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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
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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
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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
(1), 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% H,0, 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 pg/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%
CO,. 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 x 10° cells/cm?) 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, 5'-AATGAAGCCAAAGTACCCGC-3’
(forward) and 5'-AGTCCTTTGCACAAGTCTCC-3' (reverse), which
yielded a 232-bp product; for p-actin, 5'-AAAGACCTGTACGCCAA-
CAC-3' (forward) and 5'-CTCGTCATACTCCTGCTTGG-3' (reverse),
which yielded a 224-bp product; for involucrin, 5'-CACTGGCTCCACT-
TATTTCG-3' (forward) and 5'-CTCACTCACCTGAGGTTGGGATTG-3'

(reverse), which yielded a 158-bp product; for TGM1, 5'-GATCGC-
ATCACCCTTGAGTTAC-3' (forward) and 5'-CGCAGGTTCAGATTCTGCC-3'
(reverse), which yielded a 143-bp product; for TGM3, 5'-TGGCAA-
TACTCTGACTATCAGCA-3' (forward) and 5'-CACATTCAGCCAGGG-
GTTAAA-3' (reverse), which yielded a 148-bp product; for TGMS5,
5'-ATGGCCCAAGGGCTAGAAGT-3' (forward) and 5'-AGCTCCGGT-
TCCTGAAGTACA-3' (reverse), which yielded a 148-bp product; for
cystatin-A, 5'-AACCCGCCACTCCAGAAATC-3' (forward) and 5'-CAC-
CTGCTCGTACCTTAATGTAG-3' (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 °Cfor 30 s.

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

We typically added a trinucleotide for stabilization and a Kpnl or an
Xhol site for cloning to the 5 end of each primer as follows: 5'-
GCGGGTACCCAAAGCAAAAAGAGGAT-3' (forward) and 5'-GCGCTCGA-
GCAGGGAAATGGGGAGG-3' (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,Ato G, TtoC, or C to T. Mutations were verified by DNA sequenc-
ing. Cells were transfected using FuGENE® 6 (Roche Diagnostics KK.,
Tokyo, Japan) and plated according to cell number (0.38 or
6.0 x 10° cells/cm?) 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 x 10° cells/cm?) 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, 5'-TCCCCTCACCACATTGAG-3' (forward)
and 5'-CGCTCTCTCCACAGCATCC-3' (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 x 10° cells/cm?) for 24 h (Fig. 2A). Cell-cell
contact was confirmed in cultures at densities over
1.5 x 10° cells/cm? 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

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-Ca?* solution. These cells morpholog-
ically resemble basal cells of squamous epithelia, and keratinocytes
incubated in high-Ca®* 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. Ca®* concentrations above 1.2 mM were
reported to be sufficient to induce differentiation of epithelial cells
[20]. Concentration of Ca%* 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 x 10° cells/cm?, 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

A

Fig. 1. Immunohistochemical localization of BRAK in normal gingival tissues. Staining is shown with rabbit immunoglobulin fraction as the negative control (A), and with

rabbit anti-Cxcl14/BRAK antibody at 1:500 (B). Scale bar = 200 pm.
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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 x 10° cells/cm?) 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).

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
Ca%* influx into the cytoplasm or release of Ca?* 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
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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 5’
region of the human BRAK/CXCL14. Cells at 2 densities (0.38 and 6.0 x 10° cells/cm?) 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).

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, p38y, and p383, 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
p385 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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Lysine- and arginine-specific methyltransferases have been shown to act as either direct or secondary
transcriptional co-activator of the estrogen receptor (ERot). 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 (E;) was suppressed by knockdown of PIMT, and enhanced by overexpression of
wild-type PIMT. However, the ERE promoter activity was resistant to E, 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 E, 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 E,. 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 E-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

Keywords:

PIMT

Protein methylation
Co-activator
Transcriptional regulation

transcription through its recruitment to the promoter via interacting with ERo..

© 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
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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.
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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 r-isoaspartyl O-
methyltransferase (PIMT), a subclass of protein-carboxyl-O-meth-
yltransferase, catalyzes the methylation of L-isoaspartyl, and to a
lesser extent p-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 o-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 ERo-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 E, (B-estradiol)-dependent
manner and its activity is essential for transcriptional activation
of the TFF1 gene. These results provide a molecular mechanism
for E,-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 5 primer (5-ccgGAATTCcgcctg-
gaaatccggegge) and a 3’ primer (5- ccgCTCGAGcttccacctggac-
cactgct), which included EcoRI and Xhol sites at the 5 and 3’
ends, respectively. The amplified gene, after digestion with EcoRI
and Xhol, 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 pHEO 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 x 10° 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 E,. 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, 5'-AAAG

AATTAGCTTAGGCCTAGACG-3' (forward) and 5'-GGATTTGCTGATA
GACAG- AGACGA-3' (reverse); GAPDH, 5-TGATGACATCAAG
AAGGTGGTGAAG-3’ (forward) and 5'-TCCTTGGAGGCCATGTAG GC-
CAT-3' (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 E, for 30 min. The cross-linked,
sheared chromatin was used for immunoprecipitation with
anti-PIMT, anti-ERo,, 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 pl of TE buffer.
PCR amplifications were performed with 0.01-5 pul DNA using
30-35 cycles. The following primers were used: TFF1 (—353/
—31), 5-GGCCATCTCTCACTATGAATCACTTCTGC-3' (forward) and
5'-GGCAGGCTCTGTTTGCTTAAAGAGCG-3' (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, 5'-
AACAUGCAGUAAG- GAUUCCACUUCC-3 (sense) and 5'-
GGAAGUGGAAUCCUUACUGCAUGUU-3’ (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 1h at 4°C. 1 ug anti-PIMT (BD biosciences),
anti-ERat (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 pl 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 pg/20 ml blocking buffer (5% non-fat milk in TBS-T: 150 mM
NaCl, 10 mM Tris-HCI, pH 8.0%, and 0.1% Tween-20). HRP-conju-
gated secondary antibodies (Santa Cruz Biotechnology) were used
at 1 pg/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 pl of Buffer A (10 mM HEPES
(pH 7.9) containing 1.5 mM MgCl,, 10 mM KCI, 1 mM EDTA, 1
mMdithiothreitol, 0.5 pg/ml leupeptin, 1 mM phenylmethylsulfo-
nylfluoride (PMSF), 1 uM 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 pl of Buffer B
(20 mM HEPES (pH 7.9) containing 1.5 mM MgCl,, 420 mMKCl,
25% glycerol, 0.2mM EDTA, 1 mMdithiothreitol, 0.5 pg/ml
leupeptin, 1 mM PMSF, and 1 pM 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.
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Fig. 1. Co-activator function of PIMT in ERa-dependent transcription, (A) Description of the TFF1 5'-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 E; 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 E, 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).

3. Results cells were transfected with expression vectors for ERa and a lucif-
erase reporter gene containing the estrogen response element

3.1. PIMT functions as a co-activator in ERo-mediated transcription (ERE) (Fig. 1A). In addition, siRNA against PIMT or expression vec-
tors for PIMT and a catalytically inactive PIMT mutant, G88A, were

To explore the functional role of PIMT in transcriptional regula- transfected and their effect on the expression of an ERa-regulated

tion by the ERa, we first tested whether PIMT can enhance or inhi-

reporter plasmid was measured. E, stimulation dramatically in-

bit transcriptional activation of reporter plasmids by ERo. 293T creased the ERE promoter activity. However, the depletion of PIMT
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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 E, 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 ]
software.

resulted in an 87% reduction in E;-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 E,, while overexpression of a catalytically inactive
PIMT mutant, G88A, was resistant to E, stimulation (Fig. 1C and
D). Collectively, these findings demonstrate that the methylation
activity of PIMT is specifically required for ERo-mediated tran-
scriptional activation.

3.2. PIMT mediates E,-induced transcription of TFF1

Since PIMT was essential for the activation of the ERE promoter
by E; (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 E,
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 E,, 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 E;
(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 E;-stimulated cells (<40%), compared with those in vector

control cells. These findings indicate that PIMT is a critical co-
activator of E;-mediated TFF1 transcription.

3.3. PIMT interacts with ERx 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 ERo. 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 E, 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 E, 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 ERo bind-
ing site (Fig. 4A). E, treatment induced the recruitment of PIMT to
the promoter, while PIMT was marginally recruited to the pro-
moter in the absence of E, (Fig. 4B). Moreover, in the PIMT-de-
pleted cells, PIMT recruitment by E, was completely suppressed
(Fig. 4C). ERa recruitment by E, 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 E,,
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Fig. 3. Interaction of PIMT with ERa and localization of PIMT in the nucleus, (A)
MCF?7 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-o-tubulin antibodies (cytosolic fraction
standard).
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Fig. 4. Recruitment of PIMT, ERa and Pol II to the TFF1 promoter byE, stimulation. (A) Description of the TFF1 gene. Arrows, location of primers in the TFF1 promoter. (B-D)
MCF?7 cells were transfected with PIMT siRNA or scrambled siRNA. After 72 h, cells were treated with or without 50 nM E, for 30 min. Changes in recruitment of PIMT (B), ERa
(C) and Pol II (D) into TFF1 promoter following treatment with E; were determined by ChIP analysis.

depletion of PIMT also further decreased the recruitment of Pol Il
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 p-linked isopeptide
bonds back to the conventional o-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 E,-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 Il 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 E, stimula-
tion, indicating that the methylation activity of PIMT is specifically
required for E;-mediated transcriptional activation.

The transcriptional activation by ERa requires the recruitment
of various co-regulators onto its target gene promoters in response
to E; [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 ERo-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 ERo
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 E,-
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 ERo. 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 ERo 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
ERo-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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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 (o-
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

Keywords:

P19 embryonic carcinoma cells
Cardiac differentiation

Glucose

CpG methylation

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”

Abbreviations: ECC, embryonic carcinoma cells; IGF1R, insulin like growth factor
1 receptor; GLUT 4, glucose transporter 4; IR, insulin receptor; o-MHC, alpha
myosin heavy chain.

* Corresponding author. Address: Martin Luther University, Faculty of Medicine,
Department of Anatomy and Cell Biology, Grosse Steinstrasse 52, D-06097 Halle
(Saale), Germany. Fax: +49 3455571700.

E-mail address: julia.knelangen@medizin.uni-halle.de (J.M. Knelangen).

0006-291X/$ - see front matter © 2012 Elsevier Inc. All rights reserved.
doi:10.1016/j.bbrc.2012.02.105

(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
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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].

Different glucose concentrations
5, 25, 40mM or 100mM

!

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 pl) 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 5-10d (5+5d,
5+10d). The first spontaneously beating clusters appeared 1d
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,

Standard glucose concentration = 25mM

Undifferentiated Determination Differentiation
growth
EB formation E8growth EB outgrowth
1% DMSO
mRNA undiff. 2d 5d 5+5d 5+10d
v v v
DNA undiff. 5d 5+10d
bbb b
Number of beating clusters 5d +1 +2 +3 +4 45
y
Frequencies of beating clusters 5d +7

Fig. 1. Schematic time schedule for the differentiation and analysis of P19 cells into cardiomyocytes in vitro. During determination period (48 h) cells were cultured with
different glucose concentrations (5 mM, 25 mM, 40 mM, 100 mM) and subsequently differentiated into cardiomyocytes under standard glucose concentration (25 mM).

EB = embryoid body, d = days.
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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,
5d,5+5dand 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 pg) was re-
verse transcribed in a final volume of 100 pl. 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 o-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 Cr-value for each sample. C; values of
the different samples were compared with the AAC;y 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, IGFIR 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 5d and 5+10d 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 pl
proteinase K-buffer supplemented with 15 pl proteinase K

Table 1
(a) Primer sequences for qPCR; (b) Primer sequences for COBRA.

Name Primer combination
(a)
18S Fw: 5'-AGAAACGGCTACCACATCCAA-3'

Rv: 5'-CTGTATTGTTAI I I I CGTCACTACCT-3’
o-MHC Fw: 5-ATCATTCCCAACGAGCGAAA-3

Rv: 5'-GCCGGAAGTCCCCATAGAGA-3'
GLUT4 Fw: 5'-TGACGCACTAGCTGAGCTGAA-3'

Rv: 5'-AGGAGCTGGAGCAAGGACATT-3'
IGF1-R Fw: 5'-CCAGAGCAAAGGGGACATAA-3'

Rv: 5'-TGATTCGGTTCTTCCAGGTC-3
IR Fw: 5'-GCAACTGTTCGGAACCTGATGACC-3’
Rv: 5'-GCGCCAGTCCTGGAAGTGATAGTA-3’

(b)

GLUT4 Fw: 5-AGTTATTGGTTTTTTGGATTATTTTTT-3'
Rv: 5'-AAATAACTCCAACAAAATAACATAAAACCC-3’
IGF1-R Fw: 5-TTGTTTGGGTTTTTTTTTTAGGGTTGG-3'

Rv: 5'-CACACCTAAAAAAAAAAAAACCCCTAAAAA-3
IR Fw: 5'-AAAAAGAGAGAGATATATTTTAGAGGGAAGA-3'
Rv: 5'-AACAATAACTTAACACTATAAATCATCTCCC-3’

(20 png/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 o-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+ 5d 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
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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 (5d + 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 atday 6 (5+1d),7(5+2d),8(5+3d),9(5+4d)and 10(5+5d).(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.

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 O 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-
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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 +10d)
were characterized. The qPCR was analyzed by AACr 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 (x).

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 non non met
cells
EB5d 5mM non non met
25 mM non non met
40 mM non non met
EB5+10d 5mM 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.

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. Riiegg 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. Ca%* 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-

Keywords: eral potential therapies for HF aim to increase SERCA activity. We are investigating the use of LOF-PLB
SERCA mutants (PLBy) as gene therapy vectors to increase SERCA activity. Active SERCAla and WT-PLB, tagged
ELE?( at their N termini with fluorescent proteins (CFP and YFP), were coexpressed in stable HEK cell lines, and
FRET fluorescence resonance energy transfer (FRET) was used to detect their interaction directly. Phosphory-
Competition 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 PLBy, in the CFP-SERCA/YFP-PLB cell line, and
found decreased FRET, implying competition between PLBy and WT-PLB for binding to SERCA. These
results establish this FRET assay as a rapid and quantitative means of screening PLBy, for optimization

of gene therapy to activate SERCA, as needed for gene therapy in HF.

© 2012 Elsevier Inc. All rights reserved.

1. Introduction

The sarcoplasmic reticulum (SR) Ca-ATPase (SERCA) is an inte-
gral membrane protein that pumps Ca%* from the cytosol into the
SR lumen in muscle cells, thus maintaining low cytosolic [Ca®'] in
resting myocytes and potentiating contraction. In cardiac muscle,
SERCA is inhibited at submicromolar [Ca?*] 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 (PLBy,)
to displace WT-PLB and activate SERCA.

Abbreviations: CFP, cyan fluorescent protein; FRET, fluorescence resonance
energy transfer; Ky, dissociation constant; LOF, loss of function; PKA, protein
kinase A; PLB, phospholamban; PLBy,, PLB mutant; SDS, sodium dodecyl-sulfate;
SERCA, sarco-endoplasmic reticulum Ca?*-ATPase; SR, sarcoplasmic reticulum;
WT, wild-type; YFP, yellow fluorescent protein.

* Corresponding author. Address: 312 Church St. SE, 5-290 NHH, Minneapolis,
MN 55455, USA. Fax: +1 612 624 5121.
E-mail address: ddt@umn.edu (D.D. Thomas).
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Clear understanding of the mechanism by which PLB inhibits
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 Ca%* (“Subunit Model”, Fig. 1A right)
[10-13]. If this model is valid, an alternative therapeutic approach is
suggested - a loss-of-function PLB mutant (PLBy), 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 PLBy, 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
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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.

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% CO,. 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 PLB, for competition
measurements

Mutations in WT-PLB cDNA (resulting in PLBy in plasmid
PRH132) were made using the QuickChange XLII mutagenesis kit
(Agilent). PLBy; were expressed in stable CFP-SERCA/YFP-PLB cell
lines using 293fectin (Invitrogen). The amount of PLBy; DNA used,
volume of 293fectin, and time after transfection to maximize com-
petition were all optimized so that PLBy; 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 pL
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 PLBy; DNA or after 5 min. incubation in 40 pM forskolin
[15]. Cell homogenates were run on 4-20% Tris—-HCI gels (Criterion,
Biorad) at 5 pg 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
PLBy; 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
(Cy) 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/(Cy + 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 PLBy; 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



238 S.J. Gruber et al./Biochemical and Biophysical Research Communications 420 (2012) 236-240

E=1 — (Fpa/Fp), where Fpa and Fp are the fluorescence intensities
in the presence and absence of acceptor, respectively. Fpy was
measured as the CFP intensity prior to the start of the YFP photo-
bleach. Fp, 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 FRET,,.. To eliminate
any changes in FRET,,. due to differences in YFP-PLB expression
levels, only cells with YFP intensities common to all experimental
conditions were included in the FRET,y. 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 PLBy,. 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 =Xy x FRETy
+ Xp x FRETp, where Xp (= 1 — Xy) 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
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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 PLBy,. (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-
Ty =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)~'/% x 492 nm, giving R=7.7+0.4nm (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 AR=1.7 £ 0.6 nm
(p<0.01,n = 8), consistent with the Subunit Model in Fig. 1A (right).

3.2. PLBy; competition

In contrast to the increased FRET induced by PLB phosphoryla-
tion, FRET between CFP-SERCA and YFP-PLB decreased significantly
when unlabeled PLBy; was added (Fig. 2, Fig. 4). FRET measure-
ments, following transient transfection of unlabeled PLBy; into
the stable CFP-SERCA/YFP-PLB HEK cell line, showed that all PLBy;
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 PLBy; were similar, so a 50% decrease
in FRET indicates that PLBy; 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 PLBy; 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
PLBy;, 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.
[40A, 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 PLBy; is to decrease the fraction of CFP-SERCA that is
bound to YFP-PLB:

FRET = Xp x FRET,

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

Ka(PLBy)/Ka(PLB) = FRET/FRET 1,

where K, is the affinity (1/Kp) of the PLB variant for CFP-SERCA.
Since most of the PLBy tested, as well as WT-PLB, decreased FRET
by about half (FRET/FRET’ =2) (Fig. 4), each has about the same
SERCA affinity as YFP-PLB. The exception is L31A, which gave
FRET/FRET = 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
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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 pM 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.)
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Fig. 4. FRET competition in live cells. Decreased FRET indicates that unlabeled PLBy,
constructs compete effectively with YFP-PLB for binding to CFP-SERCA. n > 3 for
each PLBy, significant difference from control is indicated by **(p <0.001) and
*(p<0.01).

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 PLBy; 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 PLBy; for gene therapy treatment of HF to
activate SERCA (Fig. 1). The effectiveness of S16E, the pseud-
ophosphorylated PLBy;, 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 PLBy; 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 PLBy; with an intact phosphorylation site can be just as effec-
tive as S16E (Fig. 4). Most of the PLBy, 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 PLBy; 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.

* Corresponding author. Fax: +81 75 753 9200.
E-mail address: ntomita@chachan.mbox.media.kyoto-u.ac.jp (N. Tomita).

0006-291X/$ - see front matter © 2012 Elsevier Inc. All rights reserved.
http://dx.doi.org/10.1016/j.bbrc.2012.02.130

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 Il 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
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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 x 10* cells/cm? 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 pg/ml amphotericin B) (Nacalai Tesque Inc.) at 37 °C in a
humidified atmosphere of 95% air and 5% CO,. 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 pg/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 Master’™™ S 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 ol chain, and collagen type X ol 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 x 1.5 mm; thickness, 30 pm; Young’s modulus,
71.4 GPa) (Matsunami Glass Ind. Ltd., Japan) at 3.1 x 10° cells/

cm? and incubated with the maintenance medium at 37 °C in a
humidified atmosphere of 95% air and 5% CO-, 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 ATDCS5 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 um/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)=3IEL3w(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
w(t) is the deflection at L at t. Cell adhesive force (F,4) was defined
and calculated using the maximum deflection.

The displacement of the micropipette in the tensile direction at
the time t (AXpiperre(t)) was calculated by Axpiperre(t) = vt, where v
was the pulling velocity (5 pm/s). The elongation of the cell in
the detachment process at the time t (Ah(t)) was given by
Ah(t) = Axpiperte(t) — (), and a cell elongation-force curve, similar
to the one shown in Fig. S1B, was obtained. The apparent spring
constant of the cell (k..;) 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 ATDCS5 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 uM 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 Il 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.

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

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.
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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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ARTICLE INFO ABSTRACT

Article history:

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

Received 20 February 2012
Available online 3 March 2012

Keywords:

LIMK2

Alternative splicing
Neurite outgrowth

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

Abbreviations: bFGF, basic fibroblast growth factor; DRG, dorsal root ganglia;
EGF, epidermal growth factor; GAPDH, glyceraldehyde-3-phosphate dehydroge-
nase; IP, immunoprecipitated proteins; LIM, Lin-11, Isl-1, Mec-3; LIMK, LIM kinase;
LTP, long term potentiation; NGF, nerve growth factor; NSC, neural stem cells; PAK,
p-21 activated kinase; PDLIM5, PDZ and LIM domain protein 5; PDZ, PSD-95, Dlg,
Z0-1; PKC, protein kinase C; PVDF, polyvinylidene fluoride; ROCK, Rho associated
protein kinase; RT-QPCR, reverse transcription-quantitative real-time PCR; SDS,
sodium dodecyl sulfate; SN, supernatant.
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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,
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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-p-lysine (25 pig/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 pg/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/cm?. At 17 days of culture, neurons were stimulated dur-
ing 5 min with a solution containing 20 mM NaCl, 5.4 mM Kdl,
1.8 mM CaCl,, 25 mM Tris-HCl (pH = 7.4), 15 mM glucose, 50 pM
N-methyl-p-Aspartate and 10 uM 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 pg/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 pcDNAG6.2/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, Charbonniéres,
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), HelLa 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.

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
BllI-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), 1h (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 Il 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 pL reac-
tion mixture containing buffer I 1X, 0.2 uM of each primer, 2.4 U
AccuPrime enzyme and 10 pL cDNA (Tm =62 °C). 10 uL 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 prepGapdh (E and E': 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 pug/mL aprotinin,
10 mM pyrophosphate, 1 mM sodium orthovanadate, 20 mM p-
nitrophenylphosphate, 1 png/mL leupeptin, 50 ng/mL okadaic acid,
1 mM phenylmethanesulfonyl fluoride and 20 mM B-glycero-
phosphate. 20 pig of proteins were separated by SDS-PAGE in a

Gene Forward primer (5'-3') Reverse primer (5'-3') Amplified fragment length
Gapdh CTGCACCACCAACTGCTTAG GTCTTCTGGGTGGCAGTGAT 108 pb

Rat Limk2a GGGCTGTGGCAACTATGTTC ACATCGGAACACCGGAAG 89 pb

Rat Limk2b GTCTGTCCCGGCTTACTTC GAGTCACCTTGATGGCCTG 970 pb

Rat Limk2d CCAGCAGCTACTCACCGCAG TGGCTTTGTGAGTCACCTGAC 124 pb

Limk2d for cloning ATGGGGAGTTACTTGTCTGTC CAGCGAATTAACTCCTTCATGA- 1050 pb

CCATCACTTTGCCTGTGGCTTTG-TGAGTCACCTGAC
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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, Charbonniéres,
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.

249
2.6. Immunoprecipitation analysis

Forty microliter of anti-GFP agarose conjugate antibody (sc-
5385 AC, 500 pg/mL, Santa Cruz Biotechnology® Inc.) were incu-
bated 2 h at RT with 30 mM Tris, 120 mM NacCl, 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 puL
of denaturating solution (200 mM Tris pH 6.8, 4% SDS, 40% glycerol,
1M 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

(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 < 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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Fig. 2. LIMK2d localization and function in neuronal cells. (A) Expression of GFP or GFP-LIMK2d proteins into HeLa cells by western blot using an anti-LIMK2 (left panel) or
anti-GFP (right panel) antibody. (B) Localization of GFP-LIMK2d protein in transfected hippocampal neurons at 14 days of culture. Localization was monitored 24 h after
transfection. Scale bars: 30 um (left panel), 1 pm (right panel). Effect of GFP-LIMK2d over-expression on length (C), number (D) and complexity of neurites (E) of NSC-34 cells.
Data are means + SEM of three independent experiments (*p < 0.05). White bars: cells expressing GFP; black bars: cells expressing GFP-LIMK2d.
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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
LIMK?2 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-
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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 PDLIMS5, 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

KEJ’W‘_’TdS-' and subsequent loading of a lanthanide (europium) ion into the chelator led to a labeled peptide
Pmt‘?(‘j“ (Eu-DTPA-(B)-H2) in low yield and having very poor water solubility. On the other hand, coupling of
E:Egl;ﬁde the DTPA and loading of Eu at the N-terminus of the A-chain led to a water-soluble peptide (Eu-DTPA-
Circular dichroism (A)-H2) with a significantly improved final yield. The conjugation of the DTPA chelator at the N-terminus
Relaxin 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.

Solid phase synthesis

© 2012 Elsevier Inc. All rights reserved.

1. Introduction A-chain [5-7]. The interaction of relaxin with its receptor leads

to various biologic effects many of which are mediated as a result

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
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0006-291X/$ - see front matter © 2012 Elsevier Inc. All rights reserved.
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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.

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 GnHCI/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 uM in phosphate buffer saline
pH 7.4. The recorded spectra in millidegrees of ellipticity (0) were
converted to mean residue ellipticity (MRE) in deg cm? dmol~'.

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 H,0
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 EuCls 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 o-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
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Fig. 2. CD spectroscopy profiles of native H2 relaxin, Eu-DTPA-(A) H2 relaxin. Both
peptides exhibit similar a-helicity profiles.
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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.

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
H,O0, 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 '?°I-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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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-p-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-

nNOS 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

Abbreviations: CGN, cerebellar granule neurons; CTB, cholera toxin subunit B;
FRET, fluorescence or Forster resonance energy transfer; IgG, immunoglobulin G; L-
VOCC, L-type voltage-operated calcium channels; NMDAr, N-methyl p-aspartate
receptor; nNOS, neuronal nitric-oxide synthase; PBS, phosphate-buffered saline;
ROS, reactive oxygen species.
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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 o22 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 NMDATr [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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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 pig protein of CGN lysates in each lane. Gels were
transferred to nitrocellulose membranes of 0.2 um 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 x 2) attached
to a Nikon Diaphot 300 epifluorescence microscope (objective
NCF Plan ELWD 20x), 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 ] 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-NMDATr (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 NMDATr 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 > 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-NMDATr (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.

with the Image ] software (Fig. 2). With the magnification and
binning used to acquire the images, one pixel has a square section
size of ~0.7 um x 0.7 um. 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-NMDATr/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 Ry 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 x 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 >2R, [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-NMDATr/IgG-Alexa488.
Fluorescence microscopy images of CGN double stained with
anti-NMDATr/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 pg/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-NMDATr/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 < 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 NMDATr 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)/I1gG-Alexa488 (L-VOCC+A488, A-D) or with anti-L-
VOCC/IgG-Alexa488 and anti-NMDAr (sc-1468)/1gG-Cy3 (L-VOCCxA488/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 pg/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-NMDATr (sc-1468)/I1gG-
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. (x) p < 0.05, i.e. statistically significant, with respect to the control (CGN labeled with
the donor only).



D. Marques-da-Silva, C. Gutierrez-Merino / Biochemical and Biophysical Research Communications 420 (2012) 257-262 261

(A)

nNOS*A488

nNOS*A488 +
NMDAr*Cy3

w
o
L

% FRET Efficiency
o

0

Ratio Red/Green

Fig. 3. FRET from nNOS tagged with IgG-Alexa488 (as fluorescence donor) to CTB-A555 and to NMDAr, L-VOCC and caveolins tagged with IgG-Cy3 antibodies. Panel A:
Representative quantitative fluorescence microscopy images of CGN stained with anti-nNOS (sc-5302)/IgG-Alexa488 (nNOS+A488, A-D) or with anti-nNOS/IgG-Alexa488 and
anti-NMDAr (sc-1468)/1gG-Cy3 (nNOSxA488/NMDArxCy3, 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 243.1 ms and for red fluorescence images was 261.8 ms. Panel B: FRET-efficiency obtained from the quenching of green fluorescence intensity
for CGN double stained with anti-nNOS/IgG-Alexa488//anti-NMDAr/IgG-Cy3 (nNOS+A488/NMDArxCy3, white), anti-nNOS/IgG-Alexa488//anti-L-VOCC/IgG-Cy3 (nNOS+A488/
L-VOCCxCy3, black), anti-nNOS/IgG-Alexa488//anti-caveolin-1/IgG-Cy3 (nNOSxA488/Cav1«Cy3, gray), anti-nNOS/IgG-Alexa488//CTB-A555 (nNOS+A488/CTB-A555, cyan)
and anti-nNOS/IgG-Alexa488//anti-Cav2/IgG-Cy3 (nNOS«A488/Cav2+Cy3, blue). Panel C: Ratio of Red/Green fluorescence obtained from the analysis of fluorescence intensity
data for CGN stained as indicated in the Panel B. The bar with horizontal lines in panel C is the ratio value for CGN stained only with the donor (nNOS+A488). The results
shown in panels B and C are the mean + s.e. evaluated from the green fluorescence intensity readings of more than 1000 neuronal soma of at least three different CGN
preparations in each case. (x) p < 0.05, i.e. statistically significant, with respect to the control (CGN labeled only with the donor).

signaling. Our calculated distance for NMDAr and L-VOCC separa-
tion within these nanodomains is <40 nm. As shown in Parekh
[3], at this short distance L-VOCC activation can transiently rise
the local Ca?* concentration nearby NMDAr up to the 10-100 uM
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 NMDATr.

Considering the volume and geometry of IgG [30], the value of
the distance for 50% FRET-efficiency of the donor/acceptor pairs
used herein (R, values), between 5 and 6 nm [37], and the fact that
FRET-efficiency is lower than 10% for a separation distance of 2R
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 pM 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 Ca?* concentration of NO
production by nNOS, ECso =~ 0.2-0.4 uM [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 Ca%* via NMDAT.
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Escherichia coli Orf135 hydrolyzes oxidatively damaged nucleotides such as 2-hydroxy-dATP, 8-0xo-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 8-0x0-G has been well studied. 8-Ox0-G mispairs with
adenine, and can subsequently cause mutation during replication.
In Escherichia coli, MutT hydrolyzes 8-oxo-deoxyguanosine tri-
phosphate (8-0x0-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 8-0x0-G DNA glycosylase, and mis-
paired adenine can be excised by MutY, an adenine DNA glycosy-
lase [2-5]. Recently, human NUDTS5 is also thought to play a role
in nucleotide pool sanitization by hydrolyzing 8-oxo-deoxyguano-
sine diphosphate (8-0x0-dGDP) to 8-oxo-deoxyguanosine mono-
phosphate (8-0x0-dGMP) [6].

In addition to 8-ox0-G, it has been shown that 2-hydroxy-deox-
yadenosine triphosphate (2-hydroxy-dATP) is a highly mutagenic

Abbreviations: NOE, nuclear Overhauser effect; NOESY, NOE spectroscopy;
TOCSY, total correlation spectroscopy; HSQC, heteronuclear single quantum corre-
lation spectroscopy; r.m.s., root mean square.

* Corresponding author. Fax: +81 42 673 2525.
E-mail address: mishima-masaki@tmu.ac.jp (M. Mishima).
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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,
8-0x0-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 H,0,-in-
duced mutations is two- to threefold higher in the orf135~ strain
compared with the wild-type [11]. Additionally, it is known that
0rf135 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
GXsEX;REUXEEXGU, 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
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Table 1?
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 35x2

Dihedral constraints

¢ @ 93, 93

Residual dipole couplings

"Dnn 90

R.m.s. deviations from experimental constraints®
Distance (A) 0.013+4 x 107*
Angle (°) 0.23 +0.06

0.0200+5 x 1074
0.50 +0.08

R.m.s. deviations from idealized covalent geometry

Bonds (A) 0.00114£5x 1075 0.0040+5 x 107>

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 (%) 89.6 934

Residues in additional allowed 9.9 6.0
regions (%)

Residues in generously allowed 0.3 0.6
regions (%)

Residues in disallowed regions (%) 0.2 0.0

Average atomic r.m.s. deviations from the average structure

Back bone (1-24, 31-131) (A) 0.26 0.41

All heavy (1-24, 31-131) (A) 0.72 0.88

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

> None of these structures exhibited distance violations >0.5 A, dihedral angle
violations >5°.

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
0Orf135 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

0Orf135 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 KH,PHO4-K,HPO,4 (pH 6.8)
93% H,0/7% 2H,0 buffer containing 50 mM KCI 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 'H, '3C and '°N assignments were
obtained from standard multidimensional NMR methods [15].

2.2. Structure determination

Inter-proton distances were derived from 2D NOESY, 3D '°N
edited NOESY-HSQC, and 3D '3C edited NOESY-HSQC. Addition-
ally, dihedral ¢ and s angles derived from TALOS were also used
[18]. Residual 'Dny couplings were obtained by comparison with
15N-"H 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 'Dny 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 'H and °N amide resonances of N uni-
formly labeled Orf135 were monitored upon addition of an equi-
molar amount of non-hydrolyzed ribonucleotide analog of 2-
hydroxy-dATP, o, 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 MgCl,
and 5% 2H,0. The 'H-'°N 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 'H, '3C and >N 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 o1 (Fig. 1A and B). It should be noted that steady state
{'H}-"°N 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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Long loop
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80 100 120 135
B3 B4 B5 a2 a3

Fig. 1. Solution structure of Orf135. (A) Backbone superposition of the final 20 simulated annealing structures of Orf135. (B) Ribbon drawing of the representative structure of
0Orf135. The molecular orientation is the same as in (A) and the four stranded B-sheet and a-helices are depicted in blue and red, respectively. a-Helices, -strands and the
long loop are labeled. (C) {'"H}-'>N NOE versus amino acid residue for Orf135. The data are represented by the intensity ratio Inog/Irer, Where I,e; and Iyor Were measured in the
absence or presence of 'H saturation, respectively. The error bars were calculated based on the signal-to-noise ratios. The secondary structure elements of Orf135 are
described below. Amino acids derived from expression vector are shown as minus residue numbers.

F34 ~ V39 V7

Fig. 2. Substrate binding site. Molecular surface model (left) and ribbon drawing (right) of Orf135 structure. The residues perturbed by 2-hydroxy-AMPCPP binding are
highlighted in red and labeled. The 2-hydroxy-AMPCPP binding site is shown in the red circle.

from the averaged structure was 0.41 and 0.88 A 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.

0Orf135 adopts an o+ B fold consisting of five B-strands and
three o-helices: B1(3-13), B2(16-21), B3(65-74), PB4(77-86),
B5(102-107), o1(45-56), 2(106-109) and o3(118-130). Addi-
tionally, there is a partially flexible long loop as described, con-
nected with strand B2 and helix o1 (Fig. 1B). The main frame of
the fold comprises a curled pB-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 (1) 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 8-0x0-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 F35

F35 E33 N119 D118 R72

B s C e l D119
D118 /
E

the shape of the binding pocket differs (Fig. 3B, C, E). In MTHI1,
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 02 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 A.
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 02 atoms. Consequently, Orf135 can directly
recognize oxidation of the adenine ring.

The other interesting issue relates to 8-0xo-G recognition by
Orf135. In the crystal structure of the MutT:8-0xo-dGMP complex,
8-0x0-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
8-0x0-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 A with the apo

W117

N33 E33  W117D118 D119 R72

Fig. 3. Structure comparison of Orf135 with MutT and MTH1. A, Crystal structure of the MutT/8-0xo-dGMP complex. 8-0xo-dGMP is shown in stick representation. MutT
residues (F34 and N119) important for the recognition of 8-oxo-dGMP are shown in stick representation and labeled. Nitrogen, oxygen and phosphorus atoms are colored
blue, red and orange, respectively. B, Solution structure of Orf135. The molecular orientations are the same as in A. Key residues (E33, R72 and D118) involved in the
recognition of 8-oxo-dGMP and 2-hydroxy-dATP are shown in stick representation and labeled. C, Solution structure of MTH1. The molecular orientations are the same as in
A. Key residues (N33, W117 and D119) involved in the recognition of 2-hydroxy-dATP are shown in stick representation and labeled. D, Closer view of oxidatively damaged
nucleotide binding site of the MutT/8-oxo-dGMP complex (green) and Orf135 (navy). E, 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 115, 117, 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 110, 118, 120, 1123 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 NUDTS5 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 8-0x0-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 8-0x0-G. In fact, E33 plays a critical role in the recognition of 8-
0x0-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 8-0xo-G is identical to that of guanine. Since this part
of 8-0x0-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:3HH]) [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 NH, 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 p-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 Ca* binding residues
and secondary structures are altered in Bsp165PelA, making it difficult to coordinate with Ca®* as in the
other pectate lyases. We found Bsp165PelA forms some direct enzyme-substrate interactions instead of
using Ca®* 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 p-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 p-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, Ca?* is believed to be required
for the pectolytic activity of all Pels [6].

* Corresponding author at: Industrial Enzymes National Engineering Laboratory,
Tianjin Institute of Industrial Biotechnology, Chinese Academy of Sciences, 32
XiQiDao, Tianjin Airport Economic Park, Tianjin 300308, China. Fax: +86 10
64807616.

E-mail address: mayanhe@im.ac.cn (Y. Ma).

0006-291X/$ - see front matter © 2012 Elsevier Inc. All rights reserved.
http://dx.doi.org/10.1016/j.bbrc.2012.02.148

Several apo-form and complex structures of Pels that contained
Ca®* 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, Ca®* was found to be essential for Pels activ-
ity. The need for Ca" is also suggested by structural studies. There
are two classes of Ca®" in the Pels structures. One is denoted the
primary Ca?*, which binds to the enzyme molecule in the absence
of substrate [9]. The other two or three Ca®* ions are called addi-
tional Ca®*, which bridge the enzyme and oligogalacturonate in
the complex [8,12]. The primary Ca®* 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 Ca?* ions linking the substrate and the en-
zyme [8]. Similarly, two additional Ca?* 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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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 Ca?*. 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 Ca®*
binding mode and provide more information for engineering to im-
prove enzyme characteristics for industrial applications.

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 pl of
the protein solution (12.5 mg/ml in 25 mM Tris-HCl, 150 mM Nacl,
pH 8.0) with 2 pl of the mother liquor, equilibrating with 500 pl of
the mother liquor at room temperature. The optimized crystalliza-
tion conditions for all crystals mentioned here are 0.18 M Li;SOy,
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 x 0.6 mm x 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 A 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 P2,2;2 with 1 monomer/asymmetric unit.
Prior to use in structural refinements, 5% randomly selected reflec-
tions were set aside for calculating Rgee 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 SO~ 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 1.0¢ 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 pmol of unsaturated olig-
ogalacturonides per minute.

Table 1
Summary of X-ray data collections and refinement statistics.
Native TGA-soak
Data collection
Space group P2,2,2 P2,2.2
Unit-cell parameters
a(A) 134.9 137.9
b (A) 485 482
c(A) 52.9 52.5
Resolution (A) 25.0-1.54 25.0-1.90
(1.60-1.54) (1.97-1.90)
Unique reflections 51969 (5155) 28061 (2631)
Redundancy 7.8 (7.5) 10.0 (10.2)
Completeness (%) 99.3 (99.8) 98.6 (94.5)
Average l/o (I) 33.4(7.5) 36.4 (12.8)
Rumerge (%) 5.9 (30.1) 5.0 (22.3)
Refinement
No. of reflections 51866 (2648) 27967 (1408)
Ruwork 0.166 (0.170) 0.154 (0.178)
Riree 0.191 (0.212) 0.204 (0.269)
R.m.s.d. bonds (A) 0.014 0.014
R.m.s.d. angles (°) 1.539 1.442
Dihedral angles (%)
Most favored 84.1 84.8
Allowed 149 14.2
Disallowed 1.1 1.1
No. of non-H atoms/average B (A?)
Protein 2528/15.4 2528/27.1
Water 349/31.2 184/37.3
Ligand (TGA) - 36/33.0
Ion (S04) 10/30.1 25/65.3
PDB ID code 3VMV 2VMW

Values in parentheses are for the highest resolution shell.
* Rmerge = ZnaZill{h k1) — (I(hkD)| ZpaZili(h k1)

Substrate binding cleft

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 1.00 level (green) and 2.5
level (red).
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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
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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-
1A, 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).
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Fig. 2. Sequence alignment of Bsp165PelA and other Pels belonging to the PL family 1. Sequence alignment was performed with ClustalX [27]. Bsp165PelA (Bacillus sp. N16-5,

pectate lyase), XcPel (Xanthomonas cappestris 33913, pectate lyase II), EcPelC (Erwinia

chrysanthemi, PelC), EcPelA (Erwinia chrysanthemi, PelA), Bsp47Pel (Bacillus sp. TS 47,

PelA), BsPel (B. substilus subsp. subtilis str. 168, pectate lyase), JunA1 (Juniperus Ashei). Strictly conserved residues are highlighted by black background and conservatively

substituted residues are boxed. The secondary structural elements (helices-o,, strands-

B, turns-T, and 3¢ helices-n) of Bsp165PelA are shown above the aligned sequences.

The conserved catalytic sites are indicated by asterisks and the conserved calcium binding sites by circles. The figure was produced using ESPript [28].
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Fig. 3. Structure comparison of Bsp165PelA-TGA with PelC-tetragalacturonate-Ca®*. (A) The Bsp165PelA-TGA (pink) is superimposed with Erwinia chrysanthemi PelC-
tetragalacturonate-Ca?* (gray; PDB ID: 2EWE). Tetragalacturonate (TetraGalpA) and TGA are shown in purple and green, respectively. Four Ca?* ions are showed as yellow
spheres. (B) Detailed interactions in the substrate binding clefts of Bsp165PelA-TGA and PelC-tetragalacturonate-Ca®* are compared.

Table 2
Amino acids coordinated with Ca?* ions in complex structures of Pels.
Ca%* PelC BsPel Bsp47Pel Bsp165PelA
PDB code 2EWE 2017 1VBL 3VMW
1ca?* Lys218 - -
2ca? Asp160 Asp172 -
Asp162 Asn179 -
3ca Glu166-051 Asp222-051 Asp153-051
Glu166-052 Asp222-0352 Asp153-052
4Ca" (primary Ca®") Asp129 - -
Asp131-051 Asp183-051 Asp190-051 -
Asp131-052 Asp183-052 Asp190-052 -
Glu166 Asp222 Asp229 Asp153
Asp170 Asp226 Asp233 Asp157

-: no ligand was found.

3.3. Ca®* binding sites

Ca?* 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 Ca®*
[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 Ca®* 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 Ca®* with
a final concentration of 0.2 mM is added (data not shown). These
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results suggest that Bsp165PelA is also Ca?*-dependent but has a
lower requirement for Ca** comparing with the other Pels. Even
a trace amount of Ca* left by purification is sufficient. This charac-
teristic is highly valuable for industrial use, as enzyme production
without further addition of Ca?* 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, Ca®* ions and TGA crystallized turned out not work-
ing. Instead, we obtained a Bsp165PelA-TGA complex crystal in the
absence of Ca®".

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

Although the location and coordination numbers of primary
Ca?* in all three reported structures are the same, there are small
differences among these Ca®* binding sites. In the wild-type PelC
[8], the primary Ca?" 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 Ca®* 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 Ca?* is substituted by
Thr121 in Bsp165PelA (Fig. 3B). However, Thr121 cannot form any
electrostatic interaction with the primary Ca®*. 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 Ca®*. 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 Ca?* and carboxyl oxygen is increased from 2.3 A (Asp129
in PelC) to 4.7 A (Glu119 in Bsp165PelA), which is too far for direct
electrostatic interaction. In total, for the primary Ca?*, 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 Ca%*. 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 Ca*. For in-
stance, the Ca?* 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 Ca%* being present at this position,
even if the crystals of Bsp165PelA were soaked in mother liquid
containing high concentrations of Ca*.

One of the proposed functions of primary Ca?* 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 Ca** 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 Ca?* might be taken
over by amino acids in Bsp165PelA through direct interaction/rec-
ognition between the enzyme and substrate.

The additional Ca?* binding in Bsp165PelA was investigated by
superimposing our enzyme structure with PelC from E. chrysant-
hemi (Fig. 3). PelC can bind three additional Ca* ions in the pres-
ence of substrate. 3Ca?* bridges substrate to both carboxyl
oxygens of Glu166 in PelC. In Bsp165PelA, Glu166 was replaced
by Aspl153 in the corresponding position. We believe that
Bsp165PelA can also bind a Ca%* ion at this position in the presence
of substrate. In PelC, Asp160 and Asp162 in a loop participate in the
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Fig. 4. Schematic representation of interactions in the Bsp165PelA and PelC
substrate binding cleft. (A) The predicted Ca®* 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. 'Ca?* is not shown in this schematic drawing since it only interacts
with PelC when the mutant R218 K was used.

interaction with 2Ca%*. 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 2Ca%*. So we suspect
that Bsp165PelA does not bind to Ca®* at this position even in the
presence of substrate. Coordination between the 'Ca?* and protein
can only be seen in the mutant of R219L PelC structure, in which
1Ca?* is bound to Lys219. But in the wild type, 'Ca* cannot coor-
dinate with any amino acid but the substrate. Similarly, BsPel from
B. subtilis has only two additional Ca* ions and does not bind to a
third Ca®* ion at this position. So 'Ca** might be unimportant for
catalysis.

Taken together, considering the number of ligands, it is likely
that Bsp165PelA may bind to only one Ca* ion (Fig. 4). The com-
plex structure of an inactive Bsp165PelA mutant in complex with
oligogalacturonate and Ca?* 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 Ca?" binding sites are altered in Bsp165PelA, making it
difficult to coordinate with some Ca?* ions. Based on these struc-
tures, we proposed that Bsp165PelA might need only one Ca®*
ion for catalytic activity instead of three or four Ca®* ions in the
other Pels. This proposal explains the lower Ca®* 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.
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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,
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E-mail address: hnakada@cc.kyoto-su.ac.jp (H. Nakada).
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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 pg/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
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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 x 10° 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 pg/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 1h. 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 11-14-10), rabbit anti-prohib-
itin-1 (ABGENT), rabbit anti-prohibitin-2 (BETHYL), and mouse
anti-B-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 ] software.

2.4. Immunocytochemical staining of Jurkat cells

Jurkat cells (5 x 10° cells) were treated with 5 pg/ml mouse
anti-human CD3 antibody (Millipore, clone UCHT1) plus 2.5 ng/
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 pg of IgG, were added to a suspen-

sion of Jurkat cells (5 x 10* 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 [-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.
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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 R-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 B-actin and the value for T cells at O 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.

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
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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.

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
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Fig. 4. Effects of anti-prohibitin-1 and -2 antibodies on T cell receptor-mediated signaling. (A) Jurkat cells (5 x 10* 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 B-actin and the value for control experiment

was taken as 1. Data are expressed as means = SD (n =4, *p < 0.05).

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

Keywords: chemical compound and several inhibitory proteins specific for BMP signaling suppressed the serum-
Serum induced activation of the luciferase construct with the mouse Id2 4.6-kb promoter region. Importantly,
giozrsomorphin serum stimula.tign evoked rapid phosp_horylation of Smac_l] /5/8 and significant activation of the repor_ter
BMP signaling plasmid containing the recently identified BMP-responsive element (BRE) of the mouse Id2. Mutation

Smad 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

Abbreviations: BMP, bone morphogenetic protein; BRE, BMP-responsive ele-
ment; ChIP, chromatin immunoprecipitation; R-Smad, receptor-regulated Smad;
Co-Smad, common-partner Smad; FBS, fetal bovine serum; TGF-B, transforming
growth factor-B; dn, dominant negative.
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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 [ 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 Smads, 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, Liége, 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 j1g 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 [o-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 30s, 58 °C for 30s, 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). pGL4.12-1d2/4.6-kb was as
previously reported [12] and pGL4.12-1d2/BRE was derived from
pGL3-Id2/BRE [7]. Mutations of the BRE were introduced into
pGL4.12-1d2/4.6-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: 5'-GGATGGACAAGTCAGACAG-3' [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 [y->2P]dATP-labeled oligo-
nucleotides was electrophoresed on a 5% polyacrylamide gel. For
the supershift experiment, 2 ug of anti-Smad1/5/8 or 0.5 pg 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 pul of TE for input DNA and 20 pl of TE for ChIP DNA,
and analyzed by PCR using the following primer pairs: BRE,
5'-CTTGCAGGCATTGATCAGCTG-3' (—2903) and 5'-TTTTGTTCTCAC
AGCTGTGTCCATT-3' (—2630); proximal promoter, 5'-ACACTGTACT
CAATTTGCCACCC-3' (-226) and 5'-GCTGCTCGTAGGAGGAGAG
ACC-3' (+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 pg/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-g (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.
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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 M PD98059,
10 uM SB203580, 20 uM SP600125, 10 uM LY294002, 10 uM dorsomorphin, 5 pM
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 pM) or absence
of dorsomorphin. The error bars indicate the standard error of the mean.

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 | 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-Ns-
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
CGCCand 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 1d2 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].
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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 pGL4.12-1d2/4.6-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.

These data demonstrate that Smad1/5/8 and Smad4 selectively To confirm the involvement of Smads in the serum induction of
bind to the Id2 BRE in a serum-dependent manner. Id2 expression, we established cell lines in which Smadl was
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constitutively suppressed by shRNA. Western blot analysis showed both reduced about 4-fold compared with those in the control
that expression levels of Smad1 in the two knockdown clones were clones (Fig. 4C). The serum responses of the Id2 BRE reporter in
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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
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serum-dependent manner and that Smadl 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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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

Keywords: in cisplatin-resistant A549 human lung cancer cells and blockade of HO-1 activation sensitized the cells
lS-llga;ﬂ to apoptosis. Interestingly, overexpression of Smad7 decreased HO-1 gene expression and its enzymatic
Ap(;ptosis activity. Notably, Smad7 reduced Akt activity and infection with adenovirus expressing a constitutively

Akt active form of the Akt reversed the inhibitory effects of Smad7 to HO-1, indicating a negative action
A549 cells 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 sensitization of cells to apoptosis through nuclear factor-kappa B

inhibition and c-Jun N-terminal kinase activation. In view of these

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.

Smad?7 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
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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-p-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 pg/mL streptomycin. Generation of the A549-HO-1 stable cell
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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 (5-AAGCTTATG-
GAGCGTCCGCAACCCGA-3 and 5-CTCGAGAGTTCATGCCCTGG-
GAGCC-3'). The amplified fragment of HO-1 was subcloned into
HindlIII-Xhol 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, 5'-TTACCTTCCCGAACATCGAC-3', and reverse, 5'-GCATA-
AATTCCCACTGCCAC-3', human glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH) was amplified as a control, using the following
primers: forward, 5-TGAAGGTCGGTGTGAACGCATTTGGC-3/, re-
verse, 5'-TTCTGGGTGGCAGTGATGGC-3'. 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 pug 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 pg/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 x 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, 1000xg) 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-p-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 Smad?7 influences
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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)
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24 h. Capsae-3 activities were determined as described under Section 2. The enzyme activity is represented as AAps/min/mg protein.
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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 -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.

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 Smad?7 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

Smad?7 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 Smad?7 resulted
in a remarkable rescue of the decreased HO-1-Luc reporter activity
by Smad?7 (Fig. 3B). Similar effect on HO-1 activity was observed in
A549 cells co-infected with adenoviruses carrying the Smad7 (AdS-
mad?7) 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 Smad?7 relieves the Akt-HO-1-
mediated resistance to cisplatin-induced apoptotic response.



W.-K. Jeon et al./Biochemical and Biophysical Research Communications 420 (2012) 288-292 291

A AdFLAGSmad7 - 25 50 100 200 300 (m.o.)}
T = =
- |% phospho-Akt (Ser423)
FLAG

——————— - GAPDH

B HO-1-Lue (s &
it O Ad-Lacz . O Ad-Lacz

2 25 1 W Ad-Smad? § 5 B Ad-Smad7
=
§ 2 P
& 15 %% 3
Q (-]
E 11 ‘E’ 2
o
=4 @
o 05 I_LI Tz 1

[ il 0 r—k

Akt1(CA) - 1 = 01 05 1 (kg Ad-Akt(CA) - 200 - 50 100 200 (m.o.i)

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 f-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- population (Fig. 4D). However, exogenously expressed HO-1 in
treated A549 human lung cells, detected morphological cellular Smad7-infected cells rendered them resistant to cisplatin-induced
changes (Fig. 4A), degradation of poly (ADP-ribose) polymerase caspase-3 activation (Fig. 4B) and apoptosis (Fig. 4C). Similar
(Fig. 4B), activation of caspase-3 (Fig. 4C), and increased subG1 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-kB) activity. In HEK-293
cells, Cdc25A decreased protein level of inhibitor subunit kappa B alpha (Ix-Ba) in association with
increased serine 32-phosphorylation, followed by stimulation of transcriptional activity of NF-kB. Inhibi-
tion of NF-xB activity by chemical inhibitor or overexpression of Ik-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-xB activity regulation and it may be an
important survival mechanism of cancer cells.

© 2012 Elsevier Inc. All rights reserved.

1. Introduction

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 kKB (NF-kB) 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-kB 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-kB re-
mains in cytosol in an inactive state, complexed with inhibitor sub-
unit kappa B (IkB). Under activation stimulus, IkB is
phosphorylated by IkB kinases, IKKo and IKKB, which is subse-
quently ubiquitinated and degraded by the 26S proteasome, thus
leading to the nuclear translocation and transcriptional activation
of NF-xB [14]. In the present study, we demonstrate that Cdc25A

* Corresponding author. Fax: +82 33 242 0459.
E-mail address: bckim@kangwon.ac.kr (B.-C. Kim).

0006-291X/$ - see front matter © 2012 Elsevier Inc. All rights reserved.
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stimulates NF-kB activity by destabilizing IxB protein through
inducing its phosphorylation and ubiquitination. Our study sup-
ports a novel function of Cdc25A as a positive regulator of NF-kB.

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-p-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 pg/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
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transfection efficiency, all clones were co-transfected with 0.2 g
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 x 10° 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.
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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 Ig/ml leupeptin, and 1 mM
phenylmethylsulfonyl fluoride). Western blotting was performed
using anti-IkBo (FL; Santa Cruz Biotechnology, Santa Cruz, CA),
anti-p65 (C-20; Santa Cruz Biotechnology, Santa Cruz, CA), antiphos-
pho-IkBa (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 2x 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-p-nitroanlide
(Ac-DEVD-pNA) was added to the cell lysates in assay buffer
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IB: Ubiquitin
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Fig. 1. Phosphorylation, ubiquitination, and proteasomal degradation of IxBa by Cdc25A. (A) HEK-293 cells were transfected with pCMV-FLAG-Cdc25A at indicated
concentrations for 24 h. Whole cell lysates were analyzed for IkBa, phosphor-1kBa (Ser-32), p65, p105, p50, IKKB, FLAG, and b-actin by immunoblotting. (B) HEK-293 cells co-
transfected with HA-ubiquitin and FLAG-Cdc25A were treated with MG-132 (0.5 uM) for 12 h. Cell lysates were immunoprecipitated with anti-IkBa followed by immunoblot
analysis with anti-ubiquitin and anti-IxBo.
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Fig. 2. Nuclear translocation of p65/RelA induced by Cdc25A. HEK-293 cells were transfected with vector control or FLAG-Cdc25A for 24 h. Expression and subcellular
localization of FLAG-Cdc25A and p65/RelA were observed by immunofluorescence. Nuclei are stained with DAPI, 4'-6-diamidino-2-phenylindole. Arrows indicate cells
expressed exogenous Cdc25A.
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(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 IxB-o
induced by Cdc25A

Because Cdc25A plays an important role in determining the sur-
vival of cancer cells to chemotherapeutic agents [9], we examined
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the effect of Cdc25A to proteins of NF-xB survival pathway. In
HEK-293 cells, overexpression of Cdc25A resulted in the phosphor-
ylation on the Ser32 and subsequent degradation of IxB-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 IkB-o on Ser32 is crucial for its ubiqui-
tination and posterior proteasome degradation, we next tested
whether Cdc25A induces ubiquitination of IkB-a. The polyubiqui-
tinated IxkB-o0 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 IkB-a leads to the nu-
clear accumulation of NF-kB [14]. We next examined whether
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Fig. 3. Stimulation of NF-kB-dependent transcriptional activity induced by Cdc25A. (A) HEK-293 cells were co-transfected with NF-kB-Luc and pCMV-FLAG-Cdc25A at
indicated concentrations for 24 h. (B) HEK-293 ells were co-transfected with NF-kB-Luc, pCMV-FLAG-Cdc25A and pcDNA-p65 or pcDNA-IKKB or pcDNA-IkBa for 24 h.
Luciferase activities were normalized on the basis of b-galactosidase expression to adjust for variation in transfection efficiency.
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Fig. 4. Inhibition of cisplatin-induced apoptosis by Cdc25A-NF-kB axis. (A) Cdc25A and IkBa expression level were tested in MCF10A, MDA-MB231, and MDA-MB435 cells
using immunoblot analysis. (B) Capsae-3 activities were determined in MCF10A, MDA-MB231, and MDA-MB435 cells as described under Section 2. (C) MDA-MB435 cells
were transfected with vector control or IkBa. At 24 h after transfection, cells were incubated in the absence or presence of sulindac for 30 min before exposed to cisplatin
(50 uM) for 24 h. The enzyme activity is represented as AA4ps/min/mg protein.
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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-kB transcriptional activity induced by Cdc25A

We examined whether overexpression of Cdc25A enhances the
transcriptional activity of NF-xB. In HEK-293 cells, Cdc25A in-
creased the NF-kB-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 Ik-Ba
completely abolished it (Fig. 3B).

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

The transcription factor NF-kB is a key mediator of cell survival
signaling. We thus determined whether NF-«xB activation by
Cdc25A confer antiapoptotic property to cancer cells. We firstly
analyzed the correlation between expression of Cdc25A and
Ix-Bow 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
Ik-Bo protein level compared with MCF10A cells that are sensitive
to cisplatin-induced apoptosis. Furthermore, our data showed that
NF-kB inhibition by pharmacological inhibitor, sulindac, or overex-
pression of Ik-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-xB survival pathway. Our
results provide the first evidence that Cdc25A is a potent stimula-
tor of the ubiquitious transcription factor NF-kB. The phosphoryla-
tion of Ik-Bat 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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