increases
of most KLFs expression levels due to LSS exposure were almost
same in young versus senescent endothelial cells (Fig. 1B). Of inter-
est, fold-increases of ASS1 expression due to LSS were almost same
in young versus senescent endothelial cells, although the basal and
LSS-stimulated ASS1 expression levels were significantly lower in
senescent cells compared to young cells (Fig. 2). Based these obser-
vations, it is tempting to speculate that fold-increases of ASS1
expression due to LSS may be at least partly dependent on transac-
tivation of their gene expressions by KLF4 and other KLF members.

Then, what kind of mechanism is involved in the suppression of
the basal and LSS-stimulated ASS1 expression in senescent endo-
thelial cells? Notably, many other transcription factors could con-
tribute to this because transcription of a certain gene is regulated
by complicated interaction between cis-elements in the gene pro-
moter and many general and gene-specific transcription factors.
For example, tumor necrosis factor-a has been shown to down-reg-
ulate ASS1 expression in bovine aortic endothelial cells by stimulat-
ing NF-jB signaling pathway and reducing Sp1 binding to ASS1
promoter [27]. Alternatively, epigenetic changes due to cellular
senescence [28], if any, might contribute to down-regulation of
ASS1 expression in senescent endothelial cells. Of interest, a recent
study reported the hypermethylation of the ASS1 promoter in
several kinds of cancer cell lines that were resistant to platinum



Fig. 3. KLF4 regulates the expressions of ASS1 and NOS3, and the NO production stimulated by LSS in young HUVECs. Young HUVECs were transfected the KLF4 siRNA or the
control scrambled siRNA for 4 h and then cultured for 24 h before exposure to LSS at 12 dyn cm�2 for 24 h. Expressions of ASS1, NOS3, KLF4 and GAPDH or b-actin at the
mRNA and protein levels were monitored by RT-PCR (A) and Western blotting (B–E), respectively. NO production was determined by measuring nitrite plus nitrate
accumulated in the conditioned medium (F). Data are presented as means ± SEM (n = 3). Columns not sharing the same letter differ significantly from each other (p < 0.05).

Fig. 4. Over-expression of KLF4 increases the expressions of ASS1 and NOS3 in young HUVECs. Young HUVECs were transfected with pcDNA-KLF4 or pcDNA and cultured for
48 h under static conditions. Expressions of ASS1, NOS3, KLF4 and GAPDH or b-actin at the mRNA and protein levels were monitored by RT-PCR (A) and Western blotting (B–
E), respectively. NO production was determined by using the conditioned medium (F). Relative protein levels are presented as means ± SEM (n = 3). Columns not sharing the
same letter differ significantly from each other (p < 0.05).
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chemotherapy, implicating that transcriptional silencing of ASS1
may be associated with treatment failure and clinical relapse in
ovarian cancer [29]. Preliminary experiments using 50-aza-20-deox-
ycytidine, a mechanism-dependent suicide inhibitor of DNA meth-
ylation [30], indicated that endothelial ASS1 expression may also be
regulated by the promoter DNA methylation (Supplementary
Fig. S1).

In conclusion, the present study established KLF4 as a key reg-
ulator of endothelial ASS1 expression in response to LSS. Because
NOS3 has been previously noted as a regulatory target of KLF4
[31], it is now suggested that KLF4 effects on the endothelial NO
production may be mediated by both ASS1 and NOS3. Various
compounds including statins and resveratrol are known to increase
KLF4 expression [13], and thus endothelial ASS1 expression is ex-
pected to be enhanced by such pharmacological means in addition
to physical exercise that increases arterial shear stress levels [32].
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Connexin 43 (Cx43) is a major gap junction (GJ) protein found in many mammalian cell types. The C-ter-
minal (CT) domain of Cx43 has unique characteristics in terms of amino acid (aa) sequence and its length
differs from other connexins. This CT domain can be associated with protein partners to regulate GJ
assembly and degradation, which results in the direct control of gap junction intercellular communica-
tion (GJIC). However, the essential roles of the CT regions involved in these mechanisms have not been
fully elucidated. In this study, we aimed to investigate the specific regions of Cx43CT involved in GJ for-
mation and internalization. Wild type Cx43(382aa) and 10 CT truncated mutants were stably expressed in
HeLa cells as GFP or DsRed tagged proteins. First, we found that the deletion of 235–382aa from Cx43
resulted in failure to make GJ and establish GJIC. Second, the Cx43 with 242–382aa CT deletion could
form functional GJs and be internalized as annular gap junctions (AGJs). However, the plaques consisting
of Cx43 with CT deletions (D242–382aa to D271–382aa) were longer than the plaques consisting of Cx43
with CT deletions (D302–382aa). Third, co-culture experiments of cells expressing wild type Cx43(382)

with cells expressing Cx43CT mutants revealed that the directions of GJ internalization were dependent
on the length of the respective CT. Moreover, a specific region, 325–342aa residues of Cx43, played an
important role in the direction of GJ internalization. These results showed the important roles of the
Cx43 C-terminus in GJ expression and its turnover.

� 2012 Elsevier Inc. All rights reserved.
1. Introduction

Gap junction (GJ) channels connect the cytoplasms of two
apposing cells by docking via a half channel termed a connexon
to provide cell–cell communication. Gap junction intercellular
communication (GJIC) allows small molecules of less than 1 kDa,
including secondary messengers, to pass from one cell to another
[1]. Connexons are composed of hexamers of four-transmembrane
protein termed connexins (Cxs) [2]. Once transported to the plas-
ma membrane, connexons (hemichannels) routinely assemble in
clusters as a double-membrane spanning GJ plaques that are com-
posed of a few to thousands of channels. The size of GJ plaques may
vary from a few square nanometers to many square micrometers
[3]. The communication via GJ is regulated by the dynamic pro-
cesses of GJ formation and removal [4]. The removal of GJ from
the cell surface involves a unique process. The entire GJ, or a part
of it, is endoexocytosed into only one of the two contacting cells
[5]. This internalization process generates double-membrane vesi-
cles, termed annular gap junctions (AGJs) or connexosomes. The
ll rights reserved.

a).
formation of AGJ vesicles from entire GJs resulted in a rapid reduc-
tion in the intercellular communication between two cells [6].

Connexin 43 (Cx43) is a 43 kDa GJ protein widely expressed in
many mammalian cell types [7]. It has a short half-life of approx-
imately 1–5 h. Since the turnover of Cx43 is rapid, it has been pro-
posed that Cx43 degradation is important for the regulation of GJIC
under pathophysiological conditions [8]. The 17-kDa carboxyl ter-
minal (CT) domain of Cx43 has special features in terms of amino
acid sequence and length, which differ from other Cxs [9–11]. It
is reported that the Cx43CT domain is extensively phosphorylated
by different protein kinases at different motifs containing serine or
tyrosine residues [12]. Moreover, this CT domain has been reported
to be associated with other proteins to stabilize Cx43 anchoring in
plasma membranes [13–15]. Associations of Cx43CT with protein
partners have also been proposed to regulate Cx43 assembly and
degradation, but the overall functions remain unclear. The aim of
this study was to investigate the role of the CT domain of Cx43
in the formation of GJ plaques and in internalization of GJ plaques
as an AGJ vesicle. We found that three different amino acid regions
in the CT domain of Cx43 played different roles as follows: (1) the
region between 235 and 242aa is important for GJ plaque assembly
at the plasma membrane; (2) the region between 271 and 302aa is
important for sizing of the GJ plaque and AGJ; and (3) the region
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between 325 and 342aa is important for the directionality of GJ
internalization. These findings suggest that the formation and
internalization of GJ are dependent on the regions of the Cx43 CT
domain.
2. Materials and methods

2.1. Cx43-GFP and Cx43-DsRed constructs

DNA fragments coding full-length rat Cx43 (382aa, GenBank ID:
NM_012567) and CT truncated mutants [235aa(D236–382aa),
242aa(D243–382aa), 251aa(D252–382aa), 260aa(D261–382aa),
271aa(D272–382aa), 302aa(D303–382aa), 325aa(D326–382aa),
342aa(D343–382aa), 370aa(D371–382aa), and 378aa(D379–
382aa)] were amplified by a polymerase chain reaction (PCR)-
based technique using proofreading DNA polymerase (Pyrobest,
Takara, Japan). These DNA fragments were cloned into pEGFP-N3
or a pDsRed monomer (Clonetech, USA). Then, the coding regions
of fusion protein were subcloned into a retrovirus expression vec-
tor, pQCXIP (Clonetech, USA) (Fig. 1A). To make the deletion mu-
tant Cx43(D325–342aa) expressing vector, the Cx43(1–324aa)
and Cx43(343–382aa) coding regions were amplified, then these
two fragments were ligated via a PstI restriction site (Fig. 3A). All
constructs were verified by analysis of restriction enzyme digests
and DNA sequencing.

2.2. Cell line and cell culture conditions

Human epitheloid cervix carcinoma cells (HeLa, RIKEN BioRes-
ourse Center, Japan) and 293FT cells (Invitrogen, USA) were main-
tained in Dulbecco’s modified Eagle medium (DMEM, Invitrogen,
USA) supplemented with 10% fetal bovine serum (FBS) at 37 �C,
100% humidity and 5% CO2/95% air. Cells were routinely subcul-
tured by trypsinization with 0.05% Trypsin-0.02% EDTA in PBS,
and the medium was changed twice a week.

2.3. Establishment of clones expressing the Cx-GFP/DsRed fusion
protein

The retrovirus vector and pCL-10A1 (amphotropic vector, Imge-
nex Corp., USA) were co-transfected to the packaging cell line
293FT using Lipofectamine 2000� (Invitrogen, USA) as described
previously [16]. Three days after the transfection, a virus contain-
ing conditioned medium was harvested. Then, HeLa cells were in-
fected with the virus containing medium with polybrane (8 lg/ml,
Millipore, USA). Three days after infection, Cx43-GFP- or Cx43-
DsRed-expressing cells were cultured with 2 lg/ml of puromycin
(InvivoGen, USA) containing 10% FBS DMEM for 2 weeks to estab-
lish stable clones.

2.4. Immunoblot analysis

Parental HeLa and Cx43 infected cells were harvested on ice in
lysis buffer (0.02 M Tris–HCl, 0.137 M NaCl, 0.002 M EDTA, 1% Non-
idet P-40 and 10% glycerol, pH 7.6) containing a protease and phos-
phatase inhibitor cocktail (Sigma, USA). The lysates were then
ultrasonicated on ice for 20 s. Total protein concentrations were
determined by a Protein Assay kit (Bio-Rad, USA). The protein sam-
ples were separated on 8% SDS–polyacrylamide gels, then trans-
ferred onto PVDF membranes, and blocked with 5% skim milk
(BD transduction, USA) in TBS-T (0.05 M Tris–HCl, 0.150 M NaCl
and 0.2% Tween-20, pH7.6). The membranes were incubated with
anti-GFP antibody (BD Biosciences, USA) at 1:500 dilution in 5%
skim milk in TBS-T at 4 �C overnight. After washing, the mem-
branes were incubated with HRP-conjugated anti-rabbit IgG (GE
Healthcare, UK) at 1:1500 dilution at 4 �C for 2 h. The blots were
developed using a chemiluminescence method (ECL-plus; GE
Healthcare) and were detected by LAS-1000 luminescent image
analyzer (Fujifilm, Japan). The blots were reprobed with HRP-con-
jugated anti-b-actin rabbit polyclonal IgG (MBL, Japan) at 1:500
dilution.

2.5. Cell imagings of Cx43-GFP and -DsRed in living cells

Fluorescence images of GFP- and DsRed-tagged Cx43 were
acquired by a LSM 510 META (Carl Zeiss, Germany) confocal
microscope. For live cell imaging, cells were placed on a tempera-
ture-, CO2– and humidity-controlled stage. Focus, contrast and
brightness settings remained constant during the course of imag-
ing acquisition.

2.6. Quantitative and statistical image analyses

GJ plaque length and AGJ diameter were measured using Zeiss
software. Statistical analyses of GJ plaque sizes and AGJ were done
in a total of 50 cell-pairs. The experiments were repeated in tripli-
cate. GJ plaques and AGJs were categorized into three groups by
size. Then, the ratio of each group was calculated and represented
by percentages. Statistical analysis of AGJs internalization direc-
tions was also done by counting the number of cells containing
internalizing vesicles in a total of 50 cell-pairs in triplicate experi-
ments. The ratio of Cx43-GFP and -DsRed expressing cells contain-
ing internalizing AGJs was calculated and represented by
percentage values. Data are shown as means ± SEM. Comparisons
were made using an independent t-test and one-way ANOVA. In
all analyses, a p value less than 0.05 was considered statistically
significant.
3. Results

3.1. Wild type Cx43 and CT truncated mutants form different sizes of
GJ plaques and AGJs

To examine the role of CT in the formation of GJ plaques and
AGJs, the wild type Cx43 (382aa) and CT truncated mutants were
expressed in non-endogenous connexin-expressing HeLa cells as
fusion proteins (with GFP or DsRed) (Fig. 1A). The expression of
Cx43-GFP fusion proteins was confirmed by immunoblotting using
an antibody against GFP (Fig. 1B). These Cx43 expressing cells
showed no different characteristics in terms of cell shape and size
compared to parental HeLa cells (data not shown). The wild type
Cx43(382aa)-GFP and -DsRed were assembled into typical GJ plaques
as green and red fluorescent lines at the junction of the infected
cells, respectively (arrows in Fig. 1C). The observed GJ plaques from
wild type Cx43(382aa)-GFP showed variation in length from shorter
than 1 lm to a maximum length of 15 lm. Besides GJ plaque for-
mation, wild type Cx43(382aa)-GFP formed internalizing AGJ vesi-
cles that originated from a small region or the entire GJ plaque.
The AGJs were observed as a circular structure in the cytoplasm.
The AGJs from wild type Cx43(382aa)-GFP showed variation in diam-
eter from smaller than 1 lm to a maximum of 5 lm (arrow heads
in Fig. 1C).

Cx43(235aa)-GFP, the shortest CT mutant, did not show any for-
mations of GJ plaque or AGJ (Fig. 1D). On the other hand,
Cx43(242aa)-GFP, the 7 aa longer CT mutant than Cx43(235aa)-GFP
could form GJ plaques and AGJ vesicles. This finding suggested an
important role of the CT domain 235–242aa of Cx43 in GJ forma-
tion at the plasma membrane. Interestingly, GJ plaques and AGJs
formed by four mutants (Cx43(242aa)-GFP to Cx43(271aa)-GFP)
were larger than that formed by wild type Cx43(382aa)-GFP. The



Fig. 1. Formation of GJ plaque and AGJ of wild type Cx43 and CT-truncated mutants. (A) Schematic diagram summarizing a 382aa wild type Cx43 and 10 random truncations
of CT. (B) Protein lysates from parental HeLa and cells overexpressing Cx43-GFP were immunoblotted with an anti-GFP antibody. b-actin was used as a protein loading
control. (C) Wild type 382aa-GFP (left panel) and 382aa-DsRed (right panel) formed GJ plaques no longer than 15 lm (upper panel, arrows), AGJs 1–3 lm in diameter (middle
panel, arrow heads) and large AGJ about 5 lm in diameter (lower panel, arrow head). (D) No GJ plaques could be observed from 235aa-GFP (upper panel). The 242aa- to
271aa-GFP formed large GJ plaques 15–40 lm in length (upper panel, arrows) and AGJs 5–8 lm in diameter (lower panel, arrow heads). (E) 302aa- to 378aa-GFP formed GJ
plaques no longer than 15 lm in length (arrows) and AGJs no larger than 5 lm (arrow heads). Schematic diagrams of ratios of (F) GJ plaque length and (G) AGJ diameter in a
total of 50 cell-pairs in triplicate experiments. Scale bar = 10 lm.
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GJ plaques assembled from these four CT mutants varied in length
from shorter than 1 to 40 lm, which is 2.5 times longer than that
observed in wild type Cx43(382aa)-GFP. These CT mutants also
formed large AGJs of about 8 lm in diameter which was 1.6 times
larger than that observed in wild type Cx43(382aa)-GFP (Fig. 1D, ar-
row heads). The other five CT mutants (Cx43(302aa)-GFP to
Cx43(378aa)-GFP) formed GJ plaques of up to 15 lm in length and
AGJs up to 5 lm in diameter (Fig. 1E, arrows and arrow heads),
and these were similar to those observed in wild type
Cx43(382aa)-GFP. GJ plaques and AGJs were categorized into 3
groups by size (long/large, medium, short/small), and represented
as a percentage for each group. About 50% of GJ plaques formed by
Cx43CT mutants shorter than 271aa were long, whereas Cx43CT
mutants longer than 302aa did not form large GJ plaques (Fig. 1F
and 1G). This finding suggests an important role of the amino acid
region between 271 and 302aa residues in the C-terminus of Cx43
in the size of GJ plaques and AGJ formations.

Fluorescence recovery after photobleaching (FRAP) experiments
showed that all CT mutants, except for Cx43(235aa)-GFP, formed
functional GJs (Supplementary Fig. 1A).



Fig. 2. Directions of AGJ internalization are dependent on the length of the C-terminal domain of Cx43. Colocalized GJ plaques and AGJs between 382aa-DsRed and (A) 242aa-
GFP, (B) 325aa-GFP, (C) 342aa-GFP and (D) 382aa-GFP are shown in yellow. Colocalizations of GJ plaque (upper panels, arrows), internalized AGJs into 382aa-DsRed cells
(middle panel, arrow heads) and into GFP cells (lower panel, arrow heads). (E) Schematic diagram of the ratio of cells containing colocalized AGJs in a total of 50 cell-pairs in
triplicate experiments. Scale bar = 10 lm.
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3.2. CT mutants form GJ plaques and AGJs with wild type Cx43 at
typical sizes

To investigate the details of Cx43CT’s role in GJ plaque size,
Cx43(382aa)-DsRed-expressing cells were co-cultured with GFP-
tagged Cx43CT mutant-expressing cells. All Cx43CT mutants long-
er than 242aa formed GJ plaques with Cx43(382aa)-DsRed as shown
in Fig. 2A–C. The length of the GJ plaques and the diameters of AGJs
were shorter than 15 lm and smaller than 5 lm respectively, and
were similar to those consisting of Cx43(382aa)-DsRed and
Cx43(382aa)-GFP (Fig. 2D). The length of plaque made up of Cx43-
GFP(<271aa) was sometimes longer than 15 lm (Fig. 1D and F), and
this result suggested that the GJ plaque size and AGJ diameter were
restricted not by the connexon of the shorter Cx43-GFP mutant,
but by the connexon of Cx43(382aa)-DsRed. The function of GJIC
among these cells was confirmed by a parachute assay (Supple-
mentary Fig. 1B).

3.3. The Direction of GJ internalization is dependent on the length of
Cx43CT

To investigate the role of Cx43CT in the direction of GJ internal-
ization, the cells containing AGJ vesicles between a pair of wild
type Cx43(382aa)-DsRed and GFP-tagged Cx43CT mutant expressing
cells were examined (middle and lower panels in Fig. 2A–D). The
ratios of presence of AGJs were randomly examined in a total of
50 cell-pairs and repeated in triplicate experiments (Fig. 2E). A
co-culture experiment of Cx43(382aa)-DsRed-expressing cells with
Cx43(242 to 325aa)-GFP expressing cells showed unidirectional inter-
nalization of AGJs, that is, AGJs were present in 87–95 percent of
wild type Cx43(382aa)-DsRed-expressing cells. On the other hand,
a co-culture experiment of Cx43(382aa)-DsRed-expressing cells with
Cx43(342aa to 382aa)-GFP- expressing cells showed bidirectional
internalization of AGJs into 52–57 percent of Cx43(382aa)-DsRed-
expressing cells and 43–48 percent of GFP-expressing cells, respec-
tively. These findings suggest an important role of the region be-
tween 325 and 342aa residues of the Cx43 CT domain in the
direction of internalization of GJ plaques.

3.4. Deletion of the 325–342aa region confirms the important role of
the length of C-terminal domain of Cx43 in the direction of GJ
internalization

To investigate whether the region of 18aa between the 325 and
342aa residues of Cx43CT [S325TISNSHAQPFDFPDDNQ342] was
important for the direction of GJ plaque internalization, this 18aa
region was deleted from the CT of wild type Cx43 and then
fused with GFP at the end of CT (Fig. 3A). The expression of
Cx43(D325–342aa)-GFP was determined by immublotting using an
antibody against GFP (Fig. 3B). The GJ plaque formation and AGJs



Fig. 3. Deletion of 325–342aa confirms the effect on the direction of AGJ internalization. (A) Schematic diagram summarizing the construction of an 18aa (325–342aa)
deletion mutant. (B) Protein lysates from parental HeLa cells, and cells expressing wild type 382aa Cx43-GFP and D325–342aa-GFP were immunoblotted with an anti-GFP
antibody. b-Actin was used as a protein loading control. (C) D325–342aa-GFP cocultured with wild type 382aa-DsRed. Colocalized GJ plaques no longer than 15 lm (upper
panel, arrows). Colocalized AGJ no larger than 5 lm internalized into 382aa-DsRed cells (middle panel, arrow head) and into D325–342aa-GFP cells (lower panel, arrow
head). (D) Schematic diagram of the ratio of cells containing colocalized AGJs in a total of 50 cell-pairs in triplicate experiments. Scale bar = 10 lm.
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internalization between Cx43(D325–342aa)-GFP-expressing cells and
Cx43(382aa)-DsRed-expressing cells were similar to that observed
between Cx43(382aa)-DsRed-expressing cells and Cx43(242 to 325aa)-
GFP-expressing cells (Figs. 2E and 3C). That is, the most unidirec-
tional internalization of AGJs into Cx43(382aa)-DsRed-expressing
cells (middle and lower panels in Fig. 3C). Only 25% of cells
expressing Cx43(D325–342aa)-GFP contained AGJs (Fig. 3D). This find-
ing confirmed the important role of the region between 325 and
342aa residues of the Cx43 C-terminal domain in the direction of
internalization of GJ.
4. Discussion

In order to determine the role of Cx43CT in GJ formation and
internalization, 10 sequentially truncated CT mutants of Cx43
tagged with GFP/DsRed were stably expressed in HeLa cells. This
approach aimed to study the formation of GJ plaques and AGJ ves-
icles originating from different lengths of Cx43CT mutants in living
cells by laser scanning confocal microscopy. A previous report
showed that the wild type connexins tagged with fluorescence pro-
teins on their CT could be clustered normally into typical GJ pla-
ques [17]. The HeLa cells were used in this study because they
do not express endogenous connexins [18]. Moreover, the Cx43-
expressing HeLa cells did not show significant differences in cell
shape or size compared to typical parental HeLa cells. The wild
type Cx43(382aa)-GFP or -DeRed formed a GJ plaque as fluorescent
lines between 0.5 and 15 lm in length at the membrane junction
between two contacting cells. Double-membrane AGJ vesicles be-
tween 0.5 and 5 lm in diameter were observed in the cytoplasmic
space. The wild type 382aa-GFP and 382aa-DsRed did not show
any differences in characteristics in either GJ plaques or AGJs.
Only the shortest mutant of Cx43-GFP, Cx43(235aa)-GFP, did not
form GJ or GJIC. All other longer mutants from 242aa were assem-
bled into GJ plaques as fluorescent lines at sites of cell–cell apposi-
tion. All GJ plaques and AGJs originating from these CT mutants
colocalized with caveolin-1 (Cav-1) in an immunostaining experi-
ment (Supplementary Fig. 2). This finding suggested that GJ at
the plasma membrane is localized in a lipid raft domain by associ-
ation with Cav-1. Moreover, it is suggested that the internalization
of AGJ is due to caveolae-dependent endocytosis [19]. The FRAP
experiment showed that the assembled GJs originating from these
CT mutants are functionally efficient (Supplementary Fig. 1). This
finding suggested an important role of the amino acid region be-
tween 235 and 242aa residues [G235VKDRVKG242] in assembly of
GJ plaques at the plasma membrane. This region between 234
and 243aa has been reported previously as a specific tubulin bind-
ing domain [20] because Cx43 was reported to be translationally
inserted into the endoplasmic reticulum [21] and then transported
through the Golgi apparatus [22]. Taken together with our finding,
we conclude that region between 235 and 242aa plays an essential
role in trafficking of Cx43, along with microtubules, to the cell
membrane.

The Cx43CT mutants were classified into two groups according
to the size of GJ plaques and AGJs. The first group was composed of
four CT mutants from Cx43(242aa)-GFP to Cx43(271aa)-GFP, that
showed GJ plaques between 0.5 and 40 lm in length, and AGJs be-
tween 0.5 and 8 lm in diameter. The second group was composed
of five truncation mutants from Cx43(302aa)-GFP to Cx43(378aa)-GFP.
They could form GJ plaques no longer than 15 lm and AGJs no
larger than 5 lm, sizes similar to GJ and AGJ from wild type
Cx43(382aa)-GFP. This finding suggested a significant role of
the region between 271 and 302aa [C271SSPTAPLSPMSPP-
GYKLVTGDRNNSSCRNYN302] of Cx43CT in determination of GJ
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plaque size and AGJ diameter. These data suggested that this re-
gion may be responsible for facilitating the association of Cx43
with protein that plays a role in the endocytic pathway, such as
a caveolae-dependent endocytosis [23]. Lacking these 31aa resi-
dues may interfere with the internalization of GJ and result in a
long GJ plaque remaining at the plasma membrane. The large AGJs
may be due to internalization of long GJs. Our finding was sup-
ported by recent publications; they reported that the PY motif
(xPPxY) of Cx43CT [P283PGY286] was associated with Nedd4 [24]
and Eps15 [25]. Therefore, Nedd4-mediated ubiquitination of
Cx43CT may play a major role in the internalization of GJ plaques
in physiological conditions.

One GJ plaque is internalized into only one of the two apposing
cells [5]. Therefore, we examined the role of Cx43CT in this unique
process of AGJ formation. A significant region of the Cx43 CT do-
main that is responsible for the direction of internalization was
examined by a co-culture experiment with cells expressing GFP-
tagged Cx43CT mutants and cells expressing Cx43(382aa)-DsRed.
When the Cx43CT mutants were smaller than 271aa, the length
of GJ plaques formed between the GFP-tagged Cx43CT mutants
and the Cx43(382aa)-DsRed were shorter than those formed among
GFP-tagged Cx43CT mutants. Furthermore, internalization of GJ
plaques was observed more in Cx43(382aa)-DsRed-expressing cells
than in GFP-tagged Cx43CT mutant-expressing cells (unidirec-
tional internalization). Owing to this unidirectional transport of
AGJ, the GJ plaque formed between GFP-tagged Cx43CT mutants
and the Cx43(382aa)-DsRed was of normal size, as observed among
Cx43(382aa)-DsRed-expressing cells. We also found that the direc-
tions of GJ internalization depended on the length of the Cx43CT
domain by a co-culture experiment of Cx43(382aa)-DsRed-express-
ing cells with GFP-tagged Cx43CT mutant-expressing cells. The
unidirectional internalization of GJ plaques into Cx43(382aa)-
DsRed-expressing cells was observed when Cx43CT mutants were
shorter than 325aa. On the other hand, AGJs originating from
Cx43CT mutants longer than 342aa existed almost equally in two
apposing cells (bidirectional internalization). This finding sug-
gested the significant role of 18aa residues between 325 and
342aa [S325TISNSHAQPFDFPDDNQ342] of the Cx43CT domain in
the direction of GJ internalization. Moreover, we confirmed that
this region (325–342aa) was important for directional internaliza-
tion by a co-culture experiment of Cx43(D325-342aa)-GFP-expressing
cells with Cx43(382aa)-DsRed-expressing cells. According to a previ-
ous study, phosphorylation sites of casein kinase 1 (CK1) were re-
ported in this region [26]. They suggested that CK1 stimulated
Cx43 GJ assembly via serine phosphorylation of Cx43CT. They also
observed non-junctional Cx43 accumulation in the plasma mem-
brane by treatment of cells with a CK1 inhibitor; however, the role
of CK1 in GJ plaque internalization was not examined. Our data
suggest that unidentified protein binding to this region induces ac-
tive internalization of GJ plaque.

Finally, this study revealed that three important regions in the
CT domain of Cx43 may play important roles in GJ formation and
internalization. The region between 235 and 242aa residues is
important for GJ plaque assembly at the plasma membrane. More-
over, the region between 271 and 302aa residues is important for
determining the size of the GJ plaque and AGJ vesicles. Finally, the
region between 325 and 342aa residues is important for direction
of GJ internalization. These findings will contribute to the molecu-
lar understanding of Cx43 turnover.
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a b s t r a c t

The purpose of the present study was to determine whether exposure of pancreatic islets to glucotoxic
conditions changes fatty acid translocase cluster determinant 36 (CD36) and examine the role of CD36
on the induction of glucotoxicity. We measured the changes of CD36 and insulin secretion in high glucose
(30 mM) exposed INS-1 cells and CD36 suppressed INS-1 cells by transfection of CD36 siRNA. The intra-
cellular peroxide level of INS-1 cells increased in the high glucose media compared to normal glucose
(5.6 mM) media. The mRNA levels of insulin and PDX-1, as well as glucose stimulated insulin secretion
(GSIS) were decreased in INS-1 cells exposed to high glucose media compared to normal glucose media,
while CD36 and palmitate uptake were significantly elevated with exposure to high glucose media for
12 h. The inhibition of CD36 reversed the decreased GSIS and intracellular peroxide level in INS-1 cells.
These results suggest that high glucose may exacerbate glucotoxicity via increasing fatty acid influx by
elevation of CD36 expression, and that CD36 may be a possible target molecule for preventing glucotox-
icity in pancreatic beta-cells.

� 2012 Elsevier Inc. All rights reserved.
1. Introduction

Glucotoxicity in the pancreatic beta-cell is defined as nonphys-
iological and potentially irreversible cellular damage induced by
chronic exposure to supraphysiologic glucose concentrations,
which leads to defective insulin secretion and worsening glucose
regulation [1–3]. Preservation of beta-cells, through tight glycemic
regulation, is an essential component of the treatment strategy for
type 2 diabetes. It is well known that one of the main mechanisms
of glucotoxicity is chronic oxidative stress [1]. However, tight
glycemic control alone often fails to complete preservation of
beta-cells in type 2 diabetic patients.

Though free fatty acids (FFA) stimulate insulin secretion, chron-
ically elevated FFA impairs pancreatic beta cell function in vitro and
in vivo, which leads to the induction of lipotoxicity [4,5]. FFAs move
into cells through a passive concentration-dependent diffusion, and
it has been reported that there are active transport systems to
enhance FFA uptake [6]. Fatty acid translocase cluster determinant
36 (CD36), which is part of the FFA transporter system, has been
identified in several tissues such as muscle, liver, and insulin-pro-
ll rights reserved.

Internal Medicine, School of
ong, Namgu, Daegu 705-717,
ducing cells [7]. Several studies [8,9] have reported that induction
of CD36 increases uptake of FFA in INS-1 cells and Caco-2/15 cells,
suggesting the functional interplay between glucose and FFA in
terms of insulin secretion and oxidative metabolism.

Interestingly, the lipotoxic effect of FFA on normal pancreatic
beta-cells is induced only by the combined exposure to hypergly-
cemic conditions [10–12]. It is also reported that hyperglycemic
conditions induce the expression of CD36 in intestinal epithelial
cells [9]. However, we do not currently know the regulating mech-
anism and physiological role of CD36 on glucotoxicity in pancreatic
beta-cells.

The purpose of this study was to determine whether hypergly-
cemia enhances the expression of CD36, and whether the accom-
panying FFA influx can affect pancreatic beta-cell function, and if
inhibition of CD36 reverses the deteriorated beta-cell function.
2. Materials and methods

2.1. INS-1 cell culture

INS-1 cells [13] were grown in 5% CO2-95% air at 37 �C in RPMI-
1640 medium (GIBCO, Grand Island, NY) containing 11.1 mM pyru-
vate, 10 mM HEPES, 50 M 2-mercaptoethanol, 100 U penicillin/mL
and 100 g streptomycin/mL. The RPMI-1640 medium used in all

http://dx.doi.org/10.1016/j.bbrc.2012.03.020
mailto:kcwon@med.yu.ac.kr
http://dx.doi.org/10.1016/j.bbrc.2012.03.020
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the experiments contained the supplements described above. The
cells were passaged weekly after they had been detached with
trypsin–EDTA. All studies were performed using INS-1 cells that
were between passages 21 and 29. The glucotoxicity was induced
by 3-day treatment of high glucose (30 mM) and confirmed by im-
paired glucose stimulated insulin secretion (GSIS) in INS-1 cells.
CD36 mRNA expression was determined in 12-h exposed INS-1
cells at normal or high glucose condition.

2.2. Evaluation of reactive oxygen species (ROS) with flow cytometry

The intracellular peroxide levels [14] were detected by flow
cytometric analysis with using an oxidation-sensitive fluorescein-
labeled dye, carboxylated dichlorodi-hydrofluorescein diacetate
(carboxy-H2DCFDA, Molecular Probes, Carlsbad, CA, USA). Upon
oxidation by intracellular ROS, the non-fluorescent dye is con-
verted into its fluorescent form. The INS-1 cells were labeled with
100 M carboxy-H2DCFDA for 1 h at 37 �C. Following the cell load-
ing of the dye, the cells were washed twice with PBS and then put
back into culture conditions for 2 h. The INS-1 cells were then har-
vested, washed twice with PBS and resuspended in trypsin–EDTA
(0.25% trypsin, 2 mM Na4-EDTA, Invitrogen) for 5 min at 37 �C.
To disperse the cells into a single cell suspension, INS-1 cells were
gently passed 20 times in and out of a 200–1000 lL tip. The cells
were then washed twice with ice-cold PBS. The cells were analyzed
using a 488 nm argon laser EPICS XL-MCL flow cytometer that was
controlled by EXPO 32-ADC software (Beckman Coulter, Fullerton,
CA). The ROS values were analyzed based on fluorescence intensity.

2.3. GSIS

Static incubation of the INS-1 rat insulinoma cell line in Krebs–
Ringer buffer (KRB) (118 mmol/L NaCl, 4.7 mmol/L KCl, 2.5 mmol/L
CaCl2, 1.18 mmol/L KH2PO4, 1.18 mmol/L MgSO4, 25 mmol/L NaH-
CO3, 10 mmol/L HEPES and 0.1% BSA, pH 7.4) that contained either
non-stimulatory or stimulatory concentrations of glucose (5.6 mM
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Fig. 1. Effect of 3 day-treatment with high glucose (30 mM, HG 3 day) or normal glucose
and PDX-1 (C), and glucose stimulated insulin secretion (D) in INS-1 cells. ⁄P < 0.05.
or 16.7 mM, respectively) was performed for 1 h [11]. The insulin
levels in the KRB media collected from the static incubations from
the INS-1 cells by using a 95.5 ethanol: hydrochloric acid solution
were measured using a enzyme-linked immunosorbent assay (Rat
Insulin ELISA kit; Mercodia, Uppsala, Sweden).
2.4. Construction of siRNA for CD36

INS-1 cells were plated at a density of 1 � 106 cells per well in a
6-well plate and subcultured for 2 days in INS-1 medium. The cells
were transiently transfected with CD36 siRNA oligos in Lipofect-
amine™ 2000 Transfection Reagent (Invitrogen, Carlsbad, CA).
The cells were incubated for 4 h, washed to remove siRNA, and
then cultured in media containing the indicated glucose concentra-
tion (11.1 or 30 mM). Cells were harvested 24 h after transfection.
The siRNA sequences are as follows: CD36 (siRNA#1, siRNA#2 and
siRNA#3-scramble) siRNA#1, CUG AGU AGG UUU UUC UCU U
(sence); AAG AGA AAA ACC UAC UCA G (antisence) and siRNA#2,
GUU CUU UUC CUC UGA CAU U (sence); AAU GUC AGA GGA AAA
GAA C (antisence) and siRNA#3, CAU CAA UUU CUG CAG AAC U
(sence); AGU UCU GCA GAA AUU GAU G (antisence).
2.5. Real time PCR

Total RNA was obtained from the INS-1 cells by using Trizol Re-
agent (Bio Science Technology, Korea). cDNA was synthesized
using 1 lg total RNA with oligo-(dT) primers and Prime RT Premix
(GENET BIO, Korea). Real-time RT-PCR was performed in the Light-
Cycler (Roche, Germany) as previously described. The following
primers were used: for insulin, 50-ACC CAA GTC CCG TCG TGA
AGT-30 (forward) and 50-CCA GTT GGT AGA GGG AGC AGA TG-30

(reverse); for PDX-1,50-GGC TTA ACC TAA ACG CCA CA-30 (forward)
and 50-GGG ACC GTC CAA GTT TGT AA-30 (reverse); for CD36,
50-GTG GCT AAA TGA GAC TGG GAC C-30 (forward) and 50-AGA
CCA TCT CAA CCA GGC CC-30 (reverse); for b-actin, 50-TAC TGC
*
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(5.6 mM, Control) on intracellular peroxide level (A), mRNA expression of insulin (B)



Fig. 2. The 12-h high glucose (HG 12 h) treatment increased CD36 mRNA
expression in INS-1 cells, which was reversed by siRNA (A). Insulin mRNA
decreased with high glucose treatment, however, it was elevated by siRNA (B).
Palmitate uptake following an exposure to high glucose conditions for 12 h was
significantly elevated, which was normalized by the inhibition of CD36 in INS-1
cells (C). ⁄p < 0.05, ⁄⁄p < 0.01.
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CCT GGC TCC TAG CA-30 (forward) and 50-TGG ACA GTG AGG CCA
GGA TAG-30 (reverse).

2.6. Palmitate uptake

Palmitate uptake was determined with a modified method by
Wallin et al. [8]. Briefly, cells were trypsinized and washed in
ice-cold KRB in the absence of glucose. An equal amount of cells
was transferred to new tubes and centrifuged. Cells were re-sus-
pended in ice-cold KRB (11.1 mmol/L glucose) and 2.1 lCi 14C-pal-
mitate (Perkin Elemer Life Science Inc., Boston, MA) and
transferred to microcentrifuge tubes (50 lL), which were prepared
with a bottom layer of 6 mol/L urea solution (20 lL) over layered
by a 10:3 mixture dibutyl-dinonylphthalate (200 lL). Uptake was
terminated by centrifugation at 8000 rpm for 15 min. The urea
layer containing the cells was transferred into scintillation vials
and the radioactivity measured after adding scintillation cocktail
(Aqueous Counting Scintillation, Amersham, Canada) using a liquid
scintillation counter (Packard Bioscience Company, Meriden, CT).

2.7. Data analysis

All the values are expressed as means ± SE. Student’s t-test was
used for the statistical analysis, and the differences between
groups were considered to be significant at p values <0.05.

3. Results

To induce glucotoxicity in the INS-1 cell line, we treated the
cells with high glucose (30 mM) for 3 days in the cultured medium.
The cells cultured in high glucose conditions showed decreased
mRNA expressions of insulin and PDX-1, loss of GSIS, and increased
intracellular peroxide level determined by FACS (Fig. 1).

To determine whether CD36 is associated with high glucose
conditions in the INS-1 cell line, we measured CD36 levels follow-
ing a 12 h – treatment with high glucose. The expression of CD36
was significantly elevated in the high glucose treated group as
compared to controls, whereas insulin expression decreased
(Fig. 2A). Silencing of CD36 suppressed the elevated CD36 mRNA
expression in the high glucose condition, while insulin
mRNA expression was elevated (Fig. 2B). Palmitate uptakes mea-
sured by radio-isotope tracing technique into the INS-1 cells re-
vealed the same pattern with the changes of CD36 mRNA
expression (Fig. 2C).

To identify the protective effect of CD36 inhibition on impaired
insulin secretion, we suppressed CD36 expression accompanied by
the treatment with high glucose for 3 days. The insulin secretion
capacity was normalized by the inhibition of CD36 (Fig. 3). The
intracellular peroxide level was partly recovered by CD36
inhibition.

4. Discussion

The present study demonstrated that hyperglycemic conditions
increased CD36 expression and decreased insulin secretion accom-
panied by increased palmitate uptake and ROS level in INS-1 cells,
which was reversed by suppression of CD36.

It is well known that glucotoxicity is a major cause of pancreatic
beta-cell dysfunction in the diabetic state and results from
increased generation of ROS associated with increased glucose
oxidation [15,16]. Consistent with these previous studies, a treat-
ment of high glucose for 3 days in INS-1 cells reduces mRNA
expression and glucose-stimulated secretion of insulin which was
accompanied by an elevated intracellular peroxide level compared
to control in this study.
Lipotoxicity, induced by a chronically elevated FFA in beta-cells,
also has been well documented in various in vitro experiments,
however there are controversies in terms of in vivo experimental
systems due to varying experimental conditions. A prolonged infu-
sion of FFA was shown to improve [17–19] or to impair [20,21]
beta-cell function in healthy subjects. However, it is widely ac-
cepted that sustained elevation of FFA induces beta-cell dysfunc-
tion in obese individuals [22,23] and in diabetic subjects who
have a hyperglycemic tendency [24]. It is consistent with the no-
tion that chronically elevated FFA levels do not harm the beta-cell
as long as blood glucose levels are normal, but profoundly affect
beta-cell function in the presence of concomitant hyperglycemia
[1], suggesting a close interrelationship between glucotoxicity
and lipotoxicity.

The possible mechanisms of lipotoxicity are increased levels of
oxidative stress, PKC, and inflammatory signaling molecules, which
are similarly involved in the process of glucotoxicity. Thus, it is
speculated that glucotoxicity and lipotoxicity affect beta-cell dys-
function additively or synergistically [25].

The influx of FFA is regulated by various transporters, including
CD36, scavenger receptor class B type I, and Niemann-Pick C1-Like
1 [9]. Among them, CD36 is expressed mainly in the liver and mus-
cle tissues. Recently it was reported that CD36 is also expressed in
insulin producing cells including MIN-6 cell, INS-cell, and human
beta-cell [8]. The oversupply of FFA accumulates in pancreatic
beta-cells via incorporation into triglycerides and contributes to



Fig. 3. Inhibition of CD36 expression by siRNA partly reversed the elevated
intracellular peroxide level in 3 day high glucose conditions (HG 3 day) in INS-1
cells (A) and glucose stimulated insulin secretion was also normalized by the
inhibition of CD36 (B). ⁄p < 0.05, ⁄⁄p < 0.01.
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beta-cell dysfunction [26]. Wallin et al. [8] demonstrated that the
overexpression of CD36 in INS-1 cells elevated fatty acids uptake
and reduced a potentiating effect of fatty acids on glucose-induced
insulin secretion.

A recent report indicated that the expression of CD36 is ele-
vated by hyperglycemia in intestinal epithelium, adipose tissue,
heart, and vascular smooth muscle cells [27,28]. In the present
study, we demonstrated that high glucose levels stimulated CD36
expression in INS-1 cells, which was accompanied with increased
palmitate influx that was normalized by suppression of CD36.
Moreover, the inhibition of CD36 ameliorated glucotoxicity in this
study.

The finding that hyperglycemic conditions enhance FFA influx
via CD36 stimulation which may exacerbate glucotoxicity in insu-
lin producing cells is, to our knowledge, novel. These results were
shown in the media concentration of FFA at 0.5 mM/L, which was a
normal fasting FFA concentration. This finding implies that the
beta-cell injury resulting from hyperglycemia may be induced
even in normal lipid level if FFA influx is enhanced and just correc-
tion of hyperlipidemia is not sufficient for preserving of beta-cell
function in diabetic patients. Further in vivo studies about CD36 re-
lated beta cell dysfunction are needed.

Though we could not estimate the isolated effect of enhancing
FFA influx in INS-1 cells directly, the adverse effect of FFA was con-
firmed by addition of palmitate (0.5 mM/L). The addition of palmi-
tate for 1 day in normal glucose media increased CD36 expression
and ROS level and decreased insulin secretion, suggesting the
induction of lipotoxicity (data not shown). Moreover, we also
found that the inhibition of CD36 in high glucose conditions de-
creased ROS level and increased insulin secretion compared to high
glucose conditions in INS-1 cells. This result agrees with previous
studies that demonstrated suppression of CD36 by human growth
hormone [29] improved basal glucose induced insulin secretion.
Also inhibition of CD36 by a chemical inhibitor (sulfosuccinimidy-
loleate) resulted in preservation of insulin secretion which was
suppressed by palmitate treatment [30].

We do not know the exact physiological meaning of the in-
crease of CD36 in the high glucose state. However, we present evi-
dence here that FFA influx affects glucotoxicity even in normal
concentrations of FFA and that the inhibition of FFA influx may pre-
vent glucotoxicity in pancreatic beta-cells.

In summary, INS-1 cells exposed to high glucose concentrations
decreased insulin secretion accompanied by increases of CD36
expression, FFA influx, and intracellular peroxide level. The de-
creased insulin secretion by high glucose conditions was reversed
by suppression of CD36. We suggest that CD36 may be a possible
target for preserving beta-cell function in the diabetic state.
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a b s t r a c t

Alternative splicing plays an important role in the control of apoptosis. A number of genes related to
apoptosis undergo alternative splicing. Among them, the apoptotic regulator Bcl-x produces two major
isoforms, Bcl-xL and Bcl-xS, through the alternative splicing of exon 2 in its pre-mRNA. These isoforms
have antagonistic function in apoptotic pathway; Bcl-xL is pro-apoptotic, while Bcl-xS is anti-apoptotic.
The balanced ratio of two isoforms is important for cell survival. However, regulatory mechanisms of Bcl-
x splicing remain poorly understood. Using a mini-gene system, we have found that a 105 nt exonic
region (E3b) located within exon 3 affects exon 2 splicing in the Bcl-x gene. Further deletion and muta-
genesis studies demonstrate that this 105 nt sequence contains various functional elements which pro-
mote skipping of exon 2b. One of these elements forms a stem-loop structure that stimulates skipping of
exon 2b. Furthermore our results prove that the stem-loop structure functions as an enhancer in general
pre-mRNA splicing. We conclude that we have identified a cis-regulatory element in exon 3 that affects
splicing of exon 2 in the Bcl-x gene. This element could be potentially targeted to alter the ratio of Bcl-xL
and Bcl-xS for treatment of tumors through an apoptotic pathway.

� 2012 Elsevier Inc. All rights reserved.
1. Introduction

Alternative splicing plays an important role in gene regulation
[1,2]. Alternative splicing process contributes to the proteomic
diversity in higher eukaryotes through generating multiple mature
mRNAs from a single pre-mRNA [3,4]. It is estimated that at least
95% of multi-exon pre-mRNAs undergo alternative splicing in hu-
man [5]. Regulation of alternative splicing is mediated by a variety
of splicing regulators, containing RNA sequence elements (cis-regu-
latory elements) and protein regulators (trans-acting factors) [3,4].
These elements regulate alternative splicing by promoting or sup-
pressing the spliceosome assembly [6]. The cis-regulatory elements
are divided into enhancer and silencer elements [3,7]. A variety of
cis-regulatory elements are identified in various systems [8,9].

In mammal, two families of RNA binding proteins have been
well studied as trans-acting factors, the serine/arginine-rich (SR)
proteins and the heterogenous nuclear ribonucleoproteins
(hnRNPs) [3,10]. The members of SR family generally bind to en-
hancer elements and activate splicing of target exon by promoting
spliceosome assembly at the adjacent splice site [11–13]. In
contrast, the hnRNPs usually bind to silencer elements to inhibit
ll rights reserved.
inclusion of target exons [14,15]. A growing number of genetic dis-
eases have been found to be caused by aberrant alternative splicing
events [16,17].

Apoptosis, programmed cell death, is a process of cellular
destruction that is required for the development and homeostasis
of multicellular organisms [18]. Apoptosis is characterized by cell
shrinkage, condensation of nuclei and internucleosomal degrada-
tion of DNA. Cells defective in apoptosis tend to survive with excess
DNA damage and thus lead to carcinogenesis by accumulating
mutations [18,19]. Apoptosis is regulated through pre-mRNA splic-
ing [20]. Through alternative splicing, different isoforms with con-
trasting functions in apoptosis are produced [21,22]. The Bcl-x is a
member of the Bcl-2 family which plays a key role in the control
of apoptosis [23–25]. The Bcl-x pre-mRNA is alternatively spliced
to produce two distinct mRNA variants coding different proteins,
Bcl-xL and Bcl-xS [26,27]. These two isoforms have antagonistic ef-
fects on apoptosis. The longer form, Bcl-xL is anti-apoptotic, while
the short form Bcl-xS is pro-apoptotic [28,29]. In numerous types
of cancer cells, anti-apoptotic Bcl-xL is predominantly expressed,
and its overexpression confers resistance to apoptotic stimuli such
as chemotherapeutic agents [30–33]. On the other hand, pro-apop-
totic Bcl-xS can induce apoptosis and enhance sensitivity to anti-
cancer drugs [34,35]. Since the balance between Bcl-xL and Bcl-xS
is important for decision of cell survival or death, modulation of

http://dx.doi.org/10.1016/j.bbrc.2012.03.029
mailto:haihongshen@gist.ac.kr
http://dx.doi.org/10.1016/j.bbrc.2012.03.029
http://www.sciencedirect.com/science/journal/0006291X
http://www.elsevier.com/locate/ybbrc
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Bcl-x splicing has great therapeutic potential for apoptosis-related
diseases including cancer and degenerative disorders [36,37]. It is
important to identify and characterize splicing regulators that
specifically regulate alternative splicing of Bcl-x pre-mRNA for ther-
apeutic applications. However, the mechanism controlling the
alternative splicing of Bcl-x and the related regulators remain poorly
understood.

In this study, we have identified a cis-regulatory element on
Bcl-x pre-mRNA. We first realized based on our deletion analysis
that a 105 nt RNA, E3b, within exon 3 promotes exon 2b skipping
on Bcl-x alternative splicing. We further found that a specific
RNA stem-loop structure located in E3b promotes exon 2b exclu-
sion. This stem-loop structure functions as an enhancer in general
pre-mRNA splicing.
2. Materials and methods

2.1. Plasmid construction

All primers and oligonucleotides for constructs are listed in Ta-
ble 1. The Bcl-x sequence was PCR-amplified using human genomic
DNA as a template to construct a wild type mini-gene. Specifically,
a 1022 bp DNA containing 30 portion of intron 2 and coding region
of exon 3 of Bcl-x was produced using the primer sets (forward:
In2b, reverse: Ex3b). This PCR product was cloned into pCI-neo
vector. Then a 2161 bp sequence of the Bcl-x containing exon 1,
intron 1, exon 2 and 50 portion of intron 2 that was PCR-produced
using primer sets (forward: Ex1a, reverse: In2a) and cloned into
pCI-neo plasmid. DE3b mini-gene was constructed with another
reverse primer (Ex3a).
Table 1
List of oligonucleotides.

Name Sequence

In2b 50-ACC CTC AGA GGC ACA GCT T-30

Ex3b 50-TTT CCG ACT GAA GAG TGA G-30

Ex1a 50-GGA AGG AGG AAG CAA GCG AGG-30

In2a 50-AGT AAC CCA GCC TGT CCA AGG-30

Ex3a 50-ATT GTT CCC ATA GAG TTC CAC-30

I2for 50-ACC CTC AGA GGC AC-30

Neorev 50-ATA AGA ATG CGG CCG CCC GGG TCG AC-30

SLDfor 50-GAG AGC CGA AAG GGC ACG GGC ATG ACT GTG-30

SLDrev 50-CAC AGT CAT GCC CGT GCC CTT TCG GCT CTC-30

SLRfor 50-CCG AAA GGG CGC GGA TCA CGC ATT CAC GTG TAC CGT CAC GGG
SLRrev 50-TCA TGC CCG TGA CGG TAC ACG TGA ATG CGT GAT CCG CGC CCT T
SL1for 50-AAC CGC TGG TTT CTG ACG G-30

SL1rev 50-CCG TCA GAA ACC AGC GGT T-30

SL3for 50-GGC CAG AAA AGA TTC AAC C-30

SL3rev 50-GGT TGA ATC TTT TCT GGC C-30

R1for 50-TGC TCT GAT GCC GCA TAG T-30

R1rev 50-CAT GCA ATT GTC GGT CAA G-30

R2for 50-AAG AAT CTG CTT AGG GTT AG-30

R2rev 50-ATG AAC TAA TGA CCC CGT AA-30

E3b-1.oligo 50-GCA GCA GCC GAG AGC CGA AAG GGC CAG GAA CGC TTC AAC CGC
E3b-2.oligo 50-ACG GGC ATG ACT GTG GCC GGC GTG GTT CTG CTG GGC TCA CTC
R1r.oligo 50-TCG AAC GAA AGC AGG AGG GGC CTC CGC ACC AAC CGC TGG TTC CT

AAA-30

R2r.oligo 50-GCA GCA GCC GAG AGC CGA AAG GGC CAG GAA CGC TTC GGG TTT CT
AAA-30

R3r.oligo 50-GCA GCA GCC GAG AGC CGA AAG GGC CAG GAA CGC TTC AAC CGC
CAT TTG-30

GE1for 50-ACA TTT GCT TCT GAC ACA AC-30

E2Mrev 50-AGA ACC GCG GGG TAC CAG GGT-30

E2Mfor 50-ACC CTG GTA CCC CGC GGT TCT-30

GE2rev 50-TCA GGA TCC ACG TGC AGC TTG-30

Hb-SL.oligo 50-GCC AGG AAC GCT TCA ACC GCT GGT TCC TGA C-30

Hb-3M.
oligo

50-GCC AGA AAA GAT TCA ACC GCT GGT TCC TGA C-30

Hb-R.oligo 50-TAC TCG AGC GTA ATC CAC CGG GGC TCG CTA C-30
To generate Bcl-x mutant constructs SL-D, -R, -1M and -3M, we
performed overlapping PCR. Different primers were used for each
constructs; common primers (forward: I2for, reverse: Neorev),
specific primers for SL-D (forward: SLDfor, reverse: SLDrev), SL-R
(forward: SLRfor, reverse: SLRrev), SL-1M (forward: SL1for,
reverse: SL1rev) and SL-3M (forward: SL3for, reverse: SL3rev).
The PCR products were cloned into pCI-neo vector. Different prim-
ers were used for mutants R1 (forward: R1for, reverse: R1rev) and
R2 (forward: R2for, reverse: R2rev). These PCR products were
cloned into DE3b by using restriction enzymes EcoRI and NotI.
To generate Bcl-x mutant constructs E3b-1, -2, R1r, R2r and R3r,
synthesized DNA oligonucleotide were cloned into DE3b by using
restriction enzymes EcoRI and NotI.

To generate Hb-globin mutated mini-genes, overlapping PCR
was performed to generate restriction enzyme sites KpnI and SacII
on exon 2 of b-globin sequence. Specific primers were used; prim-
ers for first PCR (forward: GE1for, reverse: E2Mrev), primers for
second PCR (forward: E2Mfor, reverse: GE2rev). The third PCR
product was cloned into pcDNA3.1(+) using restriction enzymes
HindIII and EcoRI. To generate additional mutant constructs Hb-
SL, -3M, -R, synthesized DNA oligonucleotides were cloned into
Hb-globin by using restriction enzymes KpnI and SacII.
2.2. Cell culture and transfection

HeLa cells were maintained in Dulbecco’s Modified Eagle’s Med-
ium (DMEM) supplemented with 10% of Fetal Bovine Serum (FBS)
at 37 �C in a humidified 5% CO2 condition. Plasmid transfections
were carried out with polyethyleneimide (PEI). Four micro gram
of PEI were mixed with 2 lg of plasmid in 100 ll of DMEM. The
mixture was applied to cells in 900 ll of DMEM supplemented
CAT GA-30

TC GG-30

T-30

TTC AGT CGG AAA-30

G ACG GGC ATG ACT GTG GCC GGC GTG GTT CTG CTG GGC TCA CTC TTC AGT CGG

C GGC ACT GAT ACG ACG CGC AGC GTG GTT CTG CTG GGC TCA CTC TTC AGT CGG

TGG TTC CTG ACG GGC ATG ACT GTG GCC GGT GCC GTT ACC GCC ATG AGG GGA
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with FBS. Four hours later, media was changed. The cells were
incubated for 48 h before total RNA extraction.

2.3. Total RNA extraction and RT-PCR analysis

Total RNA was extracted from transfected HeLa cells using
RiboEx reagent (GeneAll) following the manufacturer’s protocol.
One micro gram of total RNA was reverse transcribed using oligo
(dT) primer using ImProm-IITM reverse transcriptase (Promega) fol-
lowing the manufacturer’s protocol. One micro liters of the reverse
transcription reaction was amplified by PCR using a specific for-
ward primer to the pCI-neo cDNA sequence (50-ACG ACT CAC TAT
AGG CTA G-30), a specific reverse primer to Bcl-x exon 3 (50-ATT
GTT CCC ATA GAG TTC CAC-30), and G-Taq polymerase (Cosmo
Genetech). The PCR products were loaded onto 2% agarose gel
and visualized by staining with ethidium bromide solution
(0.5 lg/Ml).
3. Results

3.1. Exon 3 in Bcl-x gene contains elements that regulate alternative
splicing of exon 2b

To identify cis-acting elements that are involved in the alterna-
tive splicing of Bcl-x pre-mRNA, we constructed a wild-type Bcl-x
mini-gene with a deletion of �53 kb DNA from the intron 2
(Fig. 1A). A mutant mini-gene with a deleted 105 nt (E3b) in exon
3 was also generated in order to examine if there are any regula-
tory elements in the exon (Fig. 1B). The wild type and E3b deletion
mutant (4E3b) Bcl-x mini-genes were transfected into HeLa cells.
A

B
M

bp
1000

800
700

ΔE3b

FL

R1 or 2

Exon 3 (135nt)
Intron 2

E3a (30nt) E3b (105nt)

E3a

E3a random sequence

1 2a

Bcl-xL (anti-apoptotic)

Bcl-xS (pro-apoptotic)

Bcl-x pre-mRNA

1 2a 2b
236nt 505nt 189nt

Bcl-x mini-gene (FL)

1 2a 2b

1 2a

2b

Fig. 1. Exon 3 in Bcl-x gene contains regulatory elements on its alternative splicing. (
Alternative splicing isoforms of Bcl-x pre-mRNA are shown as the anti-apoptotic Bcl-xL
excludes Exon2b. (B) Deletion or substitution mutants were constructed and transfected
PCR products were resolved on agarose gels.
After 48 h, total RNA was extracted and RT (reverse transcription)
PCR experiments were conducted to analyze the splicing of Bcl-x
pre-mRNA. The results in Fig. 1B showed that pre-mRNA splicing
of 4E3b significantly increased antiapoptotic Bcl-xL isoform. To
eliminate the possibility that deletion of 105 nt changed the size
of exon 3, leading to alteration of exon 2b splicing, we substituted
the 105 nt of E3b with two different random sequences. Our results
indicated that splicing of exon 2b in the constructs with replace-
ments of the 105 nt is similar to that of the deletion mutant
4E3b. Therefore we conclude that the 105 nt in Exon 3 (E3b) con-
tain regulatory elements that stimulate skipping (or exclusion) of
exon 2b in the alternative splicing of Bcl-x.
3.2. The 105 nt RNA (E3b) contains multiple regulatory elements for
the alternative splicing of Bcl-x pre-mRNA

We next asked what regulatory elements reside within E3b. To
answer this question, we first constructed two deletion mutants in
which upstream 43 nt (E3b-2) or downstream 54 nt (E3b-1) is de-
leted (Fig. 2A). RT-PCR for alternative splicing analysis shows that
deletion of both elements increased the inclusion of exon 2b of Bcl-
x pre-mRNA. We conclude that both upstream 45 nt RNA and
downstream 54 nt RNA affect exon 2b splicing into Bcl-x pre-
mRNA. To further narrow down cis-elements, we constructed addi-
tional deletion mutation on E3b. We divided the E3b (105 nt) RNA
into three 35 nt pieces evenly, then made three mutant constructs
by substituting each 35 nt RNA with random sequences (E3b-R1,
E3b-R2, E3b-R3) (Fig. 2A). We found that replacement of 35 nt
Bcl-x RNA with a random 35 nt sequence in all three substitution
mutants promotes the inclusion of Exon 2b (Fig. 2C). We deduce
3
1629nt55700nt

3
135nt942nt 991nt

3

3

A) A mini-gene of Bcl-x is generated by deleting �54,000 bp from Bcl-x intron 2.
(longer form) that includes exon 2b and the pro-apoptotic-xS (shorter form) that
into HeLa cells. RT-PCR was performed to examine Bcl-x splicing. The resulting RT-
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Exon 3 (135nt)
Intron 2

E3a (30nt) E3b-R1 (35bp) E3b-R3 (35bp)E3b-R2 (35bp)

E3b (105nt)

E3aR1r random (35bp) E3b-R2/R3 (70bp)

E3aR2r E3b-R1 (35bp)

E3aR3r random (35bp)E3b-R1/R2 (70bp)

random (35bp) E3b-R3 (35bp)

E3b-1 (43nt) E3b-2 (54nt)

E3aE3b-2 E3b-2

E3aE3b-1 E3b-1

FL

Fig. 2. The 105 nt RNA(E3b) contains regulatory elements for the alternative splicing of Bcl-x pre-mRNA. (A) Shown are various deletion or substitution mutants. In E3b-1 and
E3b-2 constructs, downstream 54 nt or upstream 43 nt in 105 nt are deleted separately. In R1r, R2r and R3r constructs, 35 nt located at upstream, middle and downstream of
105 nt are substituted by random sequences. (B) RT-PCR analysis was performed after mini-genes described in (A) were transfected into HeLa cells.
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that the 105 nt E3b RNA either contains multiple regulatory ele-
ments which are required for exon 2b exclusion skipping or three
35 nt sequences are interconnected that affect exon 2b splicing.

3.3. A predicted novel stem-loop structure functions as a regulator of
exon 2b splicing

To pinpoint the cis-elements, we analyzed the 105 nt E3b with
Mfold program [38]. We found that an in silico stem-loop structure
could be precited in the sequence. The location, sequence and
structure of the stem-loop are shown in Fig. 3A. In detail, the struc-
ture contains 27 nt and is located in the middle of 105 nt where the
first 35 nt (E3b-R1) and the second 35 nt (E3b-R2) share a junction.
Therefore, a substitution of either first 35 nt (E3b-R1) or the second
35 nt (E3b-R2) with a random sequence would disrupts the stem-
loop element, explaining why exon 2b inclusion increases in E3b-
R1 and E3b-R2. To test whether the stem-loop structure regulates
alternative splicing of Bcl-x, we produced several mutations. First
we tested if deletion (SL-D) or substitution with random sequence
(SL-R) for the stem-loop structure causes the changes of alternative
splicing of Bcl-x (Fig. 3A). We found that exon 2b inclusion is in-
creased in both of the mutants (Fig. 3B). To directly answer if the
stem-loop structure is important for its regulation, we disrupted
the structure by introducing point mutations (SL-3M and SL-1M)
(Fig. 3A). As shown in Fig. 3C, the mutants with a disrupted second-
ary structure increased exon 2b inclusion of Bcl-x pre-mRNA splic-
ing. Based on the results in Fig. 3, we conclude that the stem-loop
structure in the 105 nt RNA (E3b) is important for the promotion of
Bcl-x exon 2b skipping.

3.4. Stem-loop sequence can function as splicing enhancer in general
pre-mRNA splicing

Our results above have suggested that a stem-loop within the
105 nt RNA regulates alternative splicing of Bcl-x. We then asked
whether this sequence can function as enhancer or silencer for
general splicing. To answer this question, we inserted the stem-
loop RNA sequence into b-globin mini-gene (Hb) which is used
for the study of general splicing mechanisms (Hb-SL) (Fig. 4A). In
the meantime, we inserted stem-loop structure disrupted muta-
tion (Hb-SL-3M) into the same b-globin mini-gene (Hb). To avoid
the effect of exon length on pre-mRNA splicing, we also inserted
a random sequence with the same size of stem-loop into the
mini-gene (Hb-SL-R). The results in Fig. 4B showed that Hb-SL
produced more spliced products compared with Hb-SL-3M and
Hb-SL-R, indicating that stem-loop RNA functions as an enhancer
in general splicing.
4. Discussion

Similar to exons that undergo regular splicing, alternatively
spliced exons also contain RNA sequences that are important for
pre-mRNA splicing. These sequences include 50 splice site, 30 splice
site, branch point and polypyrimidine tract site that are essential
splicing signals required for pre-mRNA splicing. Pre-mRNA splicing
of many genes requires additional RNA sequence elements, such as
exon splicing enhancer (ESE). However, it seems that in addition to
the essential splicing signals on pre-mRNA, enhancers or inhibi-
tors/silencers on pre-mRNA are particularly important for regula-
tion of alternative splicing.

Bcl-X pre-mRNA produces anti-apototic Bcl-xL and pro-apopto-
tic Bcl-xS through its alternative splicing of exon 2. The ratio be-
tween anti-apototic Bcl-xL and pro-apoptotic Bcl-xS plays an
important role in apoptosis process. It has been hypothesized that
regulation of Bcl-x pre-mRNA splicing of exon 2 presents a link
between alternative splicing and apoptosis. Therefore one would
expect that identification of regulatory factors for Bcl-x alternative
splicing will provide a clue on how regulation of alternative splic-
ing may influence apoptosis. To identify cis-elements that regulate
alternative splicing of Bcl-x exon 2b, we generated a Bcl-x mini
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Fig. 3. A stem-loop structure in 105 nt RNA (E3b) promotes the skipping of Bcl-x exon 2b. (A) A 27 nt long stem-loop RNA structure was identified in the 105 nt E3b RNA. The
sequence and structure of the stem-loop structure are shown. Mutant constructs that disrupt the secondary structure (SL-3M and SL-1M) or that replace or delete the
secondary structure (SL-R, SL-D) are generated. (B) Mini-genes with the wildtype stem-loop (SL) or mutants (SL-3M, SL-1M, SL-R, SL-D) were transfected into HeLa cells.
RT-PCR results show that the wild type stem-loop RNA element but not mutants promote the skipping of Bcl-x exon 2b.
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Fig. 4. The Stem-loop structure identified in 105 nt RNA (E-3b) functions as a splicing enhancer. (A) The stem-loop RNA, wild type (SL), mutant (3 M), or a control random
sequence (random) was inserted into the b-globin mini-gene. (B) The constructs were transfected into HeLa cells and RT-PCR was carried out. Insertion of stem-loop RNA into
b-globin gene produces more splicing products than insertion of stem-loop mutation or insertion of a random sequence.
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gene system. Through deletion and random sequence substitution
analysis, we show that the alternative splicing of Bcl-x is regulated
by a 105 nt sequence located in exon 3b. Further investigation
demonstrates that there may be multiple cis-elements in the
105 nts region of exon 3 in the Bcl-x gene that regulate inclusion
and skipping of exon 2b. While we believe that it is important to
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pinpoint all elements in the region, we have identified and
validated at least one of these elements, a stem-loop of 27 nt in
the middle of 105 nt that plays a significant role in regulation of
exon 2b inclusion or exclusion (Fig 3). It appears that there is an
additional element in E3b-3R 35 nt that affects exon 2b splicing
(Fig 3). However, it is also possible that the E3b-3R 35 nt regulates
exon 2b splicing by coordinating with the stem-loop structure.

To examine the role of the stem-loop structure, we inserted the
27 nt sequence into the b-globin mini-gene (Hb). We found that in
addition to regulating alternative splicing of Bcl-x, the stem-loop
structure acts as an enhancer in general splicing (Fig. 4). The results
are not surprising considering of the fact that the regulation of
pre-mRNA splicing by RNA secondary structure is found in the reg-
ulation of other pre-mRNAs. For example, it was found that a RNA
sequence covering exon 10 and intron 10 of Tau pre-mRNA forms
a secondary structure that disrupts the base pairing between 50

splicing site and U1 snRNA [39], regulating exon 10 inclusion or
exclusion. While the mechanistic basis for the stem-loop regulation
remains to be determined, we hypothesize that recruitment of
specific splicing machinery to pre-mRNA and/or binding of RNA
helicase that can unwind the stem-loop structure to regulate alter-
native splicing are two possibilities that are worth investigating.

In conclusion, we have identified a novel stem-loop RNA struc-
ture in Bcl-x pre-mRNA that functions not only as a cis-element to
regulate exon 2 splicing in Bcl-x pre-mRNA but also as a enhancer
in general splicing.
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ER stress is activated in a number of important diseases such as diabetes, cancer, and neurodegeneration,
but the molecular interactions governing the response are still being elucidated. In the absence of stress,
protein complexes exist between the ER-resident chaperone BiP and three transmembrane signalling
molecules which are responsible for signal transmission. Previous results suggested that cofactors might
participate in these interactions, but the molecular details are not well understood. We coexpressed BiP
and the lumenal domains of each of the three ER stress transducers and copurified the complexes in the
presence of ATP and ADP in order to better understand how the complex is formed. ATP, but not ADP, was
required to isolate the BiP-IRE1 and the BiP-PERK complexes, but the BiP-ATF6 complex was purified in
all conditions tested. Based on the results, we hypothesize that in contrast to its mode of binding ATF6
and unfolded proteins, BiP binds to IRE1 and PERK in a different manner.

� 2012 Elsevier Inc. All rights reserved.
1. Introduction between BiP and the ER stress transducers in the resting state of
The endoplasmic reticulum (ER) is the main site of quality con-
trol in protein folding. In order to maintain ER homeostasis, a
highly tuned signalling mechanism known as the ER stress
response monitors the level of unfolded proteins and triggers ame-
liorating responses if this exceeds a particular threshold. The
molecular details of how this surveillance mechanism functions
are still being discovered. However, the central players are the
Hsp70 ER chaperone, BiP (also known as GRP78), and three trans-
membrane signalling proteins IRE1, PERK, and ATF6 (also called the
ER stress transducers). In the resting state of the ER, IRE1, PERK,
and ATF6 are each bound by BiP and no signal is transmitted. Accu-
mulation of unfolded or misfolded protein leads to BiP dissociation
and ER stress signalling, resulting in the increase of chaperone and
foldase levels, attenuation of protein synthesis, and eventually, if
homeostasis cannot be restored, cell death [1–3]. ER stress activa-
tion has been implicated in various protein misfolding diseases [4],
diabetes [5], and cancer [6]. A greater understanding of how ER
stress is triggered and how BiP rebinding occurs once homeostasis
is restored is an important step towards the prevention of cell loss.
We wish to begin by understanding the molecular interactions
ll rights reserved.

F6, activating transcription
lobulin binding protein; ER,
ase; IRE1, inositol requiring
rotein response.
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the cell, in the hope that this would shed light on the biochemical
components necessary to restore homeostasis.

Our initial attempts to form BiP-IRE1 complexes in vitro by mix-
ing purified proteins did not result in the formation of a complex
(unpublished data), which suggested perhaps the presence of one
or more additional factors was required to assist in complex forma-
tion. The unidentified factor(s) could be small molecules (e.g. ATP
or ADP) or accessory proteins. Both cofactors play a role in the
interaction of BiP with unfolded proteins [7] and an associated
nucleotide exchange factor has been shown to work with BiP to
accelerate the rate of ADP/ATP exchange [8]. Seminal work by
Bertolotti et al. showed that the interaction between BiP and PERK
co-immunoprecipitated directly from tissue was disrupted upon
addition of ATP [9]. However, a study exploring the interaction of
Kar2p (the yeast BiP homolog) and IRE1 in yeast suggested that
the interaction site between BiP and IRE1 was located on the ATP-
ase domain of BiP and that it was the ATP-bound form of BiP that
was able to bind IRE1 [10]. Additionally, Shen et al. easily isolated
recombinant BiP-ATF6 complexes from stably transfected NIH 3T3
cells and demonstrated that the BiP-ATF6 complex was resistant to
ATP-induced dissociation [11]. Therefore, the role of ATP in the BiP-
ER stress transducer interaction remains unclear. We reasoned that
coexpression of BiP and the ER stress transducers within a single
cell would mean that small molecule factors would be present to
facilitate the interaction, and purification of the complex in the
presence of different additives would give us information on which
small molecule factors are necessary to maintain the interaction.
We chose Escherichia coli as a host cell in order to minimise the
chance of contamination by endogenous proteins.
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We co-expressed BiP with each of the ER stress transducers and
then attempted to co-purify the complexes in the presence or ab-
sence of ATP and ADP. ATP, but not ADP, was required to isolate
the BiP-IRE1 and the BiP-PERK complexes, but the BiP-ATF6 com-
plex was purified in all conditions tested. Based on the results,
we hypothesize that in contrast to its mode of binding ATF6 and
unfolded proteins, BiP binds to IRE1 and PERK in a different
manner.
2. Materials and methods

2.1. Plasmid and strain construction

The amino acid sequences corresponding to the lumenal do-
mains of ATF6, IRE1 and PERK were predicted using bioinformatics.
First, the signal sequences of IRE1 and PERK were identified by the
SignalP 3.0 Server [12] and truncated. Subsequently, the Phobius
Transmembrane Topology Predictor [13] was used to identify the
transmembrane domains of all three proteins which were also
truncated, leaving the putative sequence of the lumenal domain.
The stability and half-life of these proteins when expressed in bac-
teria were then predicted using the ProtParam tool [14] and further
truncations were made where necessary to increase the predicted
protein stability. The final constructs correspond to amino acids
399 to 670 of ATF6, 19 to 333 of IRE1, and 32 to 522 of PERK.

The inserts were PCR amplified from the MegaMan human tran-
scriptome library (Agilent), first with blunt primers (Invitrogen) to
amplify initial fragments, followed by gel purification and second-
ary PCR to add restriction enzyme recognition sequences. Human
BiP lacking the N-terminal signal sequence (amino acid residues
20–654) was cloned into pET29a (Merck Biosciences) using the
NdeI and XhoI restriction sites in frame with the C-terminal histi-
dine tag. ATF6, IRE1, and PERK were cloned into the pGEX4T-2
vector (GE Healthcare) using the EcoRI and XhoI restriction sites
in frame with the N-terminal GST tag. The T37G mutant of BiP
was created using mutational primers followed by DpnI digestion
(Promega). All primer sequences and PCR conditions are reported
in the Supplementary Information. Sequences were verified (Euro-
fins MWG Operon). Plasmids were transformed into E. coli BL21
(DE3) cells (New England Biolabs) for protein expression.
2.2. Protein expression and affinity chromatography

A single colony was grown overnight in 10 mL LB broth supple-
mented with 50 lg/mL ampicillin (single expression of ATF6, IRE1,
or PERK), 30 lg/mL kanamycin (single expression of BiP), or both
(coexpressions). Each overnight culture was added into 500 mL of
LB broth with its respective antibiotics and incubated at 37 �C until
cell density reached an OD600 of 0.5–0.7. Isopropyl b-D-1-thiogalac-
topyranoside (IPTG) was added to a final concentration of 0.5 mM
and the cultures were incubated at 30 �C for a further 4 h to ex-
press the protein. Cells were harvested via centrifugation at
6774g for 15 min, the supernatant was discarded and the pellet
was stored at �80 �C overnight.

The cell pellet was lysed by sonication for 3 min with 3 s pulses
in 10 mL PBS-lysis (PBS-L) buffer (25 mL 10� PBS, 1% Triton X-100,
1 mM DTT, 1–2 mM PMSF, 1 mg/mL lysozyme pH 8.0). Lysate was
clarified by centrifugation at 11,600g for 40 min and used in col-
umn affinity purification. GST-tagged proteins were purified using
the Glutathione Superflow Resin (Qiagen) and His-tagged proteins
by Ni–NTA Agarose (Qiagen) using a gravity flow column, both
according to the manufacturer’s protocol. Co-expressed cultures
were purified by both methods. In preparation for the activity as-
say, BiP was purified with two additional wash steps: a low pH
wash (20 mM Na2HPO4, 50 mM NaCl and 0.1% Triton X-100 at pH
5.5) and a high pH stringency wash (20 mM Na2HPO4, 500 mM
NaCl, 0.1% Triton X-100 and 50 mM imidazole at pH 7.4) in order
to dislodge bound proteins and allow for clearer analysis. These
washes were not used during the His-tag purification of the co-ex-
pressed cultures as they dislodged bound ER stress transducers.

2.3. Gel electrophoresis and Western blotting

Samples were run on 12% Precast protein gel (Thermo Scien-
tific) in 1� Tris–HEPES running buffer at 120 V for 1 h and then
transferred onto a methanol-activated PVDF membrane (Invitro-
gen) using a semi-dry transfer system (Bio-Rad) at 0.3 A for
50 min. Bands were visualised using the Western Breeze Chromo-
genic Detection Kit (Invitrogen) according to the manufacturer’s
instructions using a 1:1000 dilution of the mouse anti-GST or
anti-His primary antibody (Invitrogen) and the anti-mouse alkaline
phosphatase conjugated secondary antibody supplied in the kit.
Bands were visualized by incubating the membrane in 5 mL chro-
mogenic substrate (BCIP/NBT).

2.4. BiP refolding assay

The protocol for BiP-mediated refolding of denatured b-galacto-
sidase was adapted from Freeman and Morimoto, [15]. First,
b-galactosidase (10 lg/mL, Sigma Aldrich) was denatured by incu-
bation in 6 M guanidine hydrochloride at 30 �C for 30 min. 3.4 nM
of the denatured b-galactosidase was incubated with 1.6 lM BiP in
refolding buffer (25 mM HEPES, pH 7.4, 5 mM MgCl2, 50 mM KCl,
2 mM ATP, 2 mM ADP, 10 mM DDT) at 37 �C. At each time point,
10 lL of this reaction was mixed with 10 lL of 0.8 M ONPG (Sigma)
in a clear bottomed 96-well plate (Costar) and incubated at 37 �C
for 30 min, followed by reaction termination with 50 lL of 0.5 M
sodium carbonate. Absorbance of each sample was measured at
412 nm in a BMG Polstar Omega plate reader. The percentage of
refolding activity was calculated by comparing sample absorbance
relative to that of the non-denatured b-galactosidase. Quantitative
results are presented as the mean ± SEM.
3. Results

3.1. Human BiP produced in E. coli is functional

Heterologous expression of human BiP in E. coli could result in a
poorly folded inactive protein which would make our study of
complex formation subject to artefacts. Thus, we wanted to verify
that the soluble BiP protein produced in E. coli was indeed func-
tional. Toward this end, we performed a refolding assay using
the BiP purified with the additional low pH and high stringency
washes in order to determine whether it was an active molecular
chaperone. The BiP produced in E. coli does function in the refold-
ing of guanidinium hydrochloride denatured b-galactosidase,
restoring it to full activity in approximately 3 h (Fig. 1). The chap-
erone activity of BiP expressed in this study was comparable to
that of the recombinant Hsp70 [16] and Hsp70 purified directly
from chicken liver [17].

3.2. The BiP-ATF6 complex is stably formed

To verify that our system was capable of replicating previous re-
sults, we coexpressed BiP and ATF6 and then attempted to purify
the complex in the presence or absence of ATP and ADP. Fig. 2a
shows the results from the Ni–NTA purification experiment which
uses the polyhistidine tag on BiP to capture the complex. The
BiP-ATF6 complex was purified in all conditions, regardless of
whether ATP or ADP (or neither) was present, consistent with



Fig. 1. Functional assay of human BiP produced in E. coli using unfolded b-galactosidase. Samples containing BiP (dark grey line) were monitored over time for their ability to
restore b-galactosidase activity. BSA (light grey line) was used as a control for spontaneous refolding.
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the report that the complex is formed stably and does not require
any additional cofactor [11]. Results using the glutathione affinity
chromatography to capture the complex through ATF6 were qual-
itatively similar, but overall protein levels were lower suggesting
that excess BiP was expressed within the system (data not shown).
These results confirm the utility of our coexpression system for
identifying conditions for BiP interaction with other proteins.

3.3. Co-purification of the BiP-IRE1 and BiP-PERK complexes requires
ATP and an ATP-induced conformational change in BiP

We then went on to investigate the interaction of BiP with IRE1
and PERK using the coexpression system. As with the ATF6 exper-
iment, results were similar for complexes purified through either
affinity tag, but the amount of protein recovered from the GST-
tag experiments was much lower than with the polyhistidine tag.
In particular, levels of IRE1 were very low (data not shown), so
the results displayed are from the polyhistidine tag experiment.
Coexpression of BiP and IRE1 (Fig. 2b) and BiP and PERK (Fig. 2c)
both resulted in the formation of a complex that was only purified
in the presence of ATP and absent when purified in the presence of
ADP or with no cofactor. This dependence is not what would occur
in the normal catalytic cycle of BiP. For unfolded proteins, BiP has a
higher affinity in its ADP bound state and exchange of the ADP for
ATP by a nucleotide exchange factor facilitates the release of the
polypeptide, whereas ATP hydrolysis to ADP increases BiP affinity
for substrate and results in another cycle of binding [7]. Thus,
our data suggests that BiP binds IRE1 and PERK in a manner differ-
ent than it binds unfolded proteins.

Our results are consistent with the observation made by Todd-
Corlett et al. that the binding of the yeast BiP homolog Kar2p to
IRE1 occurs not through the substrate binding cleft, but through
a different part of the protein. Specifically, they hypothesised that
ATP binding caused a conformational change in the ATPase domain
that then allowed IRE1 to bind [10]. In order to explore whether
this might be true in the human system, we repeated our experi-
ments using the T37G mutant of BiP [18] which lacks the confor-
mational change upon binding of ATP. Indeed, when coexpressing
T37G BiP with IRE1 or PERK, we were no longer able to purify
the complex even in the presence of ATP, suggesting that the
conformational change is a necessary part of the BiP-ER stress
transducer interaction (Fig. 3a and b).
4. Discussion

Taken together, our results suggest that the interaction between
BiP and IRE1 and BiP and PERK requires ATP and the conforma-
tional change produced upon ATP binding to create and/or main-
tain complex formation. Thus, we propose a modified BiP
catalytic cycle (Fig. 4) for BiP-ER stress transducer interactions. In
this model, the ATP bound form of BiP is required to bind IRE1/
PERK and the ADP bound form releases from the complex. The
inherent ATPase activity of BiP may then result in BiP-IRE1 and
BiP-PERK interactions that are dynamic, causing BiP to cycle off
and back onto the ER stress transducers. During that time, if un-
folded proteins are present, BiP rebinding to the ER stress trans-
ducers might be slowed by its interaction with the unfolded
protein in the ADP-bound form (where affinity for unfolded pro-
teins is high). This would allow time for other events that might
contribute to ER stress activation to occur (e.g. IRE1 clustering
and binding of IRE1 to unfolded protein [19]). It is possible that
the BiP-unfolded protein cycle and the BiP-IRE1/PERK cycle could
operate simultaneously in an unstressed cell and that an increased
concentration of unfolded proteins changes the dynamics of the
interactions, contributing to ER stress activation. However, further
experiments would be necessary to corroborate this hypothesis.

Pincus et al. recently provided evidence for a role for BiP as a
modulator of UPR, suggesting that it aids in signal deactivation
by sequestering IRE1 monomers that break away from the acti-
vated signalling cluster [20]. If ATP is indeed required to reform
the interaction with the stress transducers once homeostasis has
been restored, there are potential implications for the ability of
cells to recover from ER stress in the presence of other stressors.
Energy depletion is a common event following different types of
cellular stress. For example, hypoxia can lead to lower levels of
ATP production [21] and may prevent cells from restoring the ER
to its resting state. This could partially account for the observation
that hypoxia can contribute to ER stress [22] and that prolonged
IRE1 signalling occurs in cells at the centre of a tumour mass, a rel-
atively low oxygen environment [23]. In addition, ER perturbations
can result in aberrant calcium signalling, in turn leading to mito-
chondrial membrane potential damage and impaired ATP synthesis
capabilities [24]. Calcium dyshomeostasis and ER stress induction
have both been implicated in Alzheimer’s disease and may have
synergistic effects in disease progression [4,25]. The energy



Fig. 2. Isolation of the BiP-ER stress transducer complex from the lysate of an E. coli
population coexpressing the two proteins using Ni–NTA affinity chromatography.
(A) ATF6 complex purification Western blot using the mouse anti-GST antibody as
the primary antibody to detect GST-tagged proteins. Lane 1: Molecular weight
marker, Lane 2: Singly expressed BiP (negative control), Lane 3: Singly expressed
ATF6 (positive control), Lane 4: The complex purified without additives, Lane 5: The
complex purified in the presence of 5 mM ATP, Lane 6: The complex purified in the
presence of 5 mM ADP. (B) IRE1 complex purification. Western blot using the mouse
anti-GST antibody as the primary antibody to detect GST-tagged proteins. Lane 1:
Molecular weight marker, Lane 2: Singly expressed BiP (negative control), Lane 3:
Singly expressed IRE1 (positive control), Lane 4: The complex purified without
additives, Lane 5: The complex purified in the presence of 5 mM ATP, Lane 6: The
complex purified in the presence of 5 mM ADP. (C) PERK complex purification.
Western blot using the mouse anti-GST antibody as the primary antibody to detect
GST-tagged proteins. Lane 1: Molecular weight marker, Lane 2: Singly expressed BiP
(negative control), Lane 3: Singly expressed PERK (positive control), Lane 4: The
complex purified without additives, Lane 5: The complex purified in the presence of
5 mM ATP, Lane 6: The complex purified in the presence of 5 mM ADP. (D) An
example BiP Western blot using the mouse anti-His antibody to detect histidine
tagged proteins. Lane 1: Molecular weight marker, Lane 2: Singly expressed BiP
(positive control), Lane 3: Singly expressed PERK (negative control), Lane 4: The
complex purified without additives, Lane 5: The complex purified in the presence of
5 mM ATP, Lane 6: The complex purified in the presence of 5 mM ADP.

Fig. 3. Coexpression and co-purification experiment using the T37G mutant of BiP.
(A) IRE1 complex purification. Western blot using the mouse anti-GST antibody as
the primary antibody to detect GST-tagged proteins. Lane 1: Molecular weight
marker, Lane 2: Singly expressed T37G BiP (negative control), Lane 3: Singly
expressed IRE1 (positive control), Lane 4: The complex purified without additives,
Lane 5: The complex purified in the presence of 5 mM ATP, Lane 6: The complex
purified in the presence of 5 mM ADP. (B) PERK complex purification. Western blot
using the mouse anti-GST antibody as the primary antibody to detect GST-tagged
proteins. Lane 1: Molecular weight marker, Lane 2: Singly expressed T37G BiP
(negative control), Lane 3: Singly expressed PERK (positive control), Lane 4: The
complex purified without additives, Lane 5: The complex purified in the presence of
5 mM ATP, Lane 6: The complex purified in the presence of 5 mM ADP. (C) An
example BiP Western blot using the mouse anti-His antibody to detect histidine
tagged proteins. Lane 1: Molecular weight marker, Lane 2: Singly expressed T37G
BiP (positive control), Lane 3: Singly expressed PERK (negative control), Lane 4: The
complex purified without additives, Lane 5: The complex purified in the presence of
5 mM ATP, Lane 6: The complex purified in the presence of 5 mM ADP.
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requirement of BiP-ER stress transducer complex formation may
be a hurdle to restoration of homeostasis and represents a poten-
tial point of intervention for disease treatment in complex diseases
with multiple etiologies.

While our results cannot directly show whether accessory pro-
teins are necessary to form the initial BiP-IRE1 and BiP-PERK com-
plexes, the fact that we chose E. coli as our expression host suggests
that any such proteins required must be highly conserved. BiP is
an Hsp70 with homology to DnaK of E. coli [26]. Accessory proteins
of DnaK such as DnaJ (which stimulates its ATPase activity) or
GrpE (the associated nucleotide exchange factor) might have some
degree of cross interaction with the human BiP. However, the



Fig. 4. Proposed binding model for BiP and IRE1/PERK.
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function of a nucleotide exchange factor is to promote ADP ex-
change for ATP, so the presence of very high levels of ATP such
as those present in our study would help to promote exchange
even in the absence of a functional nucleotide exchange factor. In
our case, if DnaJ promotes ATP hydrolysis by human BiP, then this
could account for the fact that we purified IRE1 and PERK with a
less than 1:1 stoichiometry with BiP.

Our results are based on human proteins heterologously ex-
pressed in E. coli which may be subject to misfolding. We have
demonstrated that our purified BiP is functional, suggesting that
it is not misfolded. However, for the lumenal domains of ATF6,
IRE1, and PERK, there is no analogous activity assay and we cannot
be sure that these proteins have adopted their native conforma-
tions in our expression system. Interestingly, the binding relation-
ships we see do not follow what would be expected with generic
unfolded proteins (where ADP would strengthen the association
of misfolded protein with BiP and ATP would abolish binding) sug-
gesting that there is a different interaction between BiP and the
stress transducers in whatever conformation they adopt within
our E. coli host. There is some evidence to suggest that at least some
of the lumenal proteins might fold correctly. A crystal structure of
the IRE1 lumenal domain has been obtained using E. coli as an
expression host and the amino acid truncation used in that paper
is similar to our study [27]. In addition, our results for ATF6 mirror
those of Shen et al. who used mammalian cells as an expression
system and also observed that the BiP-ATF6 complex was stable
regardless of whether any cofactor was present [11]. However,
we cannot entirely rule out protein misfolding as the root cause
of our observations and so it is necessary to confirm our observa-
tions using a mammalian cell line or to compare the lumenal pro-
teins expressed in E. coli to those obtained from a mammalian
expression system by one or more biophysical methods determine
if they have folded correctly.
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Diacylglycerol kinase (DGK) plays an important role in phosphoinositide signaling cascade by regulating
the intracellular level of diacylglycerol and phosphatidic acid. The DGK family is involved in various path-
ophysiological responses that are mediated through unique binding partners in different tissues and cells.
In this study, we identified a small GTPase effector protein, IQGAP1, as a novel DGKf-associated complex
protein. A bacterial endotoxin, lipopolysaccharide (LPS), facilitated the complex formation in macro-
phages. Both proteins co-localized at the edge and phagocytic cup of the cell. Furthermore, RNA interfer-
ence-mediated knockdown of DGKf or IQGAP1 impaired LPS-induced Rac1 activation. Primary
macrophages derived from DGKf�/� mice attenuated LPS-induced phagocytosis of bacteria. These results
suggest that DGKf is involved in IQGAP1/Rac1-mediated phagocytosis upon LPS stimulation in
macrophages.

� 2012 Elsevier Inc. All rights reserved.
1. Introduction

Macrophages play a central role in inflammatory responses
such as cytokine synthesis, free radical production, and phagocyto-
sis by bacterial infection [1]. Phagocytosis is an important role of
macrophage-mediated innate immune response to bacterial infec-
tion, which includes receptor binding, internalization, and phago-
some maturation [2]. During phagocytosis in macrophages, the
relative abundance of several phosphoinositides (PIs) changes
drastically [2]. Phosphatidylinositol (4,5)-bisphosphate (PtdIns
(4,5)P2), constitutively presented in the plasma membrane, under-
goes rapid and transient accumulation above basal levels at the site
of particle engagement and propagates with the pseudopods as
they extend around the particle [3]. PtdIns(4,5)P2 promotes de novo
actin polymerization to initiate phagocytic cup extension, whereas
elimination of PtdIns(4,5)P2 causes depolymerization of actin
filaments to promote closure of the phagocytic cup [2]. The
PtdIns(4,5)P2-metabolizing proteins such as type I PtdIns-4-phos-
phate 5-kinase (PIP5K) and phospholipase C (PLC)c localize to
ll rights reserved.
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the phagocytic cup, and regulate the availability of PtdIns(4,5)P2.
Indeed, PLC inactivation attenuates phagocytosis [3]. Diacylglyc-
erol (DG), which is generated by hydrolysis from PtdIns(4,5)P2 by
PLC, initially associates with phagocytic cup and early phagosome
[3]. DG regulates the activity and/or subcellular distribution of DG
effectors containing C1 domain [4]. Indeed, PKCs and RasGRPs are
recruited to phagosomes [5,6]. Phosphatidic acid (PA), which can
be generated by either phospholipase D (PLD)-mediated hydrolysis
of phosphatidylcholine (PC) or phosphorylation of DG by DG kinase
(DGK), is shown to promote macrophage activation induced by
lipopolysaccharide (LPS), a component of the outer membrane
from Gram-negative bacteria [7]. However, inhibition of PLD, one
PA-generating pathway, does not alter target ingestion in macro-
phages, suggesting that the other PA-generating pathway involving
DGK might contribute to phagocytosis [8].

Through the control of DG/PA balance by enzyme activity, DGKs
play important roles in various signaling from receptors and mod-
ulate diverse cellular processes [9]. In mammalian cells, 10 differ-
ent isoforms have been identified. They show distinct properties in
terms of gene expression, enzymatic characteristics, and subcellu-
lar localization [4,10,11]. Previous report has described that LPS-
induced proinflammatory cytokine production is decreased in
DGKf�/� bone marrow macrophages [12], demonstrating that
DGKf signaling regulates macrophage function although the role
played by DGKf in phagocytosis of macrophages remains unclear.
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In this study, we identified IQGAP1 as a novel DGKf-associating
partner. The interaction between IQGAP1 and DGKf is regulated by
LPS stimulation in macrophages. Furthermore, knockdown or abla-
tion of DGKf impairs Rac1 activation and LPS-induced phagocyto-
sis of bacteria. Collectively, these results suggest a crucial role of
DGKf in IQGAP1-mediated Rac1 activation during the process of
LPS-activated phagocytosis of bacteria.
2. Materials and methods

2.1. Reagents

The cell culture reagents were obtained from Wako. HEK293 and
the murine macrophage cell line Raw264 cells were maintained in
Dulbecco’s modified Eagle’s medium (DMEM) containing 10% heat-
inactivated fetal bovine serum (FBS), 100 U/ml penicillin, 100 lg/
ml streptomycin sulphate at 37 �C and 5% CO2. LPS and latex beads
were purchased from Sigma. Enzyme inhibitors were from Sigma
(ET18OCH3), Calbiochem (Gö6850, wortmannin), and Cayman
Chemical Company (PD98059). Alexa-565-conjugated phalloidin
was from Molecular Probes. Protein G-conjugated Sepharose and
Glutathione Sepharose were obtained from GE Healthcare. Anti-b-
actin and anti-Flag-M2 antibodies, anti-Flag-M2 agarose, and Flag
peptide were purchased from Sigma. Other antibodies were from
Santa Cruz (anti-IQGAP1, anti-RhoGDI, and anti-HA), and Chemicon
(Anti-Rac1), and Serotec (anti-CD11b). Anti-GFP and anti-DGKf
antibodies were produced as previously described [13,14].

2.2. Plasmids construction

GFP-IQGAP1, GFP-IQGAP2, GFP-IQGAP3, and HA-Rac1 DA (con-
stitutively GTP-bound form) were described previously [15]. Flag-
tagged DGKf, DGKfDC, DGKfC1/3 and DGKf1-280 were constructed
as described [13,16]. GFP-IQGAP1 truncated mutants encoding ami-
no acids 1-1248, 1070-1657, 1-863, and 764-1657 were obtained by
digestion of full length IQGAP1 with AflII, BglII, BamHI, and EcoRI,
respectively. For bacterial expression, the plasmid encoding GFP
was amplified using PCR and subcloned into the pGEX2TK. GST-
PAK1-CRIB, corresponding to the fragment encoding 67-150 of hu-
man PAK1, was amplified using PCR and subcloned into pGEX4T2.
All constructs were fully verified by DNA sequencing.

2.3. Animals and peritoneal macrophage isolation

All experimental protocols using mice were performed in accor-
dance with the guidelines and the permission of the Animal Re-
search Center of Yamagata University. Generation of DGKf�/�

mice were as described [17]. All of the mice were aged between
8 and 12 weeks. Wild-type mice, C57BL6, were purchased from Ja-
pan SLC Inc. Peritoneal macrophages were elicited by intraperito-
neal injection of 2 ml 4% thioglycolate (Sigma). After 4 days, the
macrophages were harvested from peritoneal lavage. They were
washed with 5 ml of PBS and plated in culture dishes in complete
DMEM. After 1 h, non-adherent cells were washed away and the
remaining cells were incubated. More than 95% of cells were
CD11b-positive macrophages by fluorescent microscope analysis.

2.4. Transfection and RNAi

Cells were transfected with plasmid constructs using Lipofect-
AMINE2000 (Invitrogen). All constructs for transfection were puri-
fied with EndoFree Plasmid Maxi Kit (QIAGEN). DGKf-specific
siRNA (50-UAGUCGUGCAUACUGACCCTG-30) was obtained from
QIAGEN. IQGAP1-specific siRNA (50-CCAACAAGAUGUUUCUGGGC-
GAUAA-30) was purchased from Invitrogen.
2.5. Immunoprecipitation, in vitro binding assay, immunoblot, and
TOF-MS analyses

Co-immunoprecipitation analysis was conducted as described
previously [18]. Cells were washed with ice-cold PBS and then
lysed in 600 ll of lysis buffer containing 50 mM Tris/HCl
(pH 7.4), 40 mM NaCl, 1 mM EDTA, 0.5% Triton X-100, 1.5 mM
Na3VO4, 50 mM NaF, 10 mM sodium pyrophosphate, 10 mM so-
dium b-glycerophosphate, and protease inhibitor cocktail (Sigma).
After centrifugation, the supernatant was mixed with antibody.
After washing, the immunocomplexes were eluted with SDS–PAGE
sample buffer. In vitro pull-down assay and immunoblot analysis
were as described [18]. Briefly, GST-PAK1-CRIB was expressed in
BL21 (DE3)pLysE strain by IPTG induction and then purified with
glutathione-Sepharose. Sepharose-immobilized GST-PAK1-CRIB
was mixed with cell lysate. After washing, bound proteins were
eluted with SDS–PAGE sample buffer. For searching interaction
molecules, immunoprecipitation and TOF-MS analysis were per-
formed as described previously [19]. In brief, Flag-tagged DGKf
was transfected into HEK293 cells and lysed. After centrifugation
for 20 min at 18,000g at 4 �C, the supernatant was mixed with
anti-Flag-M2 agarose and washed with lysis buffer five times fol-
lowed by wash buffer (20 mM Tris/HCl (pH 7.4), 150 mM NaCl)
twice. The immunocomplexes were eluted with Flag peptide. After
SDS–PAGE, samples are analyzed by TOF-MS with subsequent
identification using the Mascot search program.

2.6. Microscopic analysis

Cells were seeded onto coverslips in 12-well dish and were
fixed with 3% formaldehyde in PBS at room temperature (RT) for
10 min. The cells were then permeabilized and blocked with 0.3%
Triton X-100 and 2% FBS in PBS at RT for 15 min, washed with
PBS three times and subjected to immunocytochemistry as de-
scribed previously [20]. Fluorescent images were taken under a
Zeiss Axioplan 2 microscope equipped with a confocal laser-scan-
ning unit (Carl Zeiss LSM510Meta).

2.7. Phagocytosis assay

Bacterial phagocytosis by macrophages was examined as de-
scribed previously [21]. Briefly, the day before commencing the
experiment, Escherichia coli strain BL21 (DE3)pLysE carrying
pGEX-GFP was grown in LB and induced by IPTG. Macrophages
were washed with warmed PBS and mixed with GFP-E. coli at a
multiplicity of infection (MOI) of 40–60 in DMEM at 37 �C for
45 min. After washing and fixation, macrophages that phagocy-
tized one or more than two GFP-E. coli were counted. The data
were expressed mean ± SD and analyzed by Student’s t-test. A va-
lue of p < 0.05 was considered to be statistically significant. For la-
tex bead phagocytosis assay, Raw264 cells were treated with
100 ng/ml LPS and incubated at 37 �C with latex beads (1:500 final
dilution) in DMEM without serum for 45 min. After fixation, cells
were subjected to immunocytochemistry.
3. Results

3.1. DGKf interacts with IQGAP

Previously, several DGKf interacting molecules have been iden-
tified, such as a-syntrophin [22] and nucleosome assembly protein
[13]. These DGKf interacting proteins are shown to affect the sub-
cellular localization of DGKf and mediate its physiological func-
tions. We sought to identify previously unknown DGKf interacting
molecules using co-immunoprecipitation and mass spectrometry.
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In the immunoprecipitants of HEK293 cells transfected with Flag-
DGKf, a protein with a mass of 190 kDa was identified as human IQ-
GAP1 (GI: 4506787), a small GTPase Rac1/Cdc42 effector [23,24].
Using immunoblot analysis, an immunoreactive band was recog-
nized specifically by anti-IQGAP1 antibody in the Flag-DGKf eluates
but not in the control eluates (Fig. 1A). The IQGAP family comprises
three subtypes [15]. To explore whether other IQGAPs can interact
with DGKf, we performed co-transfection and immunoprecipitation
assay. Immunoblot analysis revealed that DGKf was associated with
GFP-IQGAP1 and IQGAP3, but not IQGAP2 (Fig. 1B). To characterize
the domains responsible for association with IQGAP1, we con-
structed a series of DGKf truncate mutants (Fig. 1C) and performed
immunoprecipitation experiments in co-transfected HEK293 cells.
Immunoblot analysis revealed that the full length, C-terminal dele-
tion (DC), and amino acid 1-280 region of DGKf associated with IQ-
GAP1, suggesting the necessity of the N-terminal region (a.a. 1–249)
of DGKf for binding (Fig. 1D). To explore the interacting region of IQ-
GAP1 further, we generated a series of IQGAP1 mutants (Fig. 1E).
Immunoprecipitation analysis revealed that DGKf bound efficiently
to a.a. 1070–1657 and a.a. 764–1657, weakly to a.a. 1–1248, but not
to the N-terminal half (a.a. 1–863) of IQGAP1. These results suggest
that the RasGAP-related domain (GRD) of IQGAP1 is responsible for
DGKf binding, although RasGAP-C region could affect the binding
affinity (Fig. 1F).

3.2. LPS regulates the association between DGKf and IQGAP1 in
macrophages

DGKf-mediated responses are shown to be critical for the im-
mune system in macrophages [12]. To examine the endogenous
association between DGKf and IQGAP1 in macrophages, we per-
formed immunoprecipitation assay on a murine macrophage-like
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cell line, Raw264 cells. Endogenous IQGAP1 was detected in the
anti-DGKf immunoprecipitants (Fig. 2A, left) and vice versa
(Fig. 2A, right), suggesting that DGKf associates with IQGAP1 in
Raw264 cells. Furthermore, endogenous interaction between IQ-
GAP1 and DGKf was also confirmed in mouse primary peritoneal
macrophages (Fig. 2B). No interaction was found in the immuno-
precipitants using control IgG (Fig. 2A and B).

Toll-like receptor (TLR) is well known to activate a series of
intracellular signaling pathways that engender the dynamic and
rapid actin reorganization through small GTPase signaling in mac-
rophages [2]. To examine whether the interaction between DGKf
and IQGAP1 can be regulated by LPS/TLR signaling, we performed
immunoprecipitation assay after LPS stimulation. In Raw264 cells
without LPS treatment, DGKf associated weakly with IQGAP1
(Fig. 2C). Intriguingly, LPS treatment enhanced DGKf–IQGAP1 com-
plex formation. Treatment with 100 ng/ml LPS was sufficient to in-
duce the complex formation (Fig. 2C, lanes 3 and 4), which was
enhanced in a time-dependent manner (Fig. 2D). LPS-induced com-
plex formation between DGKf and IQGAP1 was also observed in
primary peritoneal macrophages (Fig. 2E, lanes 1 and 2). The spec-
ificity of this association between DGKf and IQGAP1 was verified
with DGKf�/� primary macrophages (Fig. 2E, lanes 3 and 4). To ex-
plore how DGKf–IQGAP1 complex formation is regulated after LPS
stimulation, we performed immunoprecipitation assay using vari-
ous inhibitors. Compared with the control, LPS-induced association
of DGKf and IQGAP1 was substantially blocked by inhibitors for
PI3K (wortmannin), MEK (PD98059), and PKC (Gö6850), whereas
PLC inhibitor, ET18OCH3, had less effect on the complex formation
(Fig. 2F).

We next examined the subcellular localization of DGKf and
IQGAP1. In transfected macrophages, Flag-DGKf colocalized with
endogenous IQGAP1 at the membrane edge (Fig. 2G upper). After
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LPS stimulation, Flag-DGKf was detected at the filopodia-like pro-
trusion together with IQGAP1 (Fig. 2G, bottom), suggesting that
LPS does not change significantly the subcellular localization of
these proteins but induces their complex formation at the plasma
membrane.

3.3. DGKf plays a crucial role in LPS-induced phagocytosis via Rac1
activation

Reportedly, LPS-induced TLR4 signal transduction activates
membrane dynamics followed by actin cytoskeleton reorganiza-
tion in macrophages during bacterial phagocytosis via the Rho-
GTPase family activation, such as Rac1 and Cdc42 [21]. To examine
whether DGKf affects LPS-dependent Rac1 activation in macro-
phages, we performed pull-down assay using GST-fused PAK1-
CRIB that can bind selectively to GTP-bound active Rac1. Immuno-
blot analysis revealed that DGKf RNA silencing decreased its pro-
tein levels by 80–90% and attenuated the Rac1-GTP bound form
upon LPS stimulation, compared with a scrambled siRNA treat-
ment (Fig. 3A, lane 5 versus lane 6). A similar result was obtained
in IQGAP1 RNA silencing cells (Fig. 3A, lane 7 versus lane 8). Taken
together, these results suggest that both DGKf and IQGAP1 are re-
quired for LPS-dependent Rac1 activation in macrophages.

A previous report showed that IQGAP1 localizes to the phago-
cytic cup, and that IQGAP1 knockdown inhibits the initial step of
phagocytosis in Raw264 cells [25]. Immunofluorescence analysis
showed that DGKf and IQGAP1 colocalized clearly at the phago-
cytic cup in LPS-stimulated Raw264 cells (Fig. 3B). Fig. 3C shows
that LPS stimulation markedly enhanced the phagocytosis of
E. coli expressing GFP, as determined quantitatively using confocal
microscopy. To confirm the functional role of DGKf in phagocyto-
sis, we knocked down DGKf or IQGAP1 using specific siRNAs.
Knocking down of IQGAP1 clearly inhibited phagocytosis upon
LPS treatment as in the previous study [25]. Similarly, when DGKf
was knocked down, LPS-dependent phagocytosis, including catch-
ing and internalization, was also decreased (Fig. 3D). Independent
verification of the results described above was obtained through
quantitative analysis using primary peritoneal macrophages de-
rived from DGKf�/� mice. Fig. 3E shows representative images of
bacterial phagocytosis of primary macrophages. The left panel
shows a macrophage that internalized only one bacterium. The
right panel presents a macrophage that phagocytized more than
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two bacteria. Under normal conditions without LPS treatment,
phagocytosis of DGKf�/� peritoneal macrophages was similar to
that of wild-type (Fig. 3F and G). After LPS treatment, however,
the number of macrophages that phagocytized more than two bac-
teria was apparently decreased in DGKf�/� primary macrophages
(Fig. 3F and G; 67.1 ± 13.5% in WT versus 36.2 ± 12.9% in DGKf�/

�, p < 0.05). These data show that DGKf deficiency attenuates mac-
rophage phagocytosis upon LPS stimulation.
Fig. 4. Potential mechanisms of DGKf function in LPS-induced phagocytosis. DGKf
associates with IQGAP1 in an LPS-dependent manner. Both DGKf and IQGAP1 are
required for LPS-dependent Rac1 activation. DGKf is involved in IQGAP1/Rac1-
dependent bacterial phagocytosis upon LPS stimulation in macrophages.
4. Discussion

In this study, we identified a small GTPase effector protein, IQ-
GAP1, as a novel DGKf-associated complex protein in macro-
phages. We show that either DGKf or IQGAP1 siRNA-knockdown
attenuates LPS-induced Rac1 activation. In addition, we also reveal
that phagocytosis decreases significantly in Raw264 cells treated
with siDGKf and in primary macrophages derived from DGKf�/�

mice (Fig. 4).
In the process of phagocytosis, phagocytic cup and phagosome

formation is regulated by actin reorganization. Actin polymeriza-
tion at developing phagosomes is probably controlled by
PtdIns(4,5)P2, actin-related proteins and Rho family small GTPases,
especially, Rac1 and Cdc42. Inhibition of these small GTPases in
macrophages results in a complete blockade of phagocytosis be-
cause of defective actin assembly at nascent phagosomes [26,27].
IQGAP1 is originally identified as a target for the small GTPases,
Cdc42 and Rac1 [24]. IQGAP binds to and stabilizes the GTP-bound
form of Rac1/Cdc42 by inhibiting their intrinsic GTPase activity
and by interfering with their interaction with RhoGAPs [28]. Re-
cently, IQGAP1 has been reported to interact with Dia1, a regulator
of actin polymerization [25]. Its interaction correlates with phago-
cytic cup formation in Raw264 cells. In this regard, we found that
DGKf interacts with GRD of IQGAP1. The GRD of IQGAP protein is
shown to bind to Rac1/Cdc42 and stabilize its activity [23,28]. It
is therefore plausible that DGKf is involved in IQGAP1-mediated
Rac1 activation and subsequent phagocytosis after LPS stimulation.
However, it remains unclear how the interaction of DGKf with IQ-
GAP1 is regulated upon LPS stimulation, although our chemical
inhibitor experiment suggests that LPS-induced DGKf–IQGAP1
association is regulated by several kinase cascades, such as PI3K,
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MEK, and PKC. It is possible that DGKf and/or IQGAP1 may be mod-
ified by these kinases upon LPS stimulation.

Results of a recent study suggest that retinoic acid-inducible
gene I (RIG-I) plays an important role in TLR-stimulated phagocy-
tosis of bacteria and LPS-stimulated morphological changes, which
is mediated through the binding of actin and subsequent activation
of Rac1/Cdc42 signaling [21]. Whether DGKf signaling is cross-
linked with RIG-I pathway remains undetermined. However, the
phenotype of RIG-I deficiency in phagocytosis after LPS resembles
that of DGKf�/� macrophages. Further studies are needed to eluci-
date this point together with the functional significance of the
interaction between DGKf and IQGAP3.

In summary (Fig. 4), we identified IQGAP1 as a novel DGKf-
associated complex protein in macrophages. DGKf interacts with
IQGAP1 in an LPS-dependent manner and is involved in IQGAP1-
mediated Rac1 activation. DGKf knockdown or gene ablation im-
pairs LPS-activated bacterial phagocytosis. Our results suggest that
DGKf participates in IQGAP1/Rac1-mediated phagocytosis in
macrophages.

Acknowledgments

This work was supported by Grants-in-Aid from The Ministry of
Education, Culture, Sports, Science and Technology (MEXT) of Ja-
pan (M.O., Y.H., K.G.).

References

[1] D.M. Mosser, J.P. Edwards, Exploring the full spectrum of macrophage
activation, Nat. Rev. Immunol. 8 (2008) 958–969.

[2] B.E. Steinberg, S. Grinstein, Pathogen destruction versus intracellular survival:
the role of lipids as phagosomal fate determinants, J. Clin. Invest. 118 (2008)
2002–2011.

[3] R.J. Botelho, M. Teruel, R. Dierckman, R. Anderson, A. Wells, J.D. York, T. Meyer,
S. Grinstein, Localized biphasic changes in phosphatidylinositol-4,5-
bisphosphate at sites of phagocytosis, J. Cell Biol. 151 (2000) 1353–1368.

[4] I. Merida, A. Avila-Flores, E. Merino, Diacylglycerol kinases: at the hub of cell
signalling, Biochem. J. 409 (2008) 1–18.

[5] E.C. Larsen, J.A. DiGennaro, N. Saito, S. Mehta, D.J. Loegering, J.E. Mazurkiewicz,
M.R. Lennartz, Differential requirement for classic and novel PKC isoforms in
respiratory burst and phagocytosis in RAW 264.7 cells, J. Immunol. 165 (2000)
2809–2817.

[6] R.J. Botelho, R.E. Harrison, J.C. Stone, J.F. Hancock, M.R. Philips, J. Jongstra-Bilen,
D. Mason, J. Plumb, M.R. Gold, S. Grinstein, Localized diacylglycerol-dependent
stimulation of Ras and Rap1 during phagocytosis, J. Biol. Chem. 284 (2009)
28522–28532.

[7] Y.N. Lee, H.Y. Lee, H.K. Kang, J.Y. Kwak, Y.S. Bae, Phosphatidic acid positively
regulates LPS-induced differentiation of RAW264.7 murine macrophage cell
line into dendritic-like cells, Biochem. Biophys. Res. Commun. 318 (2004) 839–
845.

[8] K.L. Cheeseman, T. Ueyama, T.M. Michaud, K. Kashiwagi, D. Wang, L.A. Flax, Y.
Shirai, D.J. Loegering, N. Saito, M.R. Lennartz, Targeting of protein kinase C-e
during Fcc receptor-dependent phagocytosis requires the eC1B domain and
phospholipase C-c1, Mol. Biol. Cell 17 (2006) 799–813.

[9] H. Kanoh, K. Yamada, F. Sakane, Diacylglycerol kinase: a key modulator of
signal transduction?, Trends Biochem Sci. 15 (1990) 47–50.
[10] M.K. Topham, R.M. Epand, Mammalian diacylglycerol kinases: molecular
interactions and biological functions of selected isoforms, Biochim. Biophys.
Acta 1790 (2009) 416–424.

[11] K. Goto, Y. Hozumi, T. Nakano, S.S. Saino, H. Kondo, Cell biology and
pathophysiology of the diacylglycerol kinase family: morphological aspects
in tissues and organs, Int. Rev. Cytol. 264 (2007) 25–63.

[12] C.H. Liu, F.S. Machado, R. Guo, K.E. Nichols, A.W. Burks, J.C. Aliberti, X.P. Zhong,
Diacylglycerol kinase f regulates microbial recognition and host resistance to
Toxoplasma gondii, J. Exp. Med. 204 (2007) 781–792.

[13] M. Okada, Y. Hozumi, T. Ichimura, T. Tanaka, H. Hasegawa, M. Yamamoto, N.
Takahashi, K. Iseki, H. Yagisawa, T. Shinkawa, T. Isobe, K. Goto, Interaction of
nucleosome assembly proteins abolishes nuclear localization of DGKf by
attenuating its association with importins, Exp. Cell Res. 317 (2011) 2853–
2863.

[14] Y. Hozumi, T. Ito, T. Nakano, T. Nakagawa, M. Aoyagi, H. Kondo, K. Goto,
Nuclear localization of diacylglycerol kinase f in neurons, Eur. J. Neurosci. 18
(2003) 1448–1457.

[15] S. Wang, T. Watanabe, J. Noritake, M. Fukata, T. Yoshimura, N. Itoh, T. Harada,
M. Nakagawa, Y. Matsuura, N. Arimura, K. Kaibuchi, IQGAP3, a novel effector of
Rac1 and Cdc42, regulates neurite outgrowth, J. Cell Sci. 120 (2007) 567–577.

[16] K. Goto, H. Kondo, A 104-kDa diacylglycerol kinase containing ankyrin-like
repeats localizes in the cell nucleus, Proc. Natl. Acad. Sci. USA 93 (1996)
11196–11201.

[17] D.S. Regier, J. Higbee, K.M. Lund, F. Sakane, S.M. Prescott, M.K. Topham,
Diacylglycerol kinase i regulates Ras guanyl-releasing protein 3 and inhibits
Rap1 signaling, Proc. Natl. Acad. Sci. USA 102 (2005) 7595–7600.

[18] M. Okada, S.W. Jang, K. Ye, Ebp1 association with nucleophosmin/B23 is
essential for regulating cell proliferation and suppressing apoptosis, J. Biol.
Chem. 282 (2007) 36744–36754.

[19] Y. Araki, D. Nonaka, A. Tajima, M. Maruyama, T. Nitto, H. Ishikawa, H.
Yoshitake, E. Yoshida, N. Kuronaka, K. Asada, M. Yanagida, M. Nojima, K.
Yoshida, K. Takamori, T. Hashiguchi, I. Maruyama, L.J. Lee, K. Tanaka,
Quantitative peptidomic analysis by a newly developed one-step direct
transfer technology without depletion of major blood proteins: its potential
utility for monitoring of pathophysiological status in pregnancy-induced
hypertension, Proteomics 11 (2011) 2727–2737.

[20] M. Okada, S.W. Jang, K. Ye, Akt phosphorylation and nuclear phosphoinositide
association mediate mRNA export and cell proliferation activities by ALY, Proc.
Natl. Acad. Sci. USA 105 (2008) 8649–8654.

[21] L. Kong, L. Sun, H. Zhang, Q. Liu, Y. Liu, L. Qin, G. Shi, J.H. Hu, A. Xu, Y.P. Sun, D.
Li, Y.F. Shi, J.W. Zang, J. Zhu, Z. Chen, Z.G. Wang, B.X. Ge, An essential role for
RIG-I in toll-like receptor-stimulated phagocytosis, Cell Host Microbe 6 (2009)
150–161.

[22] H. Abramovici, A.B. Hogan, C. Obagi, M.K. Topham, S.H. Gee, A. Hogan, L.
Shepherd, J. Chabot, S. Quenneville, S.M. Prescott, M.K. Topham, S.H. Gee,
Diacylglycerol kinase-f localization in skeletal muscle is regulated by
phosphorylation and interaction with syntrophins, Mol. Biol. Cell 14 (2003)
4499–4511.

[23] S. Kuroda, M. Fukata, K. Kobayashi, M. Nakafuku, N. Nomura, A. Iwamatsu, K.
Kaibuchi, Identification of IQGAP as a putative target for the small GTPases,
Cdc42 and Rac1, J. Biol. Chem. 271 (1996) 23363–23367.

[24] L. Weissbach, J. Settleman, M.F. Kalady, A.J. Snijders, A.E. Murthy, Y.X. Yan, A.
Bernards, Identification of a human rasGAP-related protein containing
calmodulin-binding motifs, J. Biol. Chem. 269 (1994) 20517–20521.

[25] D.T. Brandt, S. Marion, G. Griffiths, T. Watanabe, K. Kaibuchi, R. Grosse, Dia1
and IQGAP1 interact in cell migration and phagocytic cup formation, J. Cell
Biol. 178 (2007) 193–200.

[26] E. Caron, A. Hall, Identification of two distinct mechanisms of phagocytosis
controlled by different Rho GTPases, Science 282 (1998) 1717–1721.

[27] D. Cox, P. Chang, Q. Zhang, P.G. Reddy, G.M. Bokoch, S. Greenberg,
Requirements for both Rac1 and Cdc42 in membrane ruffling and
phagocytosis in leukocytes, J. Exp. Med. 186 (1997) 1487–1494.

[28] M.J. Hart, M.G. Callow, B. Souza, P. Polakis, IQGAP1, a calmodulin-binding
protein with a rasGAP-related domain, is a potential effector for cdc42Hs,
EMBO J. 15 (1996) 2997–3005.



Biochemical and Biophysical Research Communications 420 (2012) 485
Contents lists available at SciVerse ScienceDirect

Biochemical and Biophysical Research Communications

journal homepage: www.elsevier .com/locate /ybbrc
Corrigendum

Corrigendum to ‘‘Targeting A20 enhances TRAIL-induced apoptosis in
hepatocellular carcinoma cells’’ [Biochem. Biophys. Res. Commun. 418 (2012)
433–438]

Bingfei Dong a,1, Guoyue Lv a,1, Quan Wang b, Feng Wei a, Anita C. Bellail c, Chunhai Hao c,
Guangyi Wang a,⇑
a Department of Hepatopancreatobiliary Surgery, First Hospital of Jilin University, Jilin University, 71 Xinmin Street, Changchun 130021, China
b Department of Gastrointestinal Surgery, First Hospital of Jilin University, Jilin University, 71 Xinmin Street, Changchun 130021, China
c Department of Pathology & Laboratory Medicine, Emory University School of Medicine, 1365-C Clifton Road NE, Atlanta, GA 30322, USA
The authors regret the omission of three authors from the author line in the published article. The author line and affiliations are correct
as they appear above.
0006-291X/$ - see front matter Crown Copyright � 2012 Published by Elsevier Inc. All rights reserved.
http://dx.doi.org/10.1016/j.bbrc.2012.03.044

DOI of original article: http://dx.doi.org/10.1016/j.bbrc.2012.01.056
⇑ Corresponding author. Fax: +86 431 8878 3331.

E-mail addresses: chao@emory.edu (C. Hao), pixie2011@hotmail.com (G. Wang).
1 These authors contributed equally to this work.

http://dx.doi.org/10.1016/j.bbrc.2012.03.044
http://dx.doi.org/10.1016/j.bbrc.2012.01.056
mailto:chao@emory.edu
mailto:pixie2011@hotmail.com
http://dx.doi.org/10.1016/j.bbrc.2012.01.056
http://www.sciencedirect.com/science/journal/0006291X
http://www.elsevier.com/locate/ybbrc


Biochemical and Biophysical
Research Communications

Wolfgang Baumeister
Abteilung Molekulare Strukturbiologie
Max-Planck-Institut für Biochemie
Martinsried
Germany

Ernesto Carafoli
Dipartimento di Chimica Biologica
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