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ASB2 proteins are E3 ubiquitin (Ub) ligases that ubiquitinate filamins. There are two ASB2 splice variants,
ASB2a and ASB2f. ASB28 has a ubiquitin-binding motif (UIM) at the N-terminal region but ASB2o does
not. Here, we provide the first evidence that ASB2 but not ASB2a is monoubiquitinated and that this
monoubiquitination involves the UIM. Myc-tagged ASB2B and hemagglutinin (HA)-tagged Ub were co-

Keywords: expressed in HEK293 cells using the pCMV expression vector. Immunoprecipitation with an anti-Myc
i\]sbl?z i antibody followed by immunoblotting with anti-Myc and anti-HA antibodies showed an additional
iquitin

ASB2B protein band that had both a Myc and a HA tag. The molecular weight of this protein was larger
than that of ASB2, and the difference in molecular weight between these two proteins corresponded to
the molecular weight of monoubiquitin, strongly implying that monoubiquitinated ASB2 is produced in
cells. ASB2p with mutations in the UIM motif; either Glu-Asp-Glu27-29Ala-Ala-Ala mutations (ASB2 M1)
or a Ser38Ala mutation, (ASB2 M2) were not monoubiquitinated, suggesting the importance of the UIM
for ASB2B monoubiquitination. Furthermore, an ASB28 mutant that lacked a SOCS box (ASB2B AC) and
did not show E3 Ub ligase activity was monoubiquitinated to the same extent as the wild-type ASB28.
In contrast, an ASB2f mutant that lacked the UIM-containing domain (ASB2 AN) was not monoubiqui-
tinated. These results suggest that ASB2 but not ASB2o might be monoubiquitinated and that the ASB2p

Ubiquitin-interacting motif
Monoubiquitination

UIM motif, but not its E3 Ub ligase activity, plays a pivotal role in this monoubiquitination.

© 2012 Published by Elsevier Inc.

1. Introduction

Ubiquitin (Ub) is a highly conserved 76 amino acid (aa) protein
that is ubiquitously distributed in eukaryotic cells. Conjugation of
Ub to proteins, known as ubiquitination, is involved in multiple
cellular events such as proteasomal degradation, protein traffick-
ing, endocytosis, and signal transduction [1,2]. In addition to single
Ub conjugation (monoubiquitination), successive attachment of Ub
to previously conjugated Ub (polyubiquitination) occurs in many
kinds of proteins. Ubiquitination is mediated by the sequential cat-
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alytic actions of a Ub-activating enzyme (E1), a Ub-conjugating en-
zyme (E2), and a Ub ligase (E3) [3]. Since ubiquitination specificity
and targeting of the ubiquitinated substrate for degradation are
determined by the E3 Ub ligase, this enzyme is a key molecule in
Ub-dependent cellular events [4].

The family of ankyrin repeat-and SOCS box-containing proteins
(ASBs) has been shown to function as E3 Ub ligases. We detected a
member of this ASB family, ASB2, in human myeloid leukemia cells
stimulated with all-trans retinoic acid (ATRA) [5]. ASB2 exerts E3
Ub ligase activity when it forms a complex with Cullin 5 and
Rbs2, which bind to the ASB2 SOCS box [6] and its substrates are
filamins A and B [7]. A splice variant of ASB2 was found in muscle
cells, and the hematopoietic-type and the muscle-type ASB2 pro-
teins were designated ASB2a and ASB2p, respectively. ASB2B also
exerts E3 Ub ligase activity towards filamin B [8].

ASB2p and ASB2a are composed of 635 and 587 aa, respectively,
and the aa sequence of the residues 69-635 (567 aa) of ASB28 is
identical to that of the residues 20-587 of ASB2a.. The two variants
differ at the N-terminal region, where a single Ubiquitin-interact-
ing motif (UIM) is present in ASB2p but not in ASB2a [9]. A UIM
is a Ub-binding domain (UBD) that consists of approximately 20—
150 aa [10]. At least 16 different types of UBDs have been identified
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to date and these UBDs are widely diverse in terms of structure and
functions. UIMs have been found in numerous proteins, where they
are involved in Ub metabolism and receptor endocytosis [11]. The
chemically synthesized peptide corresponding to the aa sequence
of the ASB2B-UIM strongly bound to polyubiquitinated-proteins,
although little binding to free monoubiquitin was observed [9].
The biological role of the UIM in ASB2p remains to be elucidated.

A number of proteins that contain UBDs including a UIM have
been shown to undergo auto-ubiquitination in vivo [10-12]. The
activity of endocytic proteins such as Sts1, Sts2, Eps15 and Hrs,
which contain UBDs, is regulated by monoubiquitination [12].
These proteins function in the transport of transmembrane pro-
teins [13]. Although the biological roles of ASB2o. and ASB2B are
unknown, since these proteins differ by the presence or absence
of a UIM, it is important to know if ASB2s are monoubiquitinated
or not in order to elucidate their function.

In this study, we show that ASB2p, but not ASB2¢, is monoubiq-
uitinated in vivo and that this monoubiquitination involves its UIM
but not its E3 Ub ligase activity.

2. Materials and methods
2.1. Reagents and antibodies

Reagents and antibodies were purchased from the following
companies: N-ethyl maleimide (NEM) and protease inhibitor cock-
tail (PIC) from Sigma-Aldrich Co. LLC, St. Louis, MO; a glutathione
Sepharose 4B column from Amersham Biosciences; protein G
agarose beads from Santa Cruz Biotechnology and Nas;VO, from
Wako Pure Chemical Industries, Ltd., Osaka; a mouse anti-Myc
Ab (9E10) from Medical Biological Laboratories Co. Ltd., Nagoya;
a mouse anti-hemagglutinin (HA) Ab (16B12) from Medical Biolog-
ical Laboratories Co. Ltd.; horseradish peroxidase (HRP)-conju-
gated goat Abs to mouse Igs and HRP-conjugated porcine Abs to
goat Igs from Biosource International Inc., Camarillo, CA; HRP-con-
jugated goat Abs to rabbit IgG from Rockland Immunochemicals,
Inc., PA; and goat Abs to glutathione-S-transferase (GST) from
Bethyl Laboratories, Montgomery, TX. Oligonucleotides were
synthesized by Operon Biotechnologies, Tokyo.

2.2. Constructs

Human full-length ¢cDNAs encoding ASB2a (GenBank accession
No. NM_016150) and ASB2B (GenBank accession No.
NM_001202429) were obtained as described previously [6,9].

The ASB2pB truncation mutants; ASB2B AN, lacking residues
1-68, and ASB2B AC lacking residues 587-635, were amplified
by PCR using ASB2B ¢DNA as the template. The amplified cDNAs
encoding these mutants were inserted into pCMV-Myc N (Takara-
Bio, Inc., Tokyo) as described previously [6]. The ASB constructs
containing mutations in the UIM motif, ASB28 M1, with the
mutations Glu-Asp-Glu27-29Ala-Ala-Ala, and ASB2p M2 with the
mutation Ser38Ala, were generated by site-directed mutagenesis
using the wild-type ASB2B cDNA expression vector as the tem-
plate. These mutants were inserted into the pCMV-Myc-N vector.
Human ubiquitin was expressed using the pCMV-HA-N vector
(TakaraBio, Inc.).

2.3. Monoubiquitination assay

HEK293 cells were cultured at a density of 6 x 10° cells/ml in
Dulbecco’s modified Eagle’s medium (DMEM) containing 10%
heat-inactivated fetal bovine serum, 100 units/ml penicillin and
0.1 mg/ml streptomycin under conditions of 37 °C and 5% CO,.
Plasmid DNA (5 pg) was mixed with 15 pl of TransFast (Promega

Corporation, Wisconsin, WI) in 2 ml of DMEM at room temperature
for 15 min. After washing the cells twice with PBS, the cells were
cultured in medium containing plasmid DNA and TransFast at
37 °C and 5% CO, for 1 h. The plasmid DNAs used for transfection
were pCMV-HA-Ub and/or pCMV-Myc-ASB2a, pCMV-Myc-ASB28,
pCMV-Myc-ASB2B M1, pCMV-Myc-ASB2B M2, pCMV-Myc-ASB2p
AN and pCMV-Myc-ASB2B AC.

After culture for 1h, the medium was removed and the cells
were washed twice with PBS. The cells were lysed in 0.3 ml of Lysis
Buffer (50 mM Tris-HCl at pH 7.5 containing 0.15 M NaCl, 1 mM
EDTA, 0.5% Nonidet P-40, 10 mM NaF, 1 mM Na3VO,, 10 mM
NEM and 1% PIC) and the cell suspensions were allowed to stand
on ice for 30 min with gentle rotation every 10 min. The lysates
were then centrifuged at 10,000xg and 4 °C for 30 min and the
supernatants were used as the cell lysates.

Proteins in the cell lysates that were tagged with Myc were
immunoprecipitated with an anti-Myc Ab by mixing with 1 pg
(5 ) of mouse anti-Myc Ab (9E10) and the mixture was gently ro-
tated overnight at 4 °C. Protein G agarose beads (10 pul) were added
to the solutions, and they were gently rotated at 4 °C for 1 h. The
beads were washed twice with Lysis Buffer by centrifugation at
10,000xg and 4 °C. Sample Buffer (20 pl of 2x buffer) was added
to the washed beads and the supernatants were heated at 95 °C
for 5 min.

The proteins in immunecomplexes were separated by
SDS-PAGE and analyzed by immunoblotting (IB) as described pre-
viously [9]. Briefly, proteins were transferred to polyvinylidene
difluoride (PVDF) membranes. The membranes were blocked with
0.3% nonfat dry milk in 50 mM Tris-HCl at pH 7.5 containing
150 mM NaCl and 0.2% Tween 20 for 2 h at room temperature
and were then probed with anti-Myc or anti-HA Abs for 2 h at
room temperature. After washing with TBST, the membranes were
probed with HRP-conjugated anti-mouse Igs Abs for 1 h at room
temperature. The membranes were then treated with ECL Western
blotting detection reagents and detected bands were exposed to an
X-ray film.

2.4. In vivo ubiquitin ligase activity of ASB2B AC

The in vivo ubiquitin ligase activity of ASB2 and ASB2B AC was
measured as previously described [6]. Briefly, HEK293 cells were
transfected with pCMV-Myc-ASB2B or pCMV-Myc-ASB2B AC.
Myc-ASB2 or Myc-ASB2B AC in the cell lysates were precipitated
with 5 pg of anti-Myc Ab (9E10) and 10 pul of protein G agarose
beads for 1 h at 4°C. The beads were washed three times with
50 mM Tris-HCl at pH 7.5 containing 0.15M NaCl, 1 mM EDTA,
0.5% Nonidet P-40 and 1 mM DTT and then twice with 40 mM
HEPES buffer at pH 7.9 containing 60 mM CH3COOK, 1 mM MgCl,,
0.5 mM EDTA, 2 mM DTT and 10% glycerol. The resulting immune-
complexes were mixed with 500 ng of the E1 enzyme mouse Ubal
(Wako Pure Chemical Industries Ltd., Osaka, Japan), 1.5 pg of the
His-tagged E2 enzyme 6x His-UbcH5a and 2.5 ng of GST-Ub in a
total volume of 20 pl of 40 mM HEPES buffer at pH 7.9 containing
60 mM CH5COOK, 5 mM MgCl,, 1 mM DTT and 1.5 mM ATP. The
reaction mixtures were incubated for 1 h at 37 °C, and the resulting
protein products were separated by SDS-PAGE and subjected to
immunoblotting using goat anti-GST Abs and HRP-conjugated por-
cine Abs to goat Igs.

3. Results
3.1. Monoubiquitination of ASB2j3

To determine whetherASB2B is monoubiquitinated in cells,
HEK293 cells were transiently co-transfected with Myc-ASB23
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and HA-Ub expression vectors. After incubation to allow protein
expression, the cell lysates were immunoprecipitated with an
anti-Myc Ab. Proteins in the precipitated immunecomplexes were
separated by SDS-PAGE and analyzed by IB with anti-Myc and
anti-HA Abs. The anti-Myc Ab blot showed a second, protein band
in addition to that of ASB2B when the cells were co-transfected
with both vectors (Fig. 1, lane 3). The molecular weight of this
additional band was larger than ASB2p by 7-10 kDa. This protein
band was not observed in cells that were transfected with HA-Ub
alone or with Myc-ASB2p alone. When IB was performed with an
anti-HA Ab, this additional protein band cross-reacted with the
anti-HA Ab (lane 6), although the lower molecular weight ASB2
band did not. These data suggested that the additional protein
band that was observed upon co-expression of ASB2p and Ub
was composed of both ASB2f and Ub that were linked via a cova-
lent bond. Moreover, since the molecular weight of this additional
band was larger than that of ASB2f by the molecular weight of a
single Ub molecule, these results imply that the higher molecular
weight protein must be monoubiquitinated ASB2B (monoUb-
ASB2p).

3.2. Examination of monoubiquitination of ASB2«

We next determined if the monoubiquitination of ASB2p was
mediated by the UIM motif, by investigating if ASB2a, a splice var-
iant of ASB2 that lacks the UIM motif (Fig. 2A), is also monoubiq-
uitinated in cells. Myc-ASB2a or Myc-ASB2p was co-expressed with
HA-Ub in HEK293 cells. The cell lysates were immunoprecipitated
with an anti-Myc Ab, and the proteins in the immunecomplexes
were separated by SDS-PAGE and analyzed by IB with anti-Myc
and anti-HA Abs. Co-expression of Myc-ASB2a and HA-Ub resulted
in no additional band following IB with the anti-Myc Ab and
showed only a very faint band in IB with the anti-HA Ab, whereas
Myc-ASB2B, as expected, showed an additional band that stained
with both anti-Myc and anti-HA Abs (Fig. 2B). These data suggested
that the N-terminal region of ASB2 is involved in, or is essential for
its monoubiquitination.

3.3. Involvement of the UIM in ASB2 monoubiquitination

We next determined if the UIM motif within the ASB2B N-termi-
nal region mediated ASB2B monoubiquitination”. The residues
Glu-Asp-Glu (EDE) 27-29 and Ser (S) 38 are highly conserved among
the UIM sequences of different proteins. We therefore tested if
mutation of these residues would abolish ubiquitin binding of
ASB28. As shown in Fig. 3A, two expression vectors were prepared
to express such ASB2B mutants; EDE27-29AAA (ASB23 M1) or S38A
(ASB2B M2). These different mutants were each co-expressed with
HA-Ub in HEK293 cells. The cell lysates were subjected to IP with an
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Fig. 1. Monoubiquitination of ASB2B. HA-Ub and/or Myc-ASB2p were co-expressed
in HEK293 cells and the cell lysates were immunoprecipitated with an anti-Myc Ab.
Proteins in the immunecomplexes were separated by SDS-PAGE and monoubig-
uitinated ASB2B (MonoUb-ASB2) was analyzed by Western blotting using anti-
Myc and anti-HA Abs. H.C.; a band that corresponds to the IgG heavy chain.
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Fig. 2. Investigation of ASB2a. monoubiquitination. (A) Schematic illustration of
ASB2o and ASB2p protein domains. ASB2p is composed of three domains; the UIM
(grey), the ankyrin repeat (slanted lines) and a SOCS box (vertical lines). The
sequence of the 567 aa from aa 69 to aa 635 of ASB28 is identical to the sequence
containing aa 21 to aa 587 of ASB2o. (B) Myc-ASB2a or Myc-ASB2B was co-
expressed with HA-Ub in HEK293 cells, and the cell lysates were immunoprecip-
itated with an anti-Myc Ab. Proteins in the immunecomplexes were separated by
SDS-PAGE and monoubiquitinated ASB (MonoUb-ASB2) proteins were analyzed by
Western blotting using anti-Myc and anti-HA Abs.
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Fig. 3. The monoubiquitination of ASB2 is lost upon mutation of the UIM. (A)
Schematic illustration of ASB2B UIM mutants. ASB2p was mutated at two different
positions in the UIM: Glu-Asp-Glu27-29Ala-Ala-Ala (ASB2B M1) or Ser38Ala (ASB2B
M2). (B) Myc-ASB28, Myc-ASB2B M1 or Myc-ASB2B M2 was co-expressed with HA-
Ub in HEK293 cells, and their monoubiquitination was analyzed by IP with an anti-
Myc Ab followed by IB with anti-Myc and HA Abs.

anti-Myc Ab and proteins in the immunecomplexes were analyzed
by IB with anti-Myc and anti-HA Abs. Neither the ASB28 M1 nor the
ASB23 M2 mutant was monoubiquitinated, since no additional
band that cross-reacted with both anti-Myc and anti-HA antibodies
was observed, whereas ASB2p WT was monoubiquitinated under
the same conditions (Fig. 3B). These results strongly suggest that
the UIM motif is essential for the monoubiquitination of ASB2p.

3.4. ASB2p AC lacking Ub-ligase activity was monoubiquitinated

We next confirmed that the mono-ubiquitination of ASB2p re-
quired its N-terminal, UIM-containing domain, and we further
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determined if ASB2p E3 ligase activity was required for its mono-
ubiquitination. For these purposes, we determined the mono-ubiq-
uitination of ASB2pB that lacked the N-terminal domain, or that
lacked the C-terminal domain, which is required for ASB2B E3
ligase activity. The ASB2 AN and ASB2B AC mutants were con-
structed as follows. ASB2B AN lacks the first 68 aa of the N-termi-
nal domain of ASB2B, and ASB2B AC lacks 49 aa from aa 587 to the
C-terminus (aa 635) (Fig. 4A). Myc-ASB2B WT, Myc-ASB23 AN or
Myc-ASB2B AC was then co-expressed with HA-Ub in HEK293
cells, and the monoubiquitination of ASB2p WT, ASB2B AN and
ASB2B AC in the cell lysates was analyzed by IB with anti-Myc
and anti-HA Abs. Both mono-Ub-ASB23 WT and -ASB2f3 AC were
detected by IB with both anti-Myc and anti-HA Abs (Fig. 4B, lanes
1, 3, 4, 6). However, mono-Ub-ASB2B AN was not detected by IB
with the anti-Myc Ab and there were only a few faint bands detect-
able by IB with the anti-HA Ab (Fig. 4B, lanes 2, 5). Since ASB28 is
itself an E3 Ub ligase, when Myc-ASB2B WT was precipitated from
cell lysates, it could induce protein ubiquitination in association
with added E1 and E2 enzymes (Fig. 4C, lane 5). However, ASB2p
AC that lacks the SOCS box, which is contained within the C-termi-
nal region and is required for E3 ligase activity, showed little
protein ubiquitination under these conditions (lanes 4, 6). Since
the ASB2B AC was monoubiquitinated, this result suggests that
the E3 Ub ligase activity of ASB2pB is probably not involved in
ASB2B monoubiquitination and that some other Ub ligase
monoubiquitinates ASB2p.

4. Discussion

The aim of this study was to determine whether ASB2a and/or
ASB2f are monoubiquitinated in vivo. There were two important
findings of this study. One finding was that ASB2j but not ASB2a
is monoubiquitinated in vivo, and the second finding was that
the UIM motif of ASB2 but not its E3 Ub ligase activity plays a piv-
otal role in this monoubiquitination.

A
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Fig. 4. Analysis of the monoubiquitination of ASB28 AN and ASB2f AC and of the
E3 ligase activity of ASB2B AC. (A) Schematic illustration of ASB23 AN and ASB2
AC. ASB2B AN lacks the first 68 aa of ASB2f, and ASB2B AC lacks the last 49 aa of
ASB28 (aa 587 to 635. (B) Myc-ASB2p WT, Myc-ASB2B AN or Myc-ASB2p AC was
co-expressed with HA-Ub in HEK293 cells and monoubiquitinated (Mono-
Ub)ASB2B WT, ASB2B AN and ASB2B AC in the cell lysates was analyzed following
IP with an anti-Myc Ab and IB with anti-Myc and anti-HA Abs. (C) The Ub ligase
activity of Myc-ASB2B AC was compared to that of Myc-ASB2p using GST-Ub, E1, E2
and Hela cell lysates as its substrates. Following SDS-PAGE, polyubiquitinated-
proteins were detected by Western blotting, using anti-GST antibodies.

A number of the experimental results support the fact that
ASB2B is monoubiquitinated in vivo; (1) An additional ASB28 pro-
tein band was observed when cells were co-transfected with
ASB2B and Ub expression vectors. The difference in molecular
weight between this additional band and that of ASB2B corre-
sponded to the molecular weight of a single Ub molecule (76 aa).
(2) The higher molecular weight ASB2B protein included both
ASB2B and Ub as assessed by Western blotting (Figs. 1, 2B, 3B
and 4B). This result is in agreement with data regarding other
UBD-containing proteins such as S5a, Vps9, Sts1, Hrs, which have
also been shown to be monoubiquitinated. The biological activities
of these other proteins were found to be modified upon monoubiq-
uitination [11-16].

We showed that the monoubiquitination of ASB2 is dependent
on the UIM sequence that is located at the N-terminal region of
ASB2B. Thus, neither ASB2a, which lacks the UIM motif, nor ASB23
AN, an ASB2p mutant that lacks residues 1-68 that contain the
UIM motif, were monoubiquitinated (Figs. 2B and 4B, respectively).
In addition, the UIM motif has a highly conserved sequence,
XeeeXdpXXAXXXSXXe, where e is a negatively charged residue, ¢
is a hydrophobic residue and X is any amino acid [11]. We showed
that ASB2B constructs that had mutations within this domain:
ASB2B M1 with the mutation EDE27-29AAA and ASB2B M2 with
the mutation S38A, were not monoubiquitinated in cells when
they were individually co-expressed with Ub.

Many proteins that are able to bind Ub through their UBD can
themselves become monoubiquitinated [17-19]. Since a func-
tional UBD is a prerequisite for this self-ubiquitination, the pro-
cess is called “coupled monoubiquitination”. ASB2f also
undergoes coupled monoubiquitination. For other E3 Ub ligases
that contain a UBD, coupled monoubiquitination inhibits their
E3 Ub ligase activities [18-19]. It is therefore possible that the
E3 Ub ligase activity of ASB2B might also be regulated by its
monoubiquitination. We speculate that mono-Ub-ASB2B may lose
its E3 Ub ligase activity and/or the Ub-binding activity of the UIM.
Monoubiquitination may be important for differences in the func-
tion of ASB2B and ASB2a. The gene expression of these two ASB2
splice variants is very different with ASB2B being expressed in a
variety of tissues and ASB2a being expressed in myeloid leukemia
cells [5,8]. Although these two molecules are very similar in
terms of aa sequence and substrate specificity, their gene expres-
sion is very different, as is their regulation by coupled
monoubiquitination.

ASB2B AC was monoubiquitinated to the same or even to a
greater extent than the wild-type ASB2p even though its E3 Ub li-
gase activity was totally inactivated by deletion of the C-terminal
residues. ASB2B AC lacks the SOCS box domain of ASB2B, to which
Cullin 5 and Rbs2 bind to form the E3 Ub ligase complex [6]. This
result suggests that the E3 Ub ligase activity of ASB2f is not in-
volved in ASB2B monoubiquitination. There are three possible
mechanisms of ASB2B monoubiquitination: (1) monoubiquitina-
tion by an ASB2B-specific E3 ligase, (2) E3-independent monoubiq-
uitination by a Ub-E2 [20], and (3) monoubiquitination by a
number of different E3 Ub ligases [16]. Further study is necessary
to determine the mechanism of ASB2B monoubiquitination.

Future studies will include analysis of the effect of monoubiqui-
tination of ASB2pB on its E3 Ub ligase activity and on ASB2p Ub-
binding activity via the UIM motif. These studies will elucidate
the mechanism of ASB2B-mediated ubiquitination and the regula-
tion of its biological functions.
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ABSTRACT

The activity of the neuron-specific K*, CI~ co-transporter 2 (KCC2) is required for hyperpolarizing action
of GABA and glycine. KCC2-mediated transport therefore plays a pivotal role in neuronal inhibition. Few
analyses have addressed the amino acid requirements for transport-competent conformation. KCC2 con-
sists of 12 transmembrane domains flanked by two intracellular termini. Structural analyses of a related
archaeal protein have identified an evolutionary extremely conserved B1 strand, which links the trans-
membrane domain to a C-terminal dimerization interface. Here, we focused on the sequence requirement
of this linker. We mutated four highly conserved amino acids of the 1 strand (673QLLV¢g76) to alanine and
analyzed the functional consequences in mammalian cells. Flux measurements demonstrated that Lg7s5a
significantly reduced KCC2 transport activity by 41%, whereas the other three mutants displayed normal
activity. Immunocytochemistry and cell surface labeling revealed normal trafficking of all four mutants.
Altogether, our results identify Le75 as a critical residue for KCC2 transport activity. Furthermore, in view
of its evolutionary conservation, the data suggest a remarkable tolerance of the KCC2 transport activity to

amino acid substitutions in the f1 strand.

© 2012 Elsevier Inc. All rights reserved.

1. Introduction

Cation-chloride-cotransporters (CCCs) are electro neutral
secondary-active transporters, which participate in essential
physiological processes such as epithelial salt transport, osmotic
regulation, and Cl -homeostasis [1]. CCCs are divided into Na®,
K*, CI~ inward transporters (NKCC1-2, NCC), K*, CI~ extruders
(KCC1-4), a polyamine transporter (CCC9), and the cotransporter-
interacting protein CIP1 [1,2]. Among the KCCs, the neuron-specific
KCC2 plays an outstanding role, as its activity is required for the
hyperpolarizing action of the inhibitory neurotransmitters GABA
and glycine [3-8]. In accord with this essential role, KCC2~/~ mice
die perinatally due to respiratory failure in the absence of synaptic
inhibition [5], and knocking-down of the transporter leads to
generalized seizure [9,10].

The structural organization of transport-active CCCs is highly
conserved. The functional units are oligomers [11,12] and the indi-
vidual genes encode polypeptides consisting of 12 transmembrane
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domains (TMD), a large extracellular loop (LEL), and intracellular
termini [1]. Evolutionary sequence conservation is highest in the
TMDs, followed by the C-terminus, whereas the N-terminus is
poorly conserved [1,13]. Functional analyses of NKCCs revealed
that TMD 2, 5 and 7 are necessary for the ion binding and transport
[14-16]. The termini and the LEL are involved in allosteric or reg-
ulatory effects [16-18]. Concerning KCC2, several sites critical for
its transport-active conformation have been identified. Mutation
of the four cysteines in the LEL [18] or mutation of the C-terminal
Yi0s7 to aspartate drastically reduced transport activity [19],
whereas mutations that mimicked the dephosphorylated state of
Toos/T1007 increased transport activity [20]. Finally, a KCC2-specific
ISO domain was identified, which is involved in constitutive activ-
ity under isotonic conditions [21].

Recently, the X-ray structure of the C-terminus of a prokaryotic
CCC (Methanosaccrina acetovirans, maCCC) was determined [13].
This analysis revealed that the C-terminus is organized into two
antiparallel subdomains, each composed of five parallel p-sheets,
connected by o-helices. Notably, the highest evolutionary se-
quence conservation in the entire C-terminus was observed for
the B1 strand [13]. To analyze the importance of this evolutionary
conservation, we performed mutational analyses in the rat KCC2
(rnKCC2). Four highly conserved amino acids (g73QLLVg76) of the
B1 strand were replaced by alanine and the functional conse-
quences studied in mammalian cells.
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Fig. 1. QLLV residues are highly conserved in the 81 strand structure. A multiple sequence alignment of the C-terminal region of different CCC transporter was made with
ClustalW [29]. Secondary structure data were derived from the crystal structure of the C-terminus of a CCC from M. acetovirans [13] and are shown above the alignment. QLLV
residues are displayed in the box. The beginning of the C-terminus is indicated by an arrow. Rn, rattus norvegicus; dm, drosophila melanogaster; aq, amphimedon queenslandica;
mb, monosiga brevicollis; dr, daneo rerio; xt, xenopus tropicalis; ce, caenorhabtidis elegans; ma, methanosaccrina acetovirans; at, arabidopsis thaliana. Amino acid sequences are:
rnmNKCC1 (GenBank ID: NP_113986.1), rnNKCC2 (GenBank ID: NP_062007.2), rnNCC (GenBank ID: NP_062218.3), rnKCC1 (GenBank ID: NP_062102.1), rnKCC2 (GenBank ID:
NP_599190.1), rnKCC3 (GenBank ID: NP_001103100.1), rnKCC4 (GenBank ID: NP_001013162.2), rnCIP1 (GenBank ID: Q66HRO0.1), rnCCC9 (GenBank ID: EDM11357.1), xtKCC
(GenBank ID: NP_001072306.2), drKCC (GenBank ID: XP_701000.4), dmKCC (GenBank ID: NP_726378.1), ceKCC (GenBank ID: ACN62948.1), agKCC (GenBank ID:
XP_003384645.1), mbKCC (GenBank ID: XP_001743661.1), atKCC (GenBank ID: AAF19744.1), and maCCC (GenBank ID: NP_619366.1).

2. Materials and methods
2.1. Site-directed mutagenesis

Site directed mutagenesis was performed according to the
Quick-Change mutagenesis system (Stratagene, Heidelberg, Ger-
many), using a previously reported rat KCC2b (GenBank ID:
NM_134363) expression clone [18]. Oligonucleotides for the gener-
ation of the mutations were as follows (only forward primers are
given): KCC2qgg73a 5-CCAGCACCAGTAGCGCGGGCCTCCAGTTCT-3,
KCC2674n 5'CTGGAGGCCCCAGGCACTGGTGCTGGTG-3', KCC26754
5 TGGAGGCCCCAGCTAGCGGTGCTGGTGC-3'; KCC2yg76a 5'-CCCCAG
CTACTGGCGCTGGTGCGTGTG-3'. All generated clones used in this
study were confirmed by sequencing.

2.2. Determination of K'~Cl~ cotransport

Transport activity was determined by measuring Cl”-dependent
uptake of 86Rb* (PerkinElmer Life Sciences Life Sciences) in HEK-
293 cells [22]. Cells were cultured in DMEM (Invitrogen) and trans-
fected using TurboFect (Fermentas, St. Leon-Roth, Germany). Cells
were harvested 40 h after transfection and transferred into poly-i-
lysine-coated wells of a six well culture dish and incubated for 3 h.
After removal of the medium, cells were incubated in 1 ml preincu-
bation buffer (100 mM N-methyl-p-glucamine-chloride, 5 mM KCI,
2 mM CaCl,, 0.8 mM MgSO,4, 5 mM glucose, 5 mM HEPES, pH 7.4,
0.1 mM ouabain) for 15 min at room temperature. A 10 min uptake
period in preincubation buffer supplemented with 1 puCi/ml 8Rb*
at room temperature followed. At the end of the uptake period,
cells were washed three times in 1 ml ice-cold preincubation buf-
fer without ouabain to remove extracellular tracer. Cells were
lysed in 500 pul 0.25M NaOH for 1h and then neutralized with
250 pl pure acetic acid. 8Rb* uptake was assayed by Cerenkov
radiation, and the protein amount was determined by BCA
(Thermo Fisher Scientific, Bonn, Germany).

In some experiments, non-radioactive flux measurements based
on thallium (TI")-mediated Fluozin-2 fluorescence were performed
[18,23]. 24 h after transfection, HEK-293 cells were plated in

poly-L-lysine-coated wells of a 96-well culture dish, black-walled
with clear bottom (Greiner Bio-One) at a concentration of 100,000
cells/well. The next day, the medium was replaced by 80 pl of pre-
incubation buffer (100 mM N-methyl-p-glucamine chloride, 5 mM
KCl, 2 mM CaCl,, 0.8 mM MgS0O,4, 5 mM glucose, 5 mM HEPES, pH
7.4) containing 2 pM Flouzin-2 dye (Invitrogen) plus 0.2% (w/v) Plu-
ronic F-127 (Invitrogen). Cells were incubated at room temperature
for 48 min. Afterwards, the cells were washed three times with
80 ul of preincubation buffer and incubated for 15 min with 80 pl
of preincubation buffer plus 0.1 mM ouabain. The cell plate was in-
serted into a fluorometer (Fluoroskan Accent, Thermo Scientific,
Bremen, Germany), and the wells were injected with 40 pl of thal-
lium stimulation buffer (12 mM TI,SO4, 100 mM NMDG, 5 mM
Hepes, 2 mM CaSO,4, 0.8 mM MgSO4, 5 mM glucose, pH 7.4). The
fluorescence was measured in a kinetic-dependent manner (excita-
tion, 485 nm; emission, 538 nm; 1 frame in 5s in a 200-s time
span). The activity was calculated with the initial values of the slope
of TI*-stimulated fluorescence increase by using linear regression.

In addition, expression of the respective construct was deter-
mined for each flux measurement by immunoblot analysis or
immunocytochemistry. At least three biological and three techni-
cal replicas were performed for each experiment. Data are given
as mean + standard deviation. Significant differences between the
groups were analyzed by a Student’s t-test.

2.3. Immunocytochemistry

For immunocytochemistry, transfected cells were seeded on
0.1 mg/ml poly-i-lysine-coated coverslips. After 36 h, cells were
fixed with 4% paraformaldehyde in 0.2 M phosphate buffer for
10 min. After fixation, cells were washed three times with phos-
phate-buffered saline (PBS) and incubated with blocking solution
(0.3% Triton X-100, 3% bovine serum albumin, 11% goat serum in
PBS) for 30 min at room temperature. Cells were then incubated
with primary antibody N1/12 (NeuroMab, Davis, USA), diluted
1:500 in carrier solution (0.3% Triton X-100, 1% bovine serum albu-
min, 1% goat serum in PBS) for 1 h and washed three times with
PBS for 5 min. After transfer in carrier solution, cells were treated
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Fig. 2. Immuncytochemical labeling of KCC2 in COS-7 cells. COS-7 cells were transiently transfected with KCC2,,; or KCC2 mutants (KCC2qs73a, KCC21674a, KCC216754 and
KCC2yg76a). KCC2-ir revealed that all mutants were located at the plasma membrane and the perinuclear regions in a pattern indistinguishable from KCC2,y.
Photomicrographs were taken by confocal laser scanning microscopy with a 63x or a 20x objective (Leica TCS SP2).

with the secondary antibody (goat anti-rabbit conjugated to Alexa
Fluor 488, diluted 1:1000, Invitrogen, Darmstadt, Germany). After
washing, cells were mounted onto glass slides with Vectarshield
Hard Set (Vector Laboratories, Burlingame, CA). Photomicrographs
were taken by confocal laser scanning microscopy with a 63 x and
20x objectives (Leica TCS SP2).

2.4. Cell-surface protein labeling

To detect cell surface expression of KCC2,,, and KCC2ig75a,
transfected cells were seeded on 0.1 mg/ml poly-L-lysine-coated
coverslips. After 40 h, cells were incubated on ice and washed
twice with ice-cold PBS. After incubation with 10 pg/ml Alexa
633-labeled wheat-germ agglutinin (WGA, Invitrogen) for 30 min
on ice, cells were washed with ice-cold PBS. After fixation with
4% paraformaldehyde in 0.2 M phosphate buffer for 10 min, cells
were incubated with primary and secondary antibody as described
before. Colocalization between WGA-ir and KCC2-ir were analyzed
with the software Image] and the plug-in OBCOL. At least 20 cells
were analyzed for each construct. Data are given as mean + stan-
dard deviation. Significant differences between the groups were
analyzed by a Student’s t-test.

3. Results

3.1. Evolutionary conservation of the ¢,3QLLVgz residues in the 1
strand of the C-terminus

The six amino acids of the 1 strand of KCC2 displayed the high-
est conservation in multiple sequence alignments of the C-termi-
nus from mammalian CCCs, distantly related KCCs and maCCC
(Suppl. Fig. 1). The only exception was CCC9 where none of the
amino acids was conserved (Fig. 1). The protein identity of the 1
strand was 4-fold increased (66.7%) between mKCC2 and maCCC
compared to the entire C-terminus (16.5%). Within the B1 strand,
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Fig. 3. Mutations in ¢7;3QLLVg76 differentially affect transport activity of KCC2. HEK-
293 cells were transiently transfected 40 h prior flux measurements. An empty
vector was used for mock transfection. Flux measurements were performed by
86Rb* uptake (A) and TI* uptake (B). KCC2qs73a, KCC216744 and KCC2ye764 exhibited
normal transport activity. In contrast KCC26754 displayed a 2.4-fold significant
decrease of the transport activity (41.4 + 10.6%, p = 7.9 x 10~7) compared to KCC2,,.
Values represent mean +s.d. of at least 3 independent measurements. ns, none
significant (p > 0.05); ***p < 0.001.

the first four residues (rmKCC2: ¢73QLLVg76) are the most highly
conserved amino acids and three of them exist also in maCCC. Evo-
lutionary conservation was highest for KCC2475 (88.2%) followed
by Qs73 (82.4%), V76 (76.5%), and Lg74 (53%). The high conservation
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of these residues across orthologs and paralogs in the structural p1
strand region of the C-terminus indicated a severe constraint on
the sequence at this position.

3.2. Mutations of individual ¢73QLLV7¢ residues differentially affect
transport activity

To analyze the role of 73QLLVg76 residues for the transport
activity of rnKCC2, we mutated them individually to alanine. This
resulted in the four mutants KCC2Q573A, KCC21674a, KCC21675a and
KCC2ys76a. To examine the functional consequences of the muta-
tions, the constructs were transiently expressed in COS-7 cells
and the expression was analyzed by immuncytochemistry. KCC2
immunoreactivity (KCC2-ir) of all mutants was detected at the
plasma membrane and the perinuclear region (Fig. 2). The labeling
pattern of the mutants was indistinguishable from KCC2 wild-type
(KCC2yt). These data indicate that single 73QLLVg76 mutations of
KCC2 did not affect protein expression and localization.

Next, we determined the transport activity of KCC2 by 8°Rb* or
TI* flux measurements in HEK-293 cells. To eliminate any uptake
through endogenous NKCC1, the experiments were performed in
Na*-free solution with N-methyl-p-glucamine being the replace-
ment cation (Gagnon 2006, Hartmann 2010). HEK-293 cells tran-
siently transfected with KCC2,, exhibited a significant higher
86Rb* and TI* uptake (100%) compared to mock-transfected control

A WGA

KCC2,,

KCCZLGTSA

B

140 A

KCC2

cells (14.3 +7.8% and 24.7 + 0.85%) (Fig. 3). The mutant KCC2 5754
displayed a 2.4-fold significant decrease of the transport activity
(41.4 £ 10.6% residual activity, p=7.9 x 10~7) compared to KCC2,
(Fig. 3A). The transport activities of KCC2qg73a (89.6 +44.23%,
p= 07), KCC2L674A (864 + 17.7%, p= 017) and chzvg75A
(83.4+10.7%, p=0.13) were not significantly different from
KCC2,, (Fig. 3). Taken together, these results identify Lg75 as a crit-
ical residue for KCC2 transport activity.

3.3. Cell surface expression of KCC2;4754 is not altered

Of the four mutations, only KCC2, 4754 impaired transport activ-
ity. Our immunocytochemical analyses in COS-7 cells had indi-
cated normal subcellular distribution (Fig. 2). To rule out that
KCC26754 behaved differentially between HEK-293 cells (flux mea-
surements) and COS-7 cells (expression analysis), we performed
immunocytochemical analysis in HEK-293 cells as well. Again, no
difference was observed between KCC2,,, and KCC24754 (data not
shown). To investigate surface expression of the mutant in more
detail, WGA-surface labeling was performed (Solé et al. 2009)
(Fig. 4). Quantitative pixel-by-pixel analysis revealed similar colo-
calization of KCC2,y, (100 % 23.4%) or KCC25754 (98.6 £ 23.1%) with
WGA in the plasma membrane. These data suggest that mutation
of Lg7s alters the conformation of KCC2 without affecting surface
expression.
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Fig. 4. Cell surface expression of KCC2;4754 is not altered. HEK-293 cells were transiently transfected with KCC2,,; and KCC2;¢75a. Cell surface expression of KCC2 was
analyzed through colocalization studies with WGA. Confocal images demonstrated a similar colocalization of KCC2,,; and KCC2;6754 with WGA (A). The relative cell surface
expression of KCC2,y; or KCC2, 4754 Was analyzed by pixel-by-pixel intensities of confocal images using Image] software (B). Values represent mean # s.d. of at least 20 cells. ns,
none significant (p > 0.05).



496 A. Ddding et al./Biochemical and Biophysical Research Communications 420 (2012) 492-497

4. Discussion

Here, we identified Lg;5 within the C-terminal B1 strand as a
critical amino acid residue for KCC2 transport activity. The B1 se-
quence is located between the TMDs and a presumed dimerization
interface, consisting of the o helices 1 and 2 [13]. Both areas have
been implicated in oligomerization of KCCs [11,13,24,25]. Thus, the
high evolutionary sequence conservation of the p1 sequence was
suggested to reflect the requirement of proper orientation of the
o helices 1 and 2 with respect to the nearby TMDs. Mutation of
Le7s might therefore compromise dimerization, which is required
for transport-activity [8,11]. Due to the formation of KCC2 aggre-
gates in heterologous expression systems during biochemical puri-
fication [26,27], we were not able to investigate the oligomeric
status of KCCZL675A.

Other effects of the mutation might also be considered. The
B1 sequence is at the surface of the molecule [13] and a binding
site of the AP-2 complex is located in close proximity
(657LLXXEEgs,) [28]. The B1 strand might therefore be involved
in regulating endocytosis. We did, however, not observe any dif-
ference in the subcellular localization of KCC2;g754 using immu-
nocytochemistry and WGA surface labeling. These results argue
against altered internalization. It is therefore most likely that
mutation of Lgys has an impact on the conformation of KCC2.
This observation is in line with other point mutations that only
impair transport activity without affecting surface expression of
KCC2 [18,19].

Three out of four mutants displayed no change in transport
activity, protein expression or localization. This was despite the
fact that the mutations addressed extremely conserved amino
acids. Several explanations might account for this observation.
We substituted aliphatic (valine, leucine) or polar (glutamine) ami-
no acid residues by the tiny amino acid alanine. This amino acid
was chosen because of its absence in the analyzed positions in
the bona-fide N(K)CC and KCC transporters. We cannot exclude that
more severe amino acid replacements might have entailed func-
tional consequences. Substitution of Y;og7 by different amino acids,
for instance, resulted in strikingly different phenotypes [19]. How-
ever, the phenotype of the Lg;s mutation to alanine indicates that
our substitution strategy was well suited to identify sequence con-
straints. Previously, a different requirement of four evolutionary
highly conserved cysteines in the LEL between the closely related
KCC2 and KCC4 was reported [18]. Whereas loss of these cysteines
abolished KCC2 transport activity, the same substitutions were
well tolerated in KCC4. These data demonstrate a striking variabil-
ity in sequence constraints even between closely related CCC
members. It is therefore possible, that other CCC family members
are more sensitive to mutations in these three amino acid residues
in the B1 strand.

In summary, the identification of Lgz5 as an important amino
acid residue provides novel insights into the structural require-
ments of the C-terminus for KCC2 transport activity. In addition,
our data indicate a surprisingly low sequence constraint in the
B1 strand. Whether this is specific to KCC2, or holds true for other
CCC family members as well will be an important topic for future
studies to better understand the extreme evolutionary conserva-
tion of the p1 sequence. Finally, this study demonstrates the utility
of structural information and evolutionary analysis to identify
important amino acid residues in CCC members.

Acknowledgments

We thank Martina Reents for excellent technical support and
Sina Lenski for help in generation of some constructs. This work
was supported by grants from the Deutsche Forschungsgemeins-
chaft (No428/4-1 to H.G.N.).

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.bbrc.2012.02.147.

References

[1] G. Gamba, Molecular physiology and pathophysiology of electro neutral
cation-chloride cotransporter, Physiology Review 85 (2005) 423-493.

[2] N.D. Daigle, G.A. Carpentier, R. Frenette-Cotton, M.G. Simard, M.-H. Lefoll, M.

Noel, L. Caron, J. Noel, P. Isenring, Molecular characterization of a human

cation-Cl~ cotransporter (SLC12A8A, CCC9A) that promotes polyamine and

amino acid transport, Journal of Cellular Physiology 220 (2009) 680-689.

C. Rivera, J. Voipo, J.A. Payne, E. Ruusuvuori, H. Lahtinen, K. Lamsa, U. Pirvola,

M. Saarma, And Kaila, K, The K*/CI~ co-transporter KCC2 renders GABA

hyperpolarizing during neuronal maturation, Nature 397 (1999) 251-255.

[4] W. Jarolimek, A. Lewen, U. Misgeld, A furosemide-sensitive K'-Cl~

cotransporter counteracts intracellular CI~ accumulation and depletion in

cultured rat midbrain neurons, The Journal of Neuroscience 19 (1999) 4695-

4704.

C.A. Hiibner, V. Stein, . Hermans-Borgmeyer, T. Meyer, K. Ballanyi, T.J. Jentsch,

Disruption of KCC2 reveals an essential role of K-Cl cotransport already in

early synaptic inhibition, Neuron 30 (2001) 515-524.

V. Balakrishnan, M. Becker, S. Lohrke, H.G. Nothwang, E. Giiresir, E. Friauf,

Expression and function of chloride transporters during development of

inhibitory neurotransmission in the auditory brainstem, The Journal of

Neuroscience 23 (2003) 4134-4145.

A. Reynolds, E. Brustein, M. Liao, A. Mercado, E. Babilonia, D.B. Mount, P.

Drapeau, Neurogenic role of the depolarizing chloride gradient revealed by

global overexpression of KCC2 from the onset of development, The Journal of

Neuroscience 28 (2008) 1588-1597.

P. Blaesse, I. Guillemin, J. Schindler, M. Schweizer, E. Delpire, L. Khiroug, E.

Friauf, H.G. Nothwang, Oligomerization of KCC2 correlates with development

of inhibitory neurotransmission, The Journal of Neuroscience 26 (2006)

10407-10419.

N.-S. Woo, |. Ly, R. England, R. McClellan, S. Dufour, D.B. Mount, A.Y. Deutch, D.

Lovinger, E. Delpire, Hyperexcitability and epilepsy associated with disruption

of the mouse neuronal-specific K-Cl cotransporter gene, Hippocampus 12

(2002) 258-268.

[10] J. Tornberg, V. Voikar, H. Savilahti, H. Rauvala, M.S. Airaksinen, Behavioural
phenotypes of hypomorphic KCC2-deficient mice, European Journal of
Neuroscience 21 (2005) 1327-1337.

[11] S. Casula, B.E. Shmukler, S. Wihelm, A.K. Stuart-Tilley, W. Su, M.N. Chernova, C.
Brugnara, S.L. Alper, A dominant negative mutant of the KCC1 K-Cl
cotransporter, The Journal of Biological Chemistry 276 (2001) 41870-41878.

[12] ]J.C. De Jong, P.H.G.M. Willems, F.J.M. Mooren, L.P.W.]. Van den Heuve, N.V.A.M.
Knoers, RJ.M. Bindels, The structural unit of the Thiazide-sensitive NaCl
cotransporter is a homodimer, The Journal of Biological Chemistry 278 (2003)
24302-24307.

[13] S. Warmuth, I. Zimmermann, R. Dutzler, X-ray structure of the C-terminal
domain of a prokaryotic cation-chloride cotransporter, Structure 17 (2009)
538-546.

[14] P. Isenring, B. Forbush, Mutagenic mapping of the Na-K-Cl cotransporter for
domains involved in ion transport and bumetanide binding, Journal of General
Physiology. 112 (1998) 549-558.

[15] P. Isenring, S.C. Jacoby, B. Forbush, The role of transmembrane domain 2 in
cation transport by the Na-K-Cl cotransporter, Proceedings of the National
Academy of Sciences USA 95 (1998) 7179-7184.

[16] P. Isenring, B. Forbush, Ion transport and ligand binding by the Na-K-Cl
cotranporter, structure-function studies, Comparative Biochemistry and
Physiology Part A 130 (2001) 487-497.

[17] M.J. Bergeron, K.B.E. Gagnon, L. Caron, P. Isenring, Identification of Key
functional domains in the C terminus of the K*-CI~ cotransporters, The Journal
of Biological Chemistry 281 (2006) 15959-15969.

[18] A.-M. Hartmann, M. Wenz, A. Mercado, C. Stérger, D.B. Mount, E. Friauf, H.G.
Nothwang, Differences in the large extracellular loop between the K*-Cl~
cotransporters KCC2 and KCC4, The Journal of Biological Chemistry 285 (2010)
23994-24002.

[19] K. Strange, T.D. Singer, R. Morrison, E. Delpire, Dependence of KCC2 K-Cl
cotransporter activity on a conserved carboxy terminus tyrosine residue,
American Journal of Physiology Cell Physiology 279 (2000) 860-867.

[20] J. Rinehart, Y.D. Maksimova, J.E. Tanis, K.L. Stone, C.A. Hodson, ]J. Zhang, M.
Risinger, W. Pan, D. Wu, C.M. Colangelo, B. Forbush, C.H. Joiner, E.E. Gulcicek,
P.G. Gallagher, R.P. Lifton, Sites of regulated phosphorylation that control K-Cl
cotransporter activity, Cell 138 (2009) 525-536.

[21] A. Mercado, V. Broumand, K. Zandi-Nejad, A.H. Enck, D.B. Mount, A C-terminal
domain in KCC2 confers constitutive K*~Cl~ cotransporter, The Journal of
Biological Chemistry 281 (2006) 1016-1026.

[22] A.-M. Hartmann, H.G. Nothwang, Opposite temperature effect on transport
activity of KCC2/KCC4 and N(K)CCs in HEK-293 cells, BMC Research Notes 4
(2011) 526.

[23] E. Delpire, E. Days, L.M. Lewis, D. Mi, K. Kim, C.W. Lindsley, C.D. Weaver, Small-
molecule screen identifies inhibitors of the neuronal K-CI cotransporter KCC2,
Proceedings of the National Academy of Sciences USA 106 (2009) 5383-5388.

[3

(5

(6

[7

8

[9


http://dx.doi.org/10.1016/j.bbrc.2012.02.147

A. Ddding et al./Biochemical and Biophysical Research Communications 420 (2012) 492-497 497

[24] CF. Simard, M.]. Bergeron, R. Frenette-Cotton, G.A. Carpentier, M.-E. Pelchat, L.
Caron, P. Isenring, Homooligomeric and heterooligomeric associations
between K+-Cl~ cotransporte isoforms and between K*-CI~ and Na*-K*-Cl~
cotransporter, The Journal of Biological Chemistry 282 (2007) 18083-18093.

[25] S. Casula, AS. Zolotarev, AK. Stuart-Tilley, S. Wilhelm, B.E. Shmukler, C.
Brugnara, A.L. Alper, Chemical cross linking studies with the mouse KCC1 K-Cl
cotransporter, Blood Cells, Molecules, and Diseases 42 (2009) 233-240.

[26] P. Uvarov, A. Ludwig, M. Markkanen, S. Soni, C.A. Hiibner, C. Rivera, M.S.
Airaksinen, Coexpression and heteromerization of two neuronal K-Cl
cotransporter isoforms in neonatal brain, Journal of Biological Chemistry 284
(2009) 13696-13704.

[27] A.-M. Hartmann, P. Blaesse, T. Kranz, M. Wenz, A.F. Schinder, K. Kaila, E. Friauf,
H.G. Nothwang, Opposite effect of membrane raft perturbation on transport
activity of KCC2 and NKCC1, Journal of Neurochemistry 111 (2009) 321-
331.

[28] B. Zhao, AY.C. Wong, AM. Murshid, D. Bowie, J.F. Presley, F.K. Bedford,
Identification of a novel di-leucine motif mediating K*/CI~ cotransporter KCC2
constitutive endocytosis, Cellular Signalling 20 (2008) 1769-1779.

[29] J.D. Thompson, D.G. Higgins, T.J. Gibson, Clustal W: improving the sensitivity
of progressive multiple sequence alignment through sequence weighting,
position-specific gap penalties and weight matrix choice, Nucleic Acid
Research 22 (1994) 4673-4680.



Biochemical and Biophysical Research Communications 420 (2012) 498-504

journal homepage: www.elsevier.com/locate/ybbrc

Contents lists available at SciVerse ScienceDirect

Biochemical and Biophysical Research Communications

The effects of designed angiopoietin-1 variant on lipid droplet diameter,
vascular endothelial cell density and metabolic parameters in diabetic db/db mice

Yu Jin Jung®, Hyun Ju Choi?, Jung Eun Lee?, Ae Sin Lee?, Kyung Pyo Kang *¢, Sik Lee *,
Sung Kwang Park ®¢, Tae Sun Park *¢, Heung Yong Jin *, Sang Young Lee ¢, Duk Hoon Kim ¢, Won Kim #<*

2 Department of Internal Medicine, Chonbuk National University Medical School, Jeonju, Republic of Korea
b Department of Diagnostic Radiology, Chonbuk National University Medical School, Jeonju, Republic of Korea
“Research Institute of Clinical Medicine of Chonbuk National University, Chonbuk National University Hospital, Jeonju, Republic of Korea

d Division of Forensic Medicine, National Forensic Service, Seoul, Republic of Korea

ARTICLE INFO ABSTRACT

Article history:

Metabolic syndrome consists of metabolic abnormality with central obesity, hypertriglyceridemia, insu-
lin resistance and hypertension. Adipose tissue has been known as a primary site of insulin resistance and
its adipocyte size may be correlated with the degree of insulin resistance. A designed angiopoietin-1,
COMP-Angiopoietin-1 (COMP-Ang1), mitigated high-fat diet-induced insulin resistance in skeletal
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Keywordfi ) muscle. In this study, we examined effects of COMP-Ang1 on adipocyte droplet size, vascular endothelial
/l-‘\ntg:jopmlﬂtm_] cell density in adipose tissue and metabolic parameters in db/db mice by administering COMP-Ang1 or
at drople

LacZ (as a control) adenovirus. Administration of COMP-Ang1 decreased fat droplet diameter in epidid-
ymal and abdominal visceral adipocyte and visceral fat content in db/db mice. The density of vascular
endothelial cell in adipose tissue was increased in db/db mice after treatment with COMP-Ang1. Serum
resistin and tumor necrosis factor-o level was lower after treatment with COMP-Ang1 in db/db mice.
COMP-Ang1 caused a restoration of fasting glycemic control in db/db mice and decreased serum insulin
level and insulin resistance measured by HOMA index. These findings indicate that COMP-Ang1 regulates
adipocyte fat droplet diameter, vascular endothelial cell density and metabolic parameters in db/db mice.

Endothelial cells
Insulin resistance

© 2012 Elsevier Inc. All rights reserved.

1. Introduction

Metabolic syndrome consists of metabolic abnormality with
central obesity, hypertriglyceridemia, hyperglycemia and hyper-
tension. Insulin resistance is a critical component in the pathogen-
esis of hyperglycemia and conveys an important role in metabolic
abnormalities, such as dyslipidemia and obesity [1]. Obesity is an
important factor of the metabolic syndrome in contributing a risk
factor for cardiovascular disease, diabetes, and cancer.

Adipose tissue has been known as a primary site of insulin resis-
tance [2]. Adipocytokines, such as tumor necrosis factor (TNF)-a
and resistin, are associated with the underlying insulin resistance
[3]. The function of adipocytes may differ depending on the size
of adipocytes. Adipocyte size may determine activity of lipases
such as adipose triglyceride lipase and hormone-sensitive lipase
[4]. Larger adipocyte may release more pro-inflammatory adipo-
kines than smaller adipocytes [5]. O’Connell et al. [6] have demon-
strated that the mean omental adipocyte size in a metabolically
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healthy obese individual is significantly lower compared with met-
abolically unhealthy patients and that omental adipocyte size is
correlated with the degree of insulin resistance. It has also been
demonstrated that increased lipid content in the liver may be
linked with increased visceral adiposity with increased adipocyte
diameter [7]. Thus, adipocyte size can be a key target for metabolic
syndrome.

Adipose tissue expansion is associated with compensatory
increased vasculature. Relative decreased blood supply may lead
to hypoxia and inflammation in person with obesity [8,9]. Chronic
inflammation in adipose tissue may aggravate insulin resistance
[10,11]. It has been suggested that increased adipose angiogenesis
reduced adipose tissue hypoxia and fibrosis [12]. Therefore,
increase of vascular endothelial cells in adipose tissue may miti-
gate the insulin resistance in obesity or diabetes.

Angiopoietin-1 is a growth factor and contributes to angiogen-
esis upon binding to Tie2 receptor [13,14]. Beside the angiogenic
effect, angiopoietin-1 is involved in hematopoietic stem cell differ-
entiation [15], cancer metastasis [16,17], antiapoptosis [18,19] and
anti-inflammation [20]. COMP-Angiopoietin-1 (COMP-Ang1) is a
designed variant of native angiopoietin-1 [21,22]. It is a soluble,
stable, and more potent angiopoietin-1 variant in Tie2 phosphory-
lation in endothelial cells. COMP-Ang1 has been reported to exert
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Fig. 1. Microscopic findings of abdominal epididymal and visceral adipocytes and PECAM-1-positive endothelial cells. (A) Microscopic findings of epididymal adipocytes.
Arrows indicate decreased adipocyte fat droplets. (B) Microscopic findings of abdominal visceral adipocytes. Arrows indicate decreased adipocyte fat droplets. (C and D)
Quantification of epididymal and abdominal visceral adipocytes fat droplets diameter. Visceral adipose tissue was harvested 7 d after COMP-Ang1 or vehicle treatment. Note
that epididymal and visceral adipocyte fat droplet diameter was significantly decreased after treatment with COMP-Ang1 in db/db mice. (E) Quantification of PECAM-1-
positive vascular endothelial cell area in epididymal adipose tissue. (F) Quantification of PECAM-1-positive vascular endothelial cell area in abdominal visceral adipose tissue.
The values are the mean * SD for five animals in each group. *P < 0.05 vs. db/m mice treated with vehicle; **P < 0.01 vs. db/m mice treated with vehicle; *P < 0.01 vs. db/db

mice treated with vehicle; **P < 0.01 vs. db/db mice treated with vehicle.

an anti-inflammatory effect in vascular endothelial cell [20,23]. Re-
cently, it has been reported that COMP-Ang1 increases skeletal
muscle blood flow and may prevent high-fat diet-induced insulin
resistance in skeletal muscle [24]. We have also shown that

COMP-Ang1 has a renoprotective effect in diabetic nephropathy
model [25]. However, effects of angiopoietin-1 on adipocyte size,
vascular endothelial cell density in adipose tissue and metabolic
parameters remain to be clarified.
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In this study, we explored effects of COMP-Ang1 on metabolic
abnormalities and proinflammatory markers using db/db mice,
evaluating the adipocyte lipid droplet diameter, the density of vas-
cular endothelial cell in adipose tissue, serum levels of resistin and
tumor mecrosis factor-o. (TNF-a) and insulin and glucose lowering
effects.

2. Materials and methods
2.1. Animals and experimental protocol

Male obese type 2 diabetic C57BL/Ks] db/db mice (db/db mice;
Japan SLC, Inc., Shizuoka, Japan) and age matched non-diabetic
C57BL/Ks] db/m control mice (db/m mice; Japan SLC, Inc., Shi-
zuoka, Japan) were fed standard laboratory chow (Orient Bio Inc,
Seoul, Republic of Korea) and given tap water ad libitum. Animals
were housed in a temperature-controlled (20 + 2 °C) and humidity-
controlled (60%) room. All animal studies were reviewed and ap-
proved by the Institutional Animal Care and Use Committee of
Chonbuk National University. The recombinant adenoviruses
expressing COMP-Ang1 or LacZ as a vehicle were constructed using
previously published methods [23]. In our previous experiments,
circulating serum levels of COMP-Ang1 increased 3 d after treat-
ment, peaked at 5d, and declined thereafter [23]. Based on this
study, we injected COMP-Ang1 or vehicle virus by intravenously
through the tail vein every 2 weeks.db/db mice, which had already
hyperglycemia (450-500 mg/dL in fasting glucose), were divided
into four groups and injected (1) vehicle in db/m mice (2) COMP-
Angl in db/m mice (3) vehicle in db/db mice (4) COMP-Ang1 in
db/db mice. During treatment, we evaluated body weight, food
and water intake, fasting glucose and insulin levels at 5 and 7 d
after COMP-Ang1 injection. Fasting blood glucose was measured
with an Accu-Check® Active (Roche Diagnostics GmbH, Mannheim,
Germany) and was expressed as milligrams per deciliter [26]. After
1 week of the COMP-Ang1 or vehicle treatment, mice were anes-
thetized with ketamine (100 mg/kg) and xylazine (10 mg/kg), the

blood and epididymal and abdominal visceral adipose tissue were
sampled and serum samples were stored at —80 °C until use.

2.2. Immunofluoroscent staining

Mice were anesthetized by intramuscular injection of a combi-
nation of anesthetics (ketamine and xylazine). Epididymal and in-
tra-abdominal visceral adipose tissues were fixed by vascular
perfusion of 1% paraformaldehyde in phosphate buffered saline,
removed, and whole-mounted. After blocking with 5% goat serum
in PBST (0.3% Triton X-100 in PBS) for 1 h, the whole-mounted epi-
didymal and intra-abdominal visceral adipose tissue were incu-
bated overnight at 4°C with hamster anti-PECAM-1 antibody
(Chemicon International, Temecula, CA) for vascular endothelial
cells and 4,6-diamidino-2-phenylindole (DAPI, Research Diagnos-
tics) for nuclei. After washing in PBST, whole-mounted epididymal
and intra-abdominal visceral adipose tissues were incubated for
1 h at room temperature with secondary antibody with Cy3- con-
jugated anti-hamster IgG antibody (Jackson ImmunoResearch Lab-
oratories, Inc., West Grove, PA). For control experiments, the
primary antibody was omitted or substituted with preimmune ser-
um. Slides were viewed with a microscope equipped with a digital
camera (Carl Zeiss, Goettingen, Germany).

2.3. BODIPY staining and visualization

Adipocytes are visualized by staining lipid droplets with the
fluorescent dye, BODIPY® 493/503 (Invitrogen, Carlsbad, CA). A
fresh solution of BODIPY 493/503 diluted in PBST was used for
staining. For fixative staining, adipose tissues were incubated in
4% paraformaldehyde solution for 15 min. After paraformaldehyde
solution was removed, adipose tissues were incubated in a volume
of 500 pL of 1 pg/mL BODIPY 493/503 for 1 h at room temperature.
Digital images were obtained with a LSM 510 META confocal laser
scanning microscope (Carl Zeiss).
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Fig. 3. Serum levels of resistin, TNF-o, insulin and insulin resistance calculation after COMP-Ang1 treatment. Serum resistin (A), TNF-o (B) and insulin (C) were determined
7 d after COMP-Ang1 or vehicle treatment. The values are the mean + SD for four animals in each group. (D) HOMA index. HOMA index was calculated by multiplying fasting
insulin (umol/L) and fasting glucose (mmol/L), divided by 22.5. Data are means * SD of seven mice (db/db mice treated with vehicle and db/db mice treated with COMP-Ang1)
and five mice (db/m mice treated with vehicle and db/m mice treated with COMP-Ang1). *P < 0.05 vs. db/m mice treated with vehicle; “P < 0.05 vs. db/db mice treated with

vehicle.

2.4. Determination of adipocyte fat droplet diameter

Diameter of fat droplets in epididymal and visceral adipocytes
was measured according to the previous direct microscopic meth-
ods with some modifications [27,28]. Briefly, each adipose tissue
was whole mount stained with bodipy, then 10 digital miages of
every other nonoverlapping x 400 microscopic field were captured
with a Zeiss LSM 510 confocal microscope (Carl Zeiss). The diameter
of cells in each image was measured with software program (Strat
LSM Image Browser, Carl Zeiss). With this method, we measured
300 cells in epididymal and visceral adipose tissue in each group.

2.5. Magnetic resonance imaging (MRI)

For MRI acquisition, anesthesia was induced by an intramuscu-
lar injection of ketamine (100 mg/kg) and xylazine (10 mg/kg).
Mice were placed in a supine position and applied with a small
flexible coil supplied by 1.5T MR machine (Symphony; Siemens
Medical System, Erlangen, Germany). Transverse T1-wighted MR
images (repetition time, 480 ms; echo time, 12 ms; field of view,
8 cm; matrix 192 x 256) were used to study the distribution of
fat stores in db/db and db/m mice. Two transverse T1-weighted
MR images were obtained at the level of mid-kidney. The area of
visceral fat of the mice was calculated on T1-wighted MR image
by using a digital image analysis program (AnalySIS, Soft Imaging
System, Miinster, Germany).

2.6. Resistin, TNF-o, insulin measurements and HOMA index
calculation

Resistin and TNF-o. were determined in mouse serum using an
ELISA assay (Pierce Biotechnology, Rockford, IL). Insulin was
measured using an ELISA kit (Shibayagi Co., Ltd, Gunma, Japan).
Insulin resistance was determined by the homeostasis model
assessment (HOMA) method by using the following equation:
HOMA index = [fasting insulin (pU/mL) x fasting glucose (mmol/
L)]/22.5 [29].

2.7. Statistical analysis

Data were presented as mean = SD. Multiple comparisons were
examined for using Student’s unpaired ¢ test. A statistical value of
p <0.05 was considered significant.

3. Results

3.1. COMP-Ang1 decreases fat droplet diameter and increase density of
PECAM-1-positive cells

The epididymal and visceral adipocyte fat droplets diameter in
db/db mice treated with vehicle were significantly increased 2.9-
fold and 1.9-fold respectively, compared to that of control db/m
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mice (Fig. 1). Treatment with COMP-Ang1 significantly decreased
the diameter of fat droplets in epididymal and visceral adipocyte
of db/db mice by 32.6% and 27.4%, respectively (Fig. 1A-D). The
density of PECAM-1-positive endothelial cell in epididymal and
visceral adipose tissue was evaluated by immunofluorescent
staining. Immunofluoroscent data showed that the density of
PECAM-1-positive area in epididymal adipose tissue of vehicle-
treated db/db mice was significantly decreased compared to that
of control db/m mice (Fig. 1E). COMP-Angl treatment signifi-
cantly increased the density of PECAM-1-positive area in epidid-
ymal and abdominal visceral adipose tissue of db/db mice
(Fig. 1E and F). Treatment with COMP-Ang1 has no significant ef-
fect on the diameter of epididymal and visceral adipocyte fat
droplets in db/m mice (Fig. 1C and D). The density of PECAM-
1-positive area in visceral adipocyte was not significantly chan-
ged in db/m mice after treatment with COMP-Angl (Fig. 1F).
However, the density of PECAM-1-positive area in epididymal
adipocyte was increased in db/m mice after treatment with
COMP-Ang1 (Fig. 1E).

3.2. COMP-Ang1 reduces abdominal visceral fat content

MRI in Fig. 2 is representative cross-sectional images. The area
of bright signal intensity in the abdomen is the intra-abdominal
fat, where as the outer band of bright signal intensity is the subcu-
taneous fat. The area of visceral abdominal fat in the COMP-Ang1-
treated db/db mice was significantly decreased compared to vehi-
cle-treated db/db mice at 11 d after administration of COMP-Ang1.

3.3. COMP-Ang1 suppresses serum resistin and TNF-o level

There was a significant increase in serum resistin levels in vehi-
cle-treated db/db mice compared with control db/m mice (Fig. 3A).
Administration of COMP-Ang1 resulted in a significant decrease in
the level of serum resistin in db/db mice compared the level in
vehicle-treated db/db mice. The level of serum TNF-a was signifi-
cantly higher in db/db mice than the level in control db/m mice.
Administration of COMP-Ang1 significantly blocked the increase
in serum TNF-o in db/db mice (Fig. 3B). Treatment of db/m mice
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with COMP-Ang1 has no significant effect on serum resistin and
TNF-a level (Fig. 3A and B).

3.4. COMP-Ang1 ameliorates plasma insulin level and HOMA index

Effects of COMP-Ang1 on the plasma insulin levels in db/db
mice were compared with those of the vehicle-treated db/db mice.
The mean serum insulin level in vehicle-treated db/db mice was
significantly increased compared to control db/m mice (Fig. 3C).
However, the serum insulin level was markedly decreased in the
COMP-Ang1-treated db/db mice (Fig. 3C). To evaluate insulin resis-
tance, HOMA index was calculated using fasting glucose and insu-
lin values. Vehicle-treated db/db mice showed a higher HOMA
index than that of control db/m mice. COMP-Ang1 administration
ameliorated the HOMA index in db/db mice (Fig. 3D). There was
no significant change in the serum insulin level or HOMA index
of db/m mice after treatment with COMP-Ang1. These data sug-
gested that COMP-Ang1 improves insulin resistance in db/db mice.

3.5. Effect of COMP-Ang1 on plasma fasting blood glucose, water
intake and body weight

Blood glucose level was significantly higher in the vehicle-
treated db/db mice than in db/m mice (Fig. 4A). The blood glucose
level in db/db mice was significantly reduced by treatment with
COMP-Ang1 at d 5 and 7 (Fig. 4A). The water intake was signifi-
cantly reduced after treatment with COMP-Ang1 compared with
vehicle-treated db/db mice (Fig. 4B). Treatment with COMP-Ang1
did not result in a significant weight change for the db/db mice
compared with the vehicle-treated db/db mice (Fig. 4C). Fasting
plasma glucose, water intake and body weights for db/m control
mice were little altered by COMP-Ang1 treatment (Fig. 4).

4. Discussion

This study has focused on the changes of adipocyte fat droplet
diameter, angiogenesis in adipose tissue and metabolic parameters
in db/db mice after injection of COMP-Angl. Our data demon-
strated that COMP-Ang1 decreased fat droplet diameter and vis-
ceral fat content in db/db mice. The density of PECAM-1-positive
vascular endothelial cell in adipose tissue was increased after
COMP-Ang1 treatment. COMP-Ang1 decreased serum resistin and
TNF-o and improved insulin resistance measured by HOMA index.
These results indicate that COMP-Ang1 may ameliorate metabolic
parameters through regulation of fat droplet diameter and vascular
endothelial cell density in type 2 diabetes.

Obesity is an important factor of the metabolic syndrome. Adi-
pocytes are an important site in regulation of metabolic syndrome
functioning as an endocrine organ with production of hormones or
adipokines [30,31]. There is a growing body of evidence that adipo-
cyte size is correlated with adipocyte function and insulin sensitiv-
ity in obesity or diabetes [32]. As the metabolic activity of
mammalian adipocytes depends on their size, fat droplet size can
be a one of important factors associated with insulin resistance
in obesity or diabetes [32]. Therefore, we evaluated the changes
of diameters of fat droplet in db/db mice. In line with previous
data, our results demonstrated that COMP-Ang1 administration
decreased epididymal and abdominal visceral adipocyte lipid drop-
let diameter and serum levels of resistin in db/db mice [5,32].

Insufficient angiogenesis in obesity may contribute to hypoxia
and proinflammatory conditions in adipose tissue [33]. These hy-
poxia and inflammatory conditions may aggravate the signaling
of insulin and insulin resistance [10,12]. Thus, appropriately in-
creased vascular density in adipose tissue expansion is important
in regulation of glucose. It was reported that capillary density in

obese subjects was significantly lower than that of lean subjects
[11]. Our immunofluoroscence data demonstrated that the density
of PECAM-1-positive vascular endothelial cell in adipose tissue of
db/db diabetic mice was lower than db/m mice (Fig. 1). This data
suggests that decreased vascular endothelial cell density may be
a contributing factor in insulin resistance in type 2 diabetes. Our
data also demonstrated that COMP-Ang1 increased the PECAM-1-
positive vascular endothelial cell density which was decreased in
diabetic mice. These results indicate that COMP-Ang1-induced in-
crease of vascular endothelial cell density may be a way to reverse
the insulin resistance in diabetes or obesity.

One of the limitations of our study in the increasing effect of
COMP-Ang1 on adipocyte fat droplet diameter is that there is no
direct mechanism of COMP-Ang1 on adipocyte. Dallabrida et al.
[34] have demonstrated that there is no protein expression of
Tie2, a receptor of angiopoietin-1, in freshly isolated adipocyte
from epididymal adipose tissue or pre-adipocytes (3T3-L1). There-
fore, COMP-Ang1 does not directly act on adipocyte. Our immuno-
fluoroscent data of PECAM-1 demonstrated that COMP-Angl
increased angiogenesis in both epididymal and visceral adipose tis-
sue (Fig. 1). In mechanism of COMP-Ang1 in adipocyte diameter,
we suggest secondary effects with angiogenesis in adipose tissue
of db/db mice.

We found that db/db mice showed a significant increase in
insulin resistance (HOMA-IR) index and COMP-Ang1 significantly
decreased HOMA-IR index of db/db mice (Fig. 3). It was already
demonstrated that COMP-Ang1 increased muscle blood flow and
decreased insulin resistance in obesity-induced diabetes models.
All of these results suggest that administration of COMP-Ang1 de-
creased insulin resistance in both mice model. In this study, we
also suggest that COMP-Ang1-induced decreased diameter of adi-
pocyte fat droplet in epididymal and abdominal visceral adipose
tissue can be an important factor in improvement of insulin
resistance.

In summary, COMP-Ang1 may be a new therapeutic candidate
for decreasing insulin resistance, diameter in adipocyte, visceral
fat content, serum resistin and TNF-o level, insulin resistance
and fasting high glucose and induce adipose tissue angiogenesis
in db/db mice.
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Accumulating evidence suggests that podocyte hypoxia is an alternative mechanism for the pathogenesis
of renal diseases. Functional, large-conductance, calcium-activated potassium channels (BKc, channels)
are expressed in podocytes as mechanosensitive channels; however, whether BK¢, channels are involved
in the podocyte response to chronic hypoxia and the possible underlying mechanisms remain unclear.

KeyWOTdSI Here, we use the patch clamp technique to show that the exposure of human podocytes to 2% O, for
Il;ly(]jaom: 24 h causes a significant reduction in BK¢, channel currents. Molecular biology experiments showed that
odocytes

chronic hypoxia increased BKc, channel 4-subunit mRNA and protein expression, but not the expression
of the BK¢, pore-forming o- or B3-subunits. Furthermore, chronic hypoxia shifted the channel activation
range toward more depolarized voltages and slowed its activation kinetics, which are similar to the
properties conferred by the p4-subunit. We conclude that BKc, channels are involved in the response
of podocytes to chronic hypoxia via the upregulation of the B4-subunit. These findings provide new

BKc, channels

insight into the mechanism underlying the cellular responses of podocytes to hypoxia.

© 2012 Elsevier Inc. All rights reserved.

1. Introduction

Chronic hypoxia is considered a common final pathway by
which chronic kidney disease progresses to end stage renal disease
(ESRD) [1]. However, most studies have focused on the tubuloin-
terstitial space, with little attention paid to glomerular damage.
Glomerular podocytes are critically required for the maintenance
of the glomerular filtration barrier [2]. There is evidence that
hypoxia and ischemia also compromise the structure and function
of podocytes [3,4]. Hypoxia is an alternative mechanism for the
pathogenesis of rapidly progressive glomerulonephritis [5]. It was
recently shown that the glomerular expression levels of a majority
of the genes regulated by hypoxia-inducible factors (HIFs) are
significantly altered in human nephrosclerosis, suggesting that
chronic hypoxia is involved in nephrosclerosis [6]. Although accu-
mulating evidence indicates that hypoxia plays a critical role in the
pathogenesis of renal disease, the mechanism underlying the
cellular responses of podocytes to hypoxia is not clear.

Although O,-sensitive tissues express a wide variety of channel
types, the hypoxic suppression of large-conductance, calcium-
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activated K* channels (BKc, channels) is central to the cellular
mechanism of O, sensing [7]. Indeed, the BKc, channel was one of
the first native ion channels shown to be inhibited by hypoxia [8].
Subsequently, the hypoxic inhibition of BK¢, channel activity was
demonstrated in the carotid body [9], arteriolar smooth muscle
[10], central neurons [11], and cardiac myocytes [12]. In these cells,
the hypoxic inhibition of BKc, channels leads to their depolariza-
tion. Depolarization activates voltage-gated Ca®* channels, and the
subsequent influx of Ca®" triggers cellular adaptive responses to
hypoxic conditions [7-13]. However, some controversy still
surrounds BK¢, channel involvement in some cell types, such as
vascular smooth muscle cells [14,15]. The mechanisms of the
hypoxic inhibition of BKc, channel activity are unclear. The func-
tional BKc, channels are composed of pore-forming o-subunits
and accessory B-subunits [7]. It has been reported that the pore-
forming oi-subunits have an important role in the hypoxic inhibition
of BKc, channel activity via the carbon monoxide pathway [16], a
membrane-delimited mechanism [17] and the AMP-activated pro-
tein kinase (AMPK) pathway [18]. However, it has been proposed
that pB-subunits are involved in the hypoxia-induced inhibition of
BKc, channel activity in cardiac myocytes [12] and arterial myo-
cytes [10]. Functional BKc, channels were first reported in human
podocytes [19] and were later described in mouse podocytes [20].
As BKc,; channels have gating properties that are sensitive to the
mechanical stretch of the plasma membrane [19], they may
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contribute to mechanosensation in podocyte foot processes [21].
However, the relationship between the BK¢, channels of podocytes
and hypoxia has not yet been established.

We therefore hypothesized that BKc, channels are involved in
the response of podocytes to chronic hypoxia. To test our hypoth-
esis, we studied the effect of chronic hypoxia on the expression and
function of BK¢, channels in a cultured human podocyte cell line.
We also examined the possible underlying mechanisms of the
modulation of BK¢, channels during chronic hypoxia.

2. Materials and methods
2.1. Cell culture and hypoxic treatments

A conditionally immortalized human podocyte cell line trans-
fected with the temperature-sensitive SV40 gene construct was
maintained in RPMI1640 medium (HyClone, USA) supplemented
with ITS (insulin, transferrin, sodium selenate; Sigma-Aldrich,
USA) and 10% FBS (HyClone, USA) at 33 °C. The cells were propa-
gated at 33 °C, and their differentiation was induced by a shift to
the nonpermissive temperature of 37 °C in the same medium for
11-14 days. Fully differentiated cells were placed into the normox-
ic (21% 0;) or hypoxic (2% O, r 10% O,) environments.

2.2. Real-time PCR

Cells treated with hypoxia or drugs were isolated according to
the manufacturer’s protocol. Reverse transcription was performed
using an RT system (Eppendorf Mastercycler, Hamburg, Germany)
in a 10 pl reaction mixture. A total of 0.5 mg RNA was used in the
reaction, and a High Capacity cDNA RT Kit (ABI Applied Biosystems,
USA) was used for the initiation of cDNA synthesis. All real-time
PCR experiments were performed with SYBR Green PCR Master
Mix (ABI Applied Biosystems, UK) using an ABI PRISM 7500 (ABI
Applied Biosystems, USA). Primer sequences for BKc, were as
follows (5'-3’): KCNMA1 sense AACCCGCCCTATGAGTITG and
antisense GGATGGGATGGAGTGAACAG; KCNMB3 sense GAGAG-
GACCGAGCCGTGATG and antisense CACCACCTAGCAGAGTCAGTG-
AAG; KCNMB4 sense GCGTTCTCATTGTGGTCC and antisense
TTCC-AGTTGTGCCTGTTTC. Amplification products were sequenced
with ready-reaction mix from ABI using sense primer and read on
an ABI Prism genetic analyzer.

2.3. Western blot

Fully differentiated podocytes were washed with ice-cold PBS,
centrifuged at 3000 r/min for 10 min and then extracted in lysis
buffer that contained 1% protease inhibitor solution. The cell ly-
sates were subsequently incubated on ice for 15 min and centri-
fuged at 13,500 r/min for 15 min. The BCA Protein Assay Kit
(Pierce, USA) was used to quantitate the total protein concentra-
tion. The samples were subjected to electrophoresis by 10% SDS-
PAGE, and the separated proteins were then transferred to nitrocel-
lulose membranes. After transfer, the nitrocellulose membranes
were blocked in 5% non-fat milk for 2 h at room temperature and
then incubated with the appropriate primary antibody: BKc, o-,
B3- or B4-subunit antibodies (1:200; Abcam, England) or an actin
antibody (1:500; Santa Cruz, USA). After washing, the membranes
were incubated with fluorescence-conjugated goat anti-rabbit IgG
or goat anti-mouse IgG secondary antibody (1:10,000; Invitrogen,
USA). The band densities were quantified with the Odyssey infra-
red imaging system (Li-COR, Lincoln, NE, USA).

2.4. Electrophysiologic recordings

The BKc, currents were recorded in the whole-cell configura-
tion. The fully differentiated cells were placed directly in the cell
chamber, which was mounted on the stage of an inverted micro-
scope (Nikon Eclipse Ti-S, Japan), and then washed with bath
solution at a constant speed. Pipettes were drawn from borosilicate
glass on a pipette puller P-97 (Sutter Instrument, USA) and had
resistances of 2-5 MQ when filled with electrolyte. Automatic ser-
ies resistance compensation was performed routinely and moni-
tored continuously. All experiments were performed at room
temperature (20-22 °C). For whole-cell recordings, the internal
solution contained 15 mM KCl, 130 mM K aspartate, 1 mM MgCl,,
10 mM EGTA, 10 mM Hepes and 5.76 mM CaCl, (free Ca?* concen-
tration 200 nM); the pH was adjusted to 7.2 with KOH. The
standard bath solution contained 145 mM NaCl, 4.5 mM KCl,
1 mM MgCl,, 2 mM CaCl, and 10 mM Hepes; the pH was adjusted
to 7.4 with NaOH. The podocytes in passages 5-15 were depolar-
ized from a holding potential of —60 mV ranging from —80 mV to
+80 mV in 20 mV steps for 700 ms for current recordings. Currents
were amplified with the Axo-patch 200B (Axon Instruments, USA),
low-pass filtered at 1kHz, and recorded online via a Digidata
1440A interface (Axon Instruments, USA). Data acquisition and
analysis was performed with pClamp 10.2 software (Axon Instru-
ments, USA). Conductance data were expressed as G/Gmax and
were fitted to the Boltzmann equation. All the reagents used in
electrophysiologic recordings were purchased from the Sigma-Al-
drich Company, USA.

2.5. Statistical analysis

Data are expressed as the mean + SEM, with the number (n) of
experiments indicated. Statistical analyses were performed using
the unpaired t-test (SPSS 16.0), and graphs were prepared with
Adobe Photoshop or plotted in Graphpad prism 5 (GraphPad Soft-
ware, Inc.). A value of p<0.05 was considered statistically
significant.

3. Results
3.1. Chronic hypoxia inhibited BKc, channel currents

In initial experiments, the effects of chronic hypoxia on BKc,
channel currents were examined by the patch clamp technique.
In these experiments, the cells were dialyzed using a pipette solu-
tion containing a physiologic Ca?* activity of 200 nM, and a sub-
stantial outward current was evoked (Fig. 1A). Fig. 1A shows that
the reversal potential of channel currents was near —60 mV, which
was similar to the equilibrium potential for K* (the concentration
of K* outside and inside the cells was 145 mM and 4.5 mM, respec-
tively). Furthermore, the currents at +80 mV were reduced to 41%
by 5 mM TEA (n=5, p<0.01), a non-selective K* channel blocker,
whereas 100 nM Penitrem A, a selective BKc, channel blocker
[22], led to an irreversible 29% inhibition of the channel currents
(n=4, p<0.01). Raising intracellular Ca?* concentrations from
200 nM to 5 uM caused an increase in current amplitude, as shown
in Fig. 1B. These data demonstrated that the outward currents
evoked using this protocol were entirely attributable to BKc, chan-
nels, which is in agreement with a previous report by Morton et al.
[19].

Fig. 1C shows that exposure of podocytes to 2% O, for 24 h
caused a significant reduction in currents at +80mV from
14.45 +2.06 pS to 4.78 + 1.12 pS (p < 0.01). We confirmed that the
cell viability of podocytes was not markedly changed during the
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Fig. 1. Chronic hypoxia inhibits BKc, channel currents in human podocytes. (A) Representative whole-cell BKc, currents and mean [-V curves showed that raising the
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course of these studies (data not shown). Additionally, the effect of
chronic hypoxia on channel currents did not result from cell swell-
ing or shrinkage because there was no change in mean membrane
capacitance between the hypoxic and normoxic groups
(151.50+28.20 vs. 127.29 +38.72, p > 0.1), although a previous
study has shown that BK¢, channel activity is modulated by cell
swelling in podocytes [19]. These data suggested that chronic
hypoxia inhibited BK¢, channel currents.

3.2. Chronic hypoxia selectively modulated BK¢, channel subunit
expression

Previous studies have demonstrated that the BK¢, pore-forming
o-subunit, which is encoded by the KC(NMAT1 gene, and two acces-
sory B-subunits, the B3- and p4-subunits, which are encoded by the
KCNMB3 and KCNMB4 genes, respectively, are expressed in native
human podocytes and a human podocyte cell line [19]. The effects
of chronic hypoxia on the expression of o- and B-subunit mRNAs
were examined. Interestingly, exposure of podocytes to 2% O, for
24 h caused a significant increase in the p4-subunit mRNA level,
but not the o~ or B3-subunit mRNA levels, as shown in Fig. 2A.
The expression of both o~ and B3-subunit mRNA was unaltered
by the changes in the time course of hypoxia from 6 h to 48 h, as
shown in Fig.2B and C. However, Fig. 2D shows that the upregula-
tion of B4-subunit mRNA transcripts by chronic hypoxia was mark-
edly time-dependent, showing an onset at 6 h, a peak at 12-24 h
and some reversion at 48 h. Furthermore, the extent of f4-subunit
mRNA upregulation was dose-dependent, as shown in Fig. 2E.

Western blot experiments showed that chronic hypoxia
induced by exposure to 2% O, for 24 h led to an increase in the
protein levels of the p4-subunit but not the a-subunit or the p3-
subunit (Fig.3). These experiments suggested that chronic hypoxia
selectively upregulates the expression of the BKc, channel p4-sub-
unit in podocytes.

3.3. Chronic hypoxia modified the voltage-dependence and activation
kinetics of BK¢, channels

It is well known that the B4-subunit of BKc; downregulates
channel activity by shifting the activation range of BKc, toward
more depolarized voltages and slowing its activation kinetics in
both endogenous and exogenous systems [23,24]. Therefore, we
examined the effects of chronic hypoxia on the voltage-depen-
dence and activation kinetics of BKc, channels. Fig.4 shows that,
as expected, the activation of the currents was significantly slower
in the hypoxic cells than in the normoxic cells. Chronic hypoxia
caused a marked increase in the time constant for activation
(4.59 +1.67 vs. 25.16 £ 11.04, p < 0.05). In contrast to the activation
kinetics, the deactivation kinetics of BKc; channels was not
influenced by chronic hypoxia (Fig. 4C). Additionally, the voltage-
dependence of steady-state activation was shifted to the right by
chronic hypoxia (Fig. 4D). Our electrophysiologic data were in fair
agreement with the molecular biologic data, suggesting that
hypoxic inhibition of BKc; channels can be attributed to the upreg-
ulation of the p4-subunits of BK¢, channels.

4. Discussion

Accumulating evidence has indicated that hypoxia in podocytes
contributes to the pathogenesis and progression of glomerular
disease [25]. In this study, we have obtained molecular and
functional data indicating that BKc, channels are involved in the
responses of podocytes to chronic hypoxia. We showed that in cul-
tured human podocytes, chronic hypoxia causes an increase in the
mRNA and protein expression levels of the 4-subunit, but not the
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Fig. 3. The effects of chronic hypoxia on the expression of BKc, channel subunit
proteins. (A) Western blot detection also showed augmented expression of BKc,
channel p4-subunit and unchanged o- and B4-subunit protein levels in podocytes
with hypoxic treatment. (B) Bars showed the quantitation of subunit expression
level in podocytes cultured in 2% O, for 24 h vs. normoxic culture. Data are reported
as the mean * SEM of 3-4 experiments. Asterisks indicate the statistical significance
(*p <0.05) with respect to the values calculated for normoxic conditions.

BKc, channel pore-forming o-subunit or B3-subunit. Functional
evidence suggested that the exposure of podocytes to chronic hy-
poxia leads to a decrease in the activity of the BK¢, channel. Our
electrophysiologic data supports the results from the molecular
biologic experiments that suggest that chronic hypoxia induces
the selective upregulation of the p4-subunit of BKc, channels, as
chronic hypoxia altered the electrophysiologic properties of BKc,
channels conferred by the p4-subunit. These findings provide
new insight into the mechanism underlying the cellular responses
of podocytes to hypoxia.

BKc, channels have been identified as one of the key mediators
of the response to hypoxia. Previous studies demonstrated that hy-
poxia inhibited BKc, channels in the carotid body [9], arteriolar
smooth muscle [10], central neurons [11], and cardiac myocytes
[12]. In contrast, BKc, channels are completely insensitive to hy-
poxia in some cells [14] and are even activated by hypoxia in other
cells [15]. The responsiveness of native BK¢, channels to changes in
oxygen tension is as diverse as the tissues in which they are ex-
pressed [7]. In addition, the adaptive responses to hypoxia depend
on prior and prevailing conditions, which may involve changes in
BKc, channel expression, although the underlying mechanisms
are essentially unknown [26]. The present study demonstrated that
chronic hypoxia inhibited BKc, channel currents in human
podocytes.

The mechanisms by which hypoxia regulates BKc, channel
activity are unclear. BKc, channels are widely distributed channels
activated by both voltage and intracellular Ca?* [27]. The functional
BKc, channels are composed of pore-forming o-subunits and
accessory B-subunits. Heme seems to bind directly to BK¢, chan-
nels through the C-terminus of o-subunits, which possess a
conserved heme-binding sequence motif [28]. Additionally, the
a-subunits of BK¢, channels are physically associated with heme
oxygenase-2 (HO-2) [16], which uses heme and electrons from
NADPH cytochrome-P450 reductase to generate carbon monoxide
in the presence of oxygen. Carbon monoxide was found to enhance
BKc, channel activity directly in both native and recombinant
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(*p < 0.05) with respect to the values for normoxic conditions.

systems [9-29]. Hypoxia reduces the availability of carbon monox-
ide which, in turn, results in channel closure. Thus, HO-2 is
proposed to act as an enzyme-linked oxygen sensor of BKc, chan-
nels [7,16,30]. In contrast to the enzyme-linked mechanism, BKc,
channels can also be activated by localized intracellular Ca®* tran-
sients termed Ca2* sparks, which generate the micromolar subsar-
colemmal intracellular Ca®* concentration elevation necessary for
BK¢, channel activation [31]. In cerebral artery smooth muscle cells
[32] and HEK 293 cells stably co-expressing the o~ and B-subunits
of BKc, channels [33], patch clamp experiments showed that in
inside-out membrane patches, and in the absence of any added
enzyme substrates, BKc, channel activity is inhibited by hypoxia
in an intracellular Ca%*-dependent manner. These data indicate
that hypoxia reduces BK¢,; channel activity through a membrane-
delimited mechanism, leading to a decrease in the effective cou-
pling of Ca?* sparks to BKc, channels [32,33]. However, it has been
proposed that the sensitivity of BKc, channels to hypoxia is
conferred by a highly conserved motif within an alternatively
spliced cysteine-rich insert, the stress-regulated exon (STREX),
which is located within the intracellular C terminus of the channel
[17].

In addition to the alternative splicing of a-subunits, B-subunits
contribute to the molecular diversity of BKc, [27]. It has recently
been reported that B-subunits are involved in the hypoxia-induced
inhibition of BKc, channel activity in cardiac myocytes [12] and
arterial myocytes [10]. At present, four BKc, channel B-subunits
have been cloned in mammals ($1-p4, coded by the corresponding
KCNMB1-4 genes) [27]. The B4-subunits are predominantly ex-
pressed in neurons as “downregulators of BK¢, channels” due to
shifts in their activation range toward more depolarized voltages,
thereby slowing the activation kinetics of BKc, [23,24]. B4-subunits
are also expressed in human podocytes [19] and act on the gating
properties of BKc,; channels similarly as in neural cells [20]. In the
present study, our biologic evidence showing that chronic hypoxia
exclusively modulated the mRNA expression and protein expres-
sion of the B4-subunits in podocytes was in agreement with the

electrophysiologic evidence. Additionally, our data suggested that
the influence of chronic hypoxia on the p4-subunits of BKc, chan-
nel in podocytes occurs at least at the transcriptional level. In
almost every cell type, adaptation to chronic hypoxia (for hours
to days) critically depends on transcriptional mechanisms that
determine the level of expression of numerous genes [30]. How-
ever, we have not yet ruled out other mechanisms, such as subunit
translation, trafficking, assembly, or a combination of these
processes, which could provide a powerful stimulus for functional
BKc, channel remodeling.

It has been proposed that the hypoxic-induced inhibition of
BKc. channels contributes to the activation of voltage-gated Ca%*
channels through their depolarization in many cell types, such as
the carotid body and central neurons [13]. However, podocytes
do not express voltage-gated Ca®* channels [34]. Available evi-
dence suggests that TRPC6 channels represent a physiologicly
important source of Ca®* influx in podocytes [35]. It is speculated
that in podocytes, BKc, channels that are colocalized with TRPC6
channels provide positive feedback for Ca?* influx [21-36]. Owing
to voltage-dependent pore blockage by Ca?*, membrane hyperpo-
larization induced by BKc, channel activation causes TRPC6 chan-
nels to increase Ca®" permeability, conversely, depolarization
decreases Ca?* influx through TRPC6 channels [37]. According to
this view, the hypoxic inhibition of BK¢, channels in podocytes
may decrease Ca®* permeability, leading to changes in intracellular
calcium and Ca?*-dependent signaling pathways. However, it has
recently been proposed that there is an antagonistic relationship
between TRPC5 and TPRC6 to coordinate Ca?* signaling in podo-
cytes [38]. The interaction between BKc, channels and TRPC5 chan-
nels has not yet been tested in podocytes. Future studies will be
required to address these unresolved issues.
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Bcr is a serine/threonine kinase that is a critical regulator of vascular smooth muscle cell inflammation
and proliferation. We have previously demonstrated that Bcr acts in part via phosphorylation and inhi-
bition of PPARy. We have identified the RNA helicase UAP56 as another substrate of Bcr. In this report
we demonstrate that knockdown of UAP56 blocks Bcr induced DNA synthesis in vascular smooth muscle
cells (VSMC). We also found that over expression of Bcr increased the expression of cyclin E and
decreased the expression of p27. Knockdown of UAP56 reversed the effect of Bcr on cyclin E and p27
expression. Furthermore, we found that Bcr binds to UAP56 and demonstrate that binding of UAP56 to

Ber is critical for Ber induced DNA synthesis in VSMC. Our data identify UAP56 as an important binding
partner of Bcr and a novel target for inhibiting vascular smooth muscle cell proliferation.

© 2012 Elsevier Inc. All rights reserved.

1. Introduction

Pathologic vascular smooth muscle cells (VSMC) proliferation
occurs in many disease states including hypertension, atheroscle-
rosis and restenosis after injury [1,2]. This proliferation is mediated
by growth factors such as platelet-derived growth factor (PDGF)
and vasoconstrictive hormones such as Angiotensin Il (Ang II),
which induces protein synthesis and DNA synthesis and enhances
PDGF induced DNA synthesis [1,3,4]. We have recently reported
that breakpoint cluster region (Bcr), a serine/threonine kinase is
an important mediator of Ang Il and PDGF mediated responses in
VSMC [5]. We found that knockdown of Bcr inhibited Ang Il med-
iated NF-xB activation in VSMC. Specifically, we found that over
expression of Bcr inhibits PPARy transcriptional activation via
phosphorylation of PPARY, resulting in enhancement of NF-«xB
transcriptional activation. In addition to PPARYy, we found evidence
of UAP56 as another substrate for Bcr.

UAP56 is an RNA helicase that was first identified in an analysis
of genes centromeric to HLA-B in the human major histocompati-
bility complex and was named BAT1 (HLA B associated transcript
1) [6]. BAT1 was rediscovered as an essential RNA splicing factor
recruited to mRNA precursors (pre-mRNA) by the splicing factor
U2AF® and was renamed UAP56 (56-kD U2AF associated protein)
[7]. UAP56 is a member of the DEXD/H box family of proteins
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(named after the amino acid sequence) and is an RNA dependent
ATPase, hydrolyzing ATP into ADP [8,9]. UAP56 is part of the TREX
(transcription/export) complex [10] which is recruited to activated
genes during transcription and travels the length of the gene with
RNA polymerase during transcription elongation [10]. UAP56 plays
a major role in several steps of RNA biology including spliceosome
assembly, mRNA export, and protein synthesis [11-14], and knock-
down of UAP56 leads to down regulation of genes involved in the
cell cycle, mitosis, cell division and DNA repair [15]. In the present
study, we found that UAP56 is a key cell cycle regulator and is a no-
vel interacting partner of Bcr in regulating VSMC DNA synthesis.

2. Materials and methods
2.1. Cell culture

Rat VSMC were isolated as previously described [5] and were
maintained in DMEM. Hela cells were grown in DMEM containing
10% fetal bovine serum.

2.2. Plasmids and adenoviruses

UAP56 wild-type (WT) plasmid was purchased from Origene.
The single mutation of UAP56 was created with the QuikChange
site-directed mutagenesis kit (Stratagene) as previously described
[13]. Bcr WT plasmid was prepared as described previously [5].
For transient expression experiments, cells were transfected
with Lipofectamine 2000 (Invitrogen) as previously described
[13]. For siRNA experiments, VSMC were transfected with control
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or UAP56 siRNA oligonucleotides (Dharmacon) using Lipofectamine
RNAIMAX reagent (Invitrogen). WT Bcr, WT UAP56, and UAP56
fragment 2 adenoviruses were generated using ViraPower Adenoviral
Expression System (Invitrogen).

2.3. Immunoprecipitation and Western blot

After treatment with reagents (indicated in the legends), the
cells were washed twice with PBS and harvested in 0.5 mL of lysis
buffer as previously described [5]. For immunoprecipitation, cell
lysates were incubated with mouse anti-UAP56 antibody (1-
2 pg) overnight at 4 °C, and then protein A/G beads were added
and further incubated for 2 h. The beads were then washed and
boiled in 2X SDS sample buffer and western blotting was per-
formed with primary antibodies as indicated in the legends fol-
lowed by incubation with horseradish peroxidase-conjugated
secondary antibody (Amersham Life Science).

2.4. [’H] Thymidine incorporation assay

Cells were plated in 12 well plates and transfected with WT Bcr or
WT UAP56 plasmids using Lipofectamine 2000 or were infected with
adenoviruses. Cells were pulsed with [*H] thymidine during the last
1-hour of incubation and DNA synthesis was measured as described
before [5]. Briefly, cells were washed twice with cold PBS, then
500 pl of 10% ice-cold trichloroacetic acid was added to each well,
and precipitates were collected on a micro-fiber filter using a mani-
fold. Filters were washed twice with ice-cold 5% trichloroacetic acid,
followed by 95% ethanol, allowed to air-dry, and then suspended in
scintillation fluid. Acid precipitable counts were quantitated using a
scintillation counter. Each experiment was performed at least three
times, and triplicate wells were used in each experiment.

2.5. Mammalian two-hybrid assay

Hela cells were transfected in Opti-MEM (Invitrogen) with
Lipofectamine mixture containing the pG5-luc vector and various
pBIND and pACT plasmids (Promega) for 4 h. The pBIND vector
contains the yeast GAL4-DNA-binding domain upstream of a mul-
tiple cloning region, and the pACT vector contains the herpes sim-
plex virus VP16 activation domain upstream of a multiple cloning
region. Bcr and various UAP56 fragments/mutants were cloned
into the pBIND and pACT vector, respectively. Because pBIND also
contains the Renilla luciferase gene, the expression and transfec-
tion efficiencies were normalized with the Renilla luciferase activ-
ity. Cells were collected 48 h after transfection and the luciferase
activity was assayed with the Dual-Luciferase kit (Promega) using
a luminometer (TD-20/20; Turner Designs).

2.6. Statistics

Numerical data are expressed as mean * SD. Statistical analysis
was performed with the StatView 5.0 package (ABACUS Concepts,
Berkeley, CA). Differences were analyzed with a one-way or a
two way repeated-measure analysis of variance as appropriate,
followed by Scheffé’s correction for multiple comparisons. A prob-
ability value <0.05 was considered significant.

3. Results
3.1. UAP56 is a substrate for Bcr

In an in vitro kinase assay using rat VSMC, in which Bcr was
immunoprecipitated with Bcr antibody, we previously demon-

strated that Bcr phosphorylates PPARY [5]. In these studies, we also
identified a protein around 60 kDa which we believed to represent

another Bcr substrate that coimmunoprecipitated with Bcr in
VSMC (Fig. S1). We repeated these experiments (without P32), cut
out the band corresponding to the 60 kDa protein, and performed
mass spectrometry. The highest hit was the protein UAP56
(BAT1) (Fig. S2).

3.2. Knockdown of UAP56 blocks Bcr induced DNA synthesis

We previously demonstrated that knockdown of Bcr inhibits
DNA synthesis [5]. As UAP56 was identified as a substrate of Bcr,
we assessed the importance of UAP56 in Bcr induced DNA synthe-
sis. Using UAP56 siRNA and WT Bcr adenovirus (Ad-Bcr), we dem-
onstrated that knock down of UAP56 blocks Bcr induced DNA
synthesis in rat VSMC (Fig. 1A and B). Similarly, utilizing WT Bcr
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Fig. 1. Knockdown of UAP56 blocks Bcr induced DNA synthesis. (A) VSMC were
transfected with UAP56 siRNA or control siRNA. 48 h later the cells were treated
with 50 MOI of Ad-Bcr or Ad-LacZ for 24 h. During the last hour of incubation VSMC
were pulse labeled with [*H] thymidine and incorporation of [*H] thymidine was
measured. (**p < 0.01). (B) Western blots demonstrating Bcr and UAP56 expression
in cells treated as in (A). (C) Following transfection with the indicated plasmids for
48 h, Hela cells were pulse labeled with [*H] thymidine for 1 h. Cells were then
harvested and [*H] thymidine incorporation was measured. (**p < 0.01 compared
with Wt-Bcr). pSG5 and pCMV6 are control plasmids for WT-Bcr and WT-UAP56
respectively. Results are means + SD. For all figures, the data are representative of
triplicates using 2 or more different preparations of SMCs or HeLa cells.
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and a dominant negative UAP56 mutant (K95N, [16]), we demon-
strated that knockdown of UAP56 blocks Bcr induced DNA synthe-
sis in HelLa cells (Fig. 1C).

3.3. UAP56 blocks cell cycle activation

DExD/H box proteins are thought to affect cell growth via cell
cycle regulation [17,18]. For example, the RNA helicase p68 plays
an important role in PDGF induced cell proliferation by up-regulat-
ing cyclin D1 expression [18]. We therefore assessed the effect of
Bcr and UAP56 on the expression of several key cell cycle genes.
Using WT Bcr adenovirus, we found that over expression of Bcr de-
creased the expression of the cyclin dependent kinase inhibitor
p27 (Fig. 2), a negative regulator of the cell cycle G1/S transition
[19,20]. This effect of WT Bcr was reversed by knockdown of
UAP56 expression with UAP56 siRNA (Fig. 2). While the RNA heli-
case p68 acts in part via cyclin D1 expression, we previously saw
no effect of Bcr expression on cyclin D expression (unpublished
data). We did find however that over expression of Bcr increased
the expression of cyclin E, a positive regulator of cell cycle G1/S
transition [21,22], an effect that was reversed by knockdown of
UAP56 expression with UAP56 siRNA (Fig. 2).

3.4. Bcr binds to UAP56

As our findings suggest an interaction between Bcr and UAP56
we next examined whether Bcr binds to UAP56. Immunoprecipita-
tion/immunoblot studies demonstrated that Bcr does bind to
UAP56 (Fig. 3A). We also demonstrated that Bcr binds to UAP56
using a mammalian-two hybrid assay (Fig. 3B). In addition to using
full length UAP56, mammalian-two hybrid assay using UAP56 frag-
ments (amino acids 1-100, 101-200, 201-300 and 301-428) dem-
onstrated that fragment 2 (amino acids 101-200) of UAP56 binds
to Bcr (Fig. 3B). In addition, immunoprecipitation/immunoblot
studies demonstrated that over expression of UAP56 fragment 2
blocked the binding of UAP56 and Bcr in Hela cells (Fig. 3C), fur-
ther evidence of the importance of fragment 2 in Bcr/UAP56
binding.

LacZ control + +
Ad-Ber + +
Control siRNA + +

UAP56 siRNA

IB--anti-Ber

+ o+
L)
IB--anti-UAPS6 I-'- T —_—

—

e — —
il

IB--anti-p27

IB--anti-Cyclin E

IB--anti-Tubulin

Fig. 2. Knockdown of UAP56 regulates expression of cyclin E and p27. VSMC were
transfected with UAP56 siRNA or control siRNA. 48 h later the cells were treated
with 50 MOI of Ad-Bcr or Ad-LacZ for 24 h. Cells were harvested and Western blot
was done with antibodies as listed.
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Fig. 3. Bcrbinds to UAP56. (A) After over expressing Bcr and UAP56 in Hela cells, total
cell lysates (TL) were prepared and UAP56 and Bcr were immunoprecipitated using
respective antibodies and Western blotting was performed with UAP56 antibody. (B)
(Mammalian two-hybrid assay). HeLa cells were transfected with pBIND or pBIND-
Bcr and pACT UAP56 full length or UAP56 fragments. Cells were harvested and
luciferase assay performed. Full length UAP56 binds to Bcr as does UAP56 fragment 2
(amino acids 101-200). (**p < 0.01). (C) HeLa cells were transfected with pBIND-Bcr
and pACT UAP56 full length or UAP56 fragments as indicated (the pACT vector
contains the herpes simplex virus VP16 activation domain). Bcr was immunoprecip-
itated with Bcr antibody and immunblot done with UAP56 antibody. Over expression
of UAP56 fragment 2 [amino acids (aa) 101-200] blocked Bcr/UAP56 binding. Over
expression of fragment 3 (aa 201-300) had no effect.

3.5. UAP56/Bcr interaction is critical for Bcr induced DNA synthesis

Having demonstrated that UAP56 binds to Bcr, we next examined
whether the interaction between UAP56 and Bcr plays a role in Bcr
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as indicated. Cells were harvested and [>H] thymidine incorporation was measured.
(**p <0.01). Western blots demonstrating protein expression of Bcr and UAP56 in
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induced DNA synthesis. Over expressing Bcr WT, UAP56 WT, UAP56
fragment 1 and UAP56 fragment 2 in HeLa cells, we found that over
expression of UAP56 fragment 2 but not fragment 1, inhibited Bcrin-
duced DNA synthesis (Fig. 4A). Similarly, using Bcr WT, UAP56 WT,
and UAP56 fragment 2 adenoviruses, we demonstrated that over
expression of UAP56 fragment 2 inhibits Bcr induced DNA synthesis
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in VSMC (Fig. 4B). These data demonstrate that UAP56/Bcr interac-
tion is important for Bcr induced DNA synthesis.

4. Discussion

The major findings of this study are that UAP56 binds to Bcr and
interaction between UAP56 and Bcr is critical for Bcr induced DNA
synthesis. We previously demonstrated that Bcr is a major regula-
tor of SMC proliferation and inflammation. We demonstrated that
this effect was in part via inhibition of PPARY transcriptional acti-
vation by Bcr. Our data now show that Bcr also acts via PPARy
independent signaling. While our initial studies of the interaction
between Bcr and UAP56 were in HeLa cells, using Ad-Bcr and Ad-
WT UAP56 we demonstrated the importance of this interaction
in VSMC as well. These findings demonstrate an important role
of UAP56 in VSMC proliferation and identify UAP56/Bcr interaction
as a potential target for treatment of vascular proliferative disease.

UAP56 is known to play an important role in RNA splicing,
mRNA export, and protein synthesis. Our study now demonstrates
that UAP56 plays an important role in DNA synthesis as well, and
further defines the role of UAP56 in cellular proliferation. Yamazaki
et al. recently reported that knockdown of UAP56 in HelLa cells was
associated with down regulation of genes affecting the cell cycle,
mitosis, mRNA transport, DNA replication, DNA repair, and cell
division, demonstrating the important role of UAP56 in cell growth
[15]. Depletion of UAP56 causes mitotic delay and sister chromatid
cohesion defects [15]. These findings suggest that UAP56 is a major
control point for cell growth. UAP56 has a close homolog (URH49)
which has 90% homology with UAP56 [12,15]. Like UAP56, URH49
is also a DEXD/H box protein and an RNA helicase. The two heli-
cases have different expression profiles in different tissues [12]
but whether the two proteins have completely overlapping roles
has been unknown. Using UAP56 and URH49 siRNA, Yamazaki
et al. demonstrated that similar to UAP56, URH49 is important in
mitotic progression, but unlike UAP56, depletion of URH49 causes
chromosome arm resolution defects and failure of cytokinesis.
These findings demonstrate that UAP56 is an important regulator
of mitosis, distinct from URH49. Our data extend these findings
demonstrating the role of UAP56 in VSMC DNA synthesis.

Our results also further define the role of DEXD/H box proteins
and RNA helicases in cellular proliferation. DExD/H box proteins
have been thought to control cell growth through regulation of
the cell cycle but the mechanism has been unknown [17]. Yang
et al. demonstrated that the RNA helicase p68 regulates PDGF in-
duced cell proliferation by upregulating cyclin D1 and c-myc
expression [18]. We have now demonstrated that UAP56 is another
DExD/H box protein that is an important regulator of the cell cycle
and cell proliferation. DEXD/H box proteins are important in abnor-
mal proliferation in tumors [23] and may well play an important
role in pathological SMC proliferation.

In conclusion, the data presented demonstrate that UAP56 is a
novel partner of Bcr in regulating VSMC DNA synthesis. This effect
may occur in part due to UAP56-dependent modulation of cell cy-
cle progression. Bcr/UAPS56 interaction may be a target for inhibit-
ing pathological VSMC proliferation.
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The novel synthetic retinoid, CD437, shows potent anti-tumor activity in a range of different cancer cell
lines and now serves as a prototype for development of new retinoid related molecules (RRMs). The pur-
pose of this study was to examine the effect and cellular targets of CD437 in the human metastatic mel-
anoma cell lines FEMX-1 and WM239. We showed that treatment with CD437 led to cell cycle arrest and

Keywords: induced apoptosis through both the extrinsic- and intrinsic pathways (caspase 8, -9 and PARP cleavage)
CD‘_137_ in both cell lines. Interestingly, apoptosis was induced independently of DNA-fragmentation in FEMX-1
EEK?LOMS cells, and appeared partially caspase-independent in the WM239 cells. Additionally, up-regulation of
Lexatumumab CHOP mRNA and cathepsin D protein expression, following retinoid treatment, suggests involvement
Malignant melanoma of the endoplasmatic reticulum (ER) and lysosomes, respectively. Combination of suboptimal concentra-
Apoptosis tions of CD437 and lexatumumab, a TRAIL death receptor-2 agonist, resulted in synergistic reduction of
Caspases viable cells, along with increased PARP cleavage. These results indicate that CD437 has a strong anti-neo-

plastic effect alone and in combination with lexatumumab in melanoma cell lines.

© 2012 Elsevier Inc. All rights reserved.

1. Introduction

Malignant melanoma is one of the most increasing cancer
forms, in addition to being the second most common cancer in
young adults. Whereas the prognosis is good when detected early,
there are no curative treatments once the cancer has spread to dis-
tant organs (stage IV) [1]. Thus, there is a desperate need for new
and more effective treatment options.

Retinoids belong to a family of synthetic- and natural vitamin A
derivatives and analogs, regulating growth, differentiation, metab-
olism, apoptosis, morphogenesis and homeostasis [2]. Several ret-
inoids have been evaluated in clinical trials, such as all-trans
retinoic acid (ATRA); now included in treatment of acute promye-
locytic leukemia (>90% complete remission) [3]. Synthetic retinoid
6-[3-(1-adamantyl)-4-hydroxyphenyl]-2-naphthalene carboxylic
acid (CD437/AHPN) has yielded promising results as an anti-tumor
agent both in vitro and in vivo [4]. However, toxicity to normal cells
have also been reported [5].

Although originally synthesized as a retinoid selective for the
Retinoid-Acid-Receptor-y, CD437 also induce apoptosis and
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growth arrest independently of retinoic receptors [6,7]. In prostate
and lung cancers, CD437 has been shown to up-regulate the
expression of death receptor 4 and 5 (DR4 and DR5) [8,9]. Further-
more, combination of CD437 and tumor necrosis factor-related
apoptosis-inducing ligand (TRAIL) has been reported to enhance
induction of apoptosis in lung cancer cells [10].

In the present study, we have demonstrated that treatment
with CD437, alone and combined with lexatumumab (an agonistic
TRAIL receptor-2 antibody), induce apoptosis and cell cycle
arrest in the human malignant melanoma cell lines FEMX-1 and
WM239.

2. Materials and methods
2.1. Cell lines and growth conditions

The human metastatic melanoma cell lines, FEMX-1 and
WM239, were established as previously described [11,12] and
cultivated in RPMI-1640 medium (LONZA, Verviers, Belgium)
supplemented with 5% Fetal Calf Serum (Biochrom, KG, Berlin,
Germany) and 2 mM t-glutamine (LONZA). CD437 [13] was from
Sigma-Aldrich™ (St. Louis, MO) and diluted in DMSO (Sigma-
Aldrich, stock concentration 10 mM) and further diluted in growth
medium to desired final concentration prior to use. Z-VAD-fmk
(50 uM), a pan-caspase inhibitor (Promega, Madison, WI), was
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Fig. 1. CD437-induced changes to cell viability, cell cycle distribution, proteins and mRNA. Cell viability was determined by the MTS assay, and presented as percentage of
control cells (squares: FEMX-1 cells and diamonds: WM239 cells). (A) Cells were treated with various doses of CD437 for 24 h. (B) Cells were treated with 1 uM CD437 for
indicated time periods. (C) Cell cycle distribution was determined by the use of flow cytometry (24 h of treatment). (D) Western blot analysis was used to study the protein
expression of p21 and p53 following treatment with 1 uM CD437 for the indicated time. (E) CHOP mRNA expression, relative the 1 h control, was studied by qRT-PCR. (F)
Protein expression of cathepsin D was studied using western blot analysis. a-Tubulin has been used as loading control. Data are the mean or representative of at least three

independent experiments.

added together with CD437. Lexatumumab (Human Genome
Sciences, Rockville, MD, USA) was diluted in PBS with 0.1% HSA
and added together with CD437. Control cells were treated with
an isotype-matched mAb of irrelevant specificity (Human Genome
Sciences).

2.2. MTS assay

Cells seeded in 96-wells plates (5000 cells/well) were left to at-
tach overnight before addition of CD437 or vehicle as control. Cell
viability was determined by the 3-(4.5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium) (MTS)
viability assay (Promega). Absorbance was measured at 490 nm
using ASYS UVM340 96-well plate reader (Fisher Scientific, Oslo,
Norway).

2.3. Trypan blue dye exclusion test

Untreated- and CD437 treated cells were harvested using tryp-
sin/EDTA (LONZA), along with medium containing floating cells.
After centrifugation, the cell pellet was resuspended in PBS con-
taining trypan blue (Merck, Stockholm, Sweden). Viable (dye
excluding) and trypan blue stained dead cells were counted.

2.4. Fluorescence microscopy

For analysis of morphological changes to the nucleus, the med-
ium was collected and the cells were harvested using EDTA (LON-
ZA). Hoechst 33342 (4 pg/mL) (Sigma-Aldrich™) was added to
each cell suspension, and cells were visualized using fluorescence
microscopy (Nikon, Inter Instrument A/S, Baerum, Norway).

2.5. Cell death detection ELISAP"™S

Determination of cytoplasmic histone-associated-DNA-frag-
ments was assessed using a commercially available kit following
the manufacturer’s instructions (Roche Diagnostic, Mannheim,
Germany). For detection of necrosis, occurrence of extracellular
histone-associated-DNA-fragments in the medium was deter-
mined. The ELISA signal was quantified by measuring absorbance
at 405 nm (reference 495 nm), using ASYS UVM340 96-well plate
reader.

2.6. Flow cytometric analysis

Cells were harvested by trypsinization (cell cycle analysis) or
EDTA-treatment (analysis of death receptors) and washed 1x in
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PBS. Approximately 10° cells were re-suspended in 1 mL 70% ice-
cold methanol and left to fixate for a minimum of 24 h. Fixated
cells were washed 1x in PBS, and stained with 2 pig/mL Hoechst
33258 (Roche Diagnostics) in PBS. Flow cytometric analysis was
performed using LSR Il UV laser for cell cycle distribution (BD Bio-
sciences, San Jose, CA) and analyzed with Flow]o software (Ash-
land, OR).

Relative expression of death receptors was determined as previ-
ously described [14], using PE-conjugated Anti-DR4 (Clone DJR1),
anti-DR5 (clone DJR2-4) (Biolegend, San Diego, CA) and anti-
CD95 (clone DX2) (BD Biosciences).

2.7. Western blot analysis

Procedure and reagents were as previously described [15]. Pri-
mary antibodies Caspase 3 (#9662/#9664 (even mix)), Caspase 8
(#9746), Caspase 9 (#9502), DFF45 (#9732), cleaved DFF45
(#9731), p21 (#2946) and PARP (#9532), were purchased from Cell
Signaling (Beverly, MA). o-Tubulin (DMIB) was from Calbiochem
(Nottingham, UK), whereas cathepsin D (sc-6486) and p53 (sc-
126) were obtained from Santa Cruz (Santa Cruz, CA).

2.8. Quantitative real-time RT-PCR analysis

Procedure and reagents were as previously described [15]. The
real-time PCR analyses were performed using TagMan Fast Univer-
sal PCR Master Mix (2x) and TagMan Gene Expression Assay
(CHOP/DDIT3; Hs01123468_m1 and GUS; Hs99999908_m1, Ap-
plied Biosystems, CA, USA).

2.9. Calcusyn analysis

Synergy was determined by the Chou and Talalay Combination
Index (CI) [16] for non-exclusive treatments (treatments affecting
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different targets or sites of the same target), and calculated by Cal-
cusyn software (BioSoft, Feruson, MO, USA).

3. Results

3.1. Reduced cell viability following CD437 treatment of melanoma cell
lines

To examine the effect of CD437 in melanomas, two human cell
lines; FEMX-1 and WM239, were treated with various concentra-
tions and for different time periods, and analyzed for cell viability
using the MTS assay. As shown in Fig. 1A and B, a dose- and time-
dependent reduction in viability was observed, indicating in-
creased cell death and/or cell cycle arrest. Based on these results,
and in accordance with previous studies [17], 1 uM CD437 was
used in the following (unless otherwise stated). To discriminate be-
tween increased cell death and cell cycle arrest, the effect on cell
cycle distribution was determined. As demonstrated in Fig. 1C,
flow cytometric analysis revealed an S- and G;/S-phase arrest in
FEMX-1 and WM239 cells, respectively, after 24 h treatment. The
arrests were accompanied by increased expression of the cell cycle
regulators p21WaM/CiP1 and p53 (Fig. 1D).

To examine whether CD437 also induced cell death, the cells
were treated for 24, 48 and 72 h, and percentage live and dead cells
were estimated by the trypan blue exclusion assay. As shown in
Fig. 2A, treatment for 72 h resulted in 45% (FEMX-1) and 37%
(WM239) dead cells.

Since the trypan blue assay is not exclusively detecting apopto-
sis, the nature of cell death was examined in more detail. As seen in
Fig. 3B, a profound augmentation of cytoplasmic histone-associ-
ated DNA-fragments (apoptotic index) was detected in WM239
cells after 48 h CD437 treatment, whilst only a very modest in-
crease was seen in FEMX-1 cells. To further confirm apoptosis,
morphological changes to the cell nucleus were studied by
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Fig. 2. Cell death induced by CD437. FEMX-1 and WM239 cells were treated with 1 pM CD437 and harvested after the indicated time. (A) Dead/dying cells were stained with
trypan blue and both living and dead cells were counted. Dead cells are presented as percentage of total cell count (Diamonds: control cells and treated cells: squares). (B)
Protein expressions of Caspase-8, -9, -3, PARP and DFF45 were examined by western blot analysis. o-Tubulin has been used as loading control. Data are the mean or

representative of at least three independent experiments.
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microscopy after Hoechst 33342 staining, and degree of caspase
activation and PARP cleavage were examined by Western blot
analysis. After 24 h, nuclear pycnosis and fragmentation (karyor-
rhexis) (Fig. 3D), as well as cleavage of pro-caspase-8, -9 (weakly
in FEMX-1 cells), and -3 and Poly(ADP-ribose) polymerase (PARP)
(Fig. 2B) were observed in both cell lines. Lastly, DNA fragmenta-
tion factor 45 (DFF45), a caspase target, was cleaved in WM239,
but not in FEMX-1 cells.

3.2. CD437 mediated apoptosis is dependent and partially independent
of caspases in FEMX-1 and WM239 cells, respectively

To elucidate whether CD437-mediated apoptosis was depen-
dent on caspase-activation, the pan-caspase inhibitor Z-VAD-fmk
was added along with CD437. Caspase-inhibition prevented cleav-
age of PARP, as well as nuclear morphological changes in FEMX-1,
but not in WM239 cells (Fig. 3). Furthermore, Z-VAD-fmk slightly
reduced DNA-fragmentation in WM239 cells, but not in FEMX-1.
Together, our results suggest that CD437 mediates apoptosis in a
caspase-dependent and in part-independent manner in FEMX-1
and WM239 cells, respectively.

Apoptotic cells grown in vitro die by a process of secondary
necrosis [18]. In both FEMX-1 and WM239 cells treated with
CD437, addition of Z-VAD-fmk reduced the amount of extracellular
oligonucleosomes, indicative of necrosis (Fig. 3C). The reduced ne-
crotic index may suggest that the process of cellular death is more

time consuming. Thus it appears that caspase activity speeds up
the process of CD437 mediated death in both melanoma cell lines.

3.3. CD437 mediated up-regulation of ER associated CHOP mRNA and
lysosomal protein cathepsin D

Previous studies have shown that CD437 may initiate apoptosis
through both the release of lysosomal proteases (such as cathepsin
D) into cytosol and ER stress signaling [19-21,34]. In the present
study we observed a marked increase in cathepsin D protein
expression in both cell lines after 48 h of treatment (Fig. 1F). To
determine whether CD437 also induced ER-stress, the mRNA level
of C/EBP homologous protein (CHOP), a gene highly induced at the
transcriptional level as one of the major regulators of ER-stress
mediated apoptosis, was examined (Fig. 1E). In FEMX-1 cells a
slight increase was detected after 24 h, whilst in WM239 cells a
profound induction of CHOP was observed as early as 3 h after
CD437 addition. Together, these results suggest that CD437 trigger
responses from both the lysosomes and ER in melanoma cells.

3.4. CD437 up-regulates the death receptors DR5 and FAS and act
synergistically with lexatumumab to induce apoptosis

Activation of the extrinsic apoptotic pathway, leading to cas-
pase-8 activation, is initiated through binding of ligands to death
receptors on the cell surface. This, and our findings demonstrating
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Fig. 3. Effects of caspase inhibition on CD437 mediated cell death. Cells were treated with CD437 (1 uM) for 48 h in the presence or absence of pan-Caspase inhibitor Z-VAD-
fmk (50 pM, added simultaneously with CD437). (A) PARP-cleavage was determined by western blot analysis. a-Tubulin has been used as loading control. Relative amount of
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caspase-8 cleavage following CD437 treatment, spurred us to
examine if CD437 could up-regulate the expression of death recep-
tors, thus sensitizing the cells to such signals. As shown in Fig. 4A,
DR5 and FAS was constitutively expressed by both cell lines and
were further induced by CD437. DR4, on the other hand, has previ-
ously been shown not to be expressed by WM239 and FEMX-1
cells [22], and CD437 did only vaguely induce its expression in
FEMX-1, but not WM239 cells.

Based on these results, we next examined whether CD437
would sensitize the cells to treatment with agonistic TRAIL recep-
tor-2 antibody (lexatumumab). All combination of the two drugs
resulted in reduced cell viability, and had a clear synergistic effect,
as demonstrated in both cell lines after 48 h (Fig. 4B and C). Fur-
thermore, co-treatment resulted in increased PARP-cleavage, as
well as enhanced activation of Caspase-3 and -8 in WM239 cells,
compared to CD437 mono-treatment (Fig. 4D).

4. Discussion
In the present study, we demonstrated that CD437 caused cell

cycle arrest and promoted apoptosis in the two melanoma cell
lines FEMX-1 and WM239. The mechanisms leading to apoptosis

differed, however, in regard to caspase-dependence and DNA-frag-
mentation. Furthermore, up-regulation of CHOP and cathepsin D
suggests that ER and lysosomes, respectively, may play a role in
CD437-mediated apoptosis. The diverse cellular targets of CD437
make it particularly eligible in terms of being a prototype for novel
RRMs. Moreover, co-treatment with lexatumumab resulted in a
synergistic reduction in cell viability, further highlighting the po-
tential for combinational treatments.

In accordance with our findings showing S- and G1/S phase ar-
rest in FEMX-1 and WM239 cells, respectively, numerous studies
have demonstrated cell line specific cell cycle arrests following
CD437 treatment [23-26]. The accompanying up-regulations of
the cell cycle regulators p53 and p21Waf1/€iP1 have also been found
by others [27,25], and may account for the observed cell cycle
arrests.

As has been reported also by others [4], CD437 induced apopto-
sis and caspase-cleavage in both cell lines. Caspase-mediated
cleavage of endonuclease DFF45 causes release of DFF40, thus per-
mitting its nuclear entry and generation of double-strand DNA-
breaks [28]. However, although DNA-fragmentation is an indicator
of apoptosis, this form of death may also occur in its absence [29].
In agreement with what has been reported by Risberg et al. [30],
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apoptosis in FEMX-1 cells was not accompanied by DNA-fragmen-
tation. In line with this, CD437 did not cleave DFF45 in this cell
line.

Cleavage of pro-caspase-8, as seen in both cell lines, suggests
that the extrinsic pathway of apoptosis has been activated. Similar
results have been obtained by others [10,17]. Since CD437 itself
has not been reported to activate extracellular receptors, we spec-
ulate whether retinoid-mediated up-regulation of DR5 and FAS
may sensitize the cells to extracellular death signals thereby lead-
ing to activation of caspase-8. In support of this hypothesis, both
cell lines exhibited increased expression of p53, an important tran-
scription factor of the death receptors [31].

Despite caspase activation, inhibition by Z-VAD-fmk only par-
tially reversed the apoptotic features imposed by CD437 in
WM239 cells, suggesting a role of caspase-independent pathways.
In contrast, CD437-mediated apoptosis appeared caspase-depen-
dent in FEMX-1 cells. In accordance with our findings, Sun et al.
[8] previously reported that CD437 could induce apoptosis both
independently and dependently of caspases in human prostate car-
cinoma cells.

Whereas Z-VAD-fmk reversed the cleavage of PARP in FEMX-1,
this was not the case in WM239 cells. In addition to caspases,
cathepsins (B and D) may also cleave PARP into its apoptotic signa-
ture product of 89 kDa [32]. Cathepsin D is a lysosomal protease
which upon lysosomal membrane permabilization is released into
the cytoplasm and act as a key mediator of apoptosis [19]. Since
CD437 increased cathepsin D protein expression in both cell lines,
we speculate whether retinoid-mediated PARP cleavage in WM239
cells may primarily be performed by cathepsins. Emert-Sedlak
et al. previously demonstrated that in VP-16 treated leukemia cells,
cathepsin D was released into the cytosol independently of caspase
inhibition, leading to apoptosis [33]. Furthermore, a lysosomal
mediated apoptotic pathway involving cathepsin D has been sug-
gested in leukemia cells treated with CD437 [34].

Moreover, two previous studies have shown that CD437 can ini-
tiate apoptosis through ER stress and subsequent increased expres-
sion of CHOP, a key protein involved in ER stress-mediated
apoptosis and cell cycle arrest [20,35]. Increased expression of
CHOP mRNA was found in both cell lines following treatment with
CD437. Thus, it appears that CD437 activates apoptotic pathways
through both lysosomes and ER in melanomas.

Co-treatment with suboptimal doses of CD437 and lex-
atumumab gave a synergistic reduction in viability in both cell
lines. Similar results have been found by others [10]. The increased
amount of DR5 following CD437 treatment may provide a rationale
for this effect. Combinational treatment increased cleavage of PARP
in WM239 cells, thus suggesting increased apoptosis. However,
activation of caspase-8 was not detected in FEMX-1 at the concen-
trations used. It is thus possible that the observed synergistic effect
may be the result of activation of caspase-10, another initiator cas-
pase activated through the extrinsic pathway, or through other un-
known mechanisms.

Together our results show that CD437 induces cell cycle arrest
and apoptosis by targeting multiple cellular organelles, and appear
to work at least partially independent of caspases in WM239 cells.
When combined with lexatumumab a synergistic efficiency in
terms of effect on viability was observed, suggesting a potential
for targeted therapy. Knowledge of the molecular targets of
CD437 may be of aid when designing more powerful and less toxic
RRMs in the future, as well as for identifying rational combinations
with other drugs.
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Bone formation in the vertebrate skeleton occurs via the processes of endochondral and membranous
ossification. Bone matrices contain chondroitin sulfate (CS) chains that regulate endochondral ossifica-
tion. However, the function of CS in membranous ossification is unclear. Here, using preosteoblastic
MC3T3-E1 cells we demonstrate that chondroitin sulfate-E (CS-E) promotes osteoblast differentiation
by binding to both N-cadherin and cadherin-11. Differentiated MC3T3-E1 cells exhibited an increase in
the total amount of CS and of E-disaccharide units of CS over time. In addition, CS-E polysaccharide,
but not CS-A polysaccharide, bound to N-cadherin and cadherin-11 and enhanced osteoblast differenti-
ation. In contrast, osteoblast differentiation was inhibited in chondroitinase ABC-digested MC3T3-E1
cells. Notably, CS-E polysaccharide and hexasaccharide activated intracellular signaling during osteoblast
differentiation in non-contacting MC3T3-E1 cells, decreased ERK1/2 phosphorylation, and activated
Smad3 and Smad1/5/8; these reactions were blocked by neutralizing antibodies against N-cadherin or
cadherin-11, even though cell-cell adhesion is reported to be required for initiation of MC3T3-E1 cell dif-
ferentiation. Furthermore, CS-E-unit overexpression in MC3T3-E1 cells increased adhesion of the cells to
N-cadherin and cadherin-11, and promoted osteoblast differentiation. Collectively, these results suggest
that CS-E is a selective ligand for the potential CS receptors, N-cadherin and cadherin-11, leading to
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Chondroitin sulfate
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Signal transduction

osteoblast differentiation of MC3T3-E1 cells.

© 2012 Elsevier Inc. All rights reserved.

1. Introduction

Chondroitin sulfate (CS), a type of glycosaminoglycan, is present
on the cell surface and in the extracellular matrix. CSs are attached
to specific residues of core proteins and exist in the form of
CS-proteoglycans. CS consists of the repeating disaccharide units
of N-acetylgalactosamine (GalNAc) and glucuronic acid, and it
has various structural modifications resulting from sulfation of
different positions in the sugar residues [1-5]. It has recently be-
come clear that bone disorders are caused by abnormal biosynthe-
sis and sulfation of CS chains. For example, the cartilage of mice
deficient in CSGalNAcT1, which is involved in CS synthesis [6,7],
is significantly smaller than that of wild-type mice [8]. Type-II
collagen fibers in the developing cartilage are abnormally aggre-
gated and disarranged in the homozygous mutant mice. In addi-
tion, interference with chondroitin-4-O-sulfation causes spatial

Abbreviations: CS, chondroitin sulfate; ERK, extracellular signal-regulated
kinase; CHase, protease-free chondroitinase ABC; ALP, alkaline phosphatase.
* Corresponding author. Address: 4-19-1 Motoyamakita-machi, Higashinada-ku,
Kobe 658-8558, Japan. Fax: +81 78 4417571.
E-mail address: kitagawa@kobepharma-u.ac.jp (H. Kitagawa).

0006-291X/$ - see front matter © 2012 Elsevier Inc. All rights reserved.
http://dx.doi.org/10.1016/j.bbrc.2012.03.024

pathway-specific defects in the elaboration of morphogen signal-
ing in the cartilage growth plate [4]. Moreover, deficiency in
chondroitin-6-0O-sulfation causes chondrodysplasia with major
involvement of the spine [3]. Thus, the fine structure of CS chains
plays important roles in bone development.

Bone formation in the vertebrate skeleton occurs via the pro-
cesses of endochondral and membranous ossification. Bone matri-
ces contain CS chains that regulate endochondral ossification.
However, the mechanism underlying the involvement of CS in
membranous ossification remains unclear. We therefore analyzed
the function of CS chains in membranous ossification using cells
of the mouse MC3T3-E1 osteoblastic cell line [9]. MC3T3-E1 cells
produce increasing amounts of CS during differentiation into oste-
oblasts and depletion of CS delays differentiation [10]. The impor-
tance of cadherin-mediated cell-cell adhesion in such MC3T3-E1
cell differentiation is well established. Cadherin is a calcium-
dependent cell adhesion molecule that is expressed in various
types of tissues [11], and MC3T3-E1 cells express N-cadherin and
cadherin-11, both of which regulate MC3T3-E1 differentiation
[12,13]. We therefore hypothesized that the CS chains on the sur-
face of MC3T3-E1 might bind to N-cadherin and/or cadherin-11
and modulate the differentiation of MC3T3-E1 cells. Here, we
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report that exogenous and endogenous CS-E do indeed promote
osteoblast differentiation through control of ERK and Smad signal-
ing pathways by binding to N-cadherin and cadherin-11.

2. Materials and methods
2.1. Materials

CS-A polysaccharide from whale cartilage, CS-E polysaccharide
from squid cartilage, Proteus vulgaris chondroitinase ABC (EC
4.2.24), and protease-free P. vulgaris chondroitinase ABC (EC
4.2.2.20) were purchased from Seikagaku Corp. (Tokyo, Japan).
The recombinant N-cadherin Fc chimera and the recombinant cad-
herin-11 Fc chimera were purchased from R&D Systems (Minneap-
olis, MN). The anti-N-cadherin antibody was purchased from
Sigma. The anti-cadherin-11 antibody was purchased from Abcam.
Antibodies against-extracellular signal-regulated kinase (ERK) 1/2,
phospho-ERK1/2, Smad3, phospho-Smad3, Smad1, and phospho-
Smad1/5/8 were purchased from Cell Signaling Technology (Bos-
ton, MA). CS-E hexasaccharide was chemically synthesized as de-
scribed previously [14].

2.2. Cell culture

Mouse osteoblastic MC3T3-E1 cells were cultured in o-MEM
containing 10% fetal bovine serum (FBS). For osteoblast differenti-
ation, the cells were cultured in the presence of 100 mg/L ascorbic
acid, 10 mM B-glycerophosphate and 10 nM dexamethasone.

2.3. Alkaline phosphatase (ALP) staining assays

Cultured cells were harvested on day 7. The culture medium
was removed and the cells were washed with phosphate-buffered
saline (PBS). The washed cells were incubated with 4% paraformal-
dehyde for 10 min on ice. The cells were then washed with PBS and
incubated with ethanol/acetone (50:50 v/v) for 1 min at —20 °C.
The stabilized cells were stained with 1-Step™ NBT/BCIP (Thermo
Scientific) for 45 min at 37 °C and were observed under a fluores-
cence microscope.

2.4. Construction of the N-acetylgalactosamine 4-sulfate 6-O-
sulfotransferase (GalNAc4S-6ST) expression vector, and establishment
of cells stably expressing GalNAc4S-6ST

The ¢DNA fragment encoding GalNAc4S-6ST [15] was amplified
using a 5'-primer (5-ATAAGAATGCGGCCGCACTGGACTCCTCGAGG
GCTG-3') and a 3'-primer (5-CCCAAGCTTTCCACGCTGTGGGTGAC
AGT-3’) each containing a Not1 and a HindlIll site. The polymerase
chain reaction (PCR) was carried out with KOD-Plus DNA polymer-
ase (TOYOBO, Osaka, Japan) for 30 cycles at 94 °C for 30 s, 56 °C for
30, and 68 °C for 90 s in 5% (v/v) DMSO. The PCR fragments were
subcloned into the Not1 and Hindlll sites of the pCMV expression
vector (Invitrogen). The fidelity of the plasmid construct (pCMV-
GalNAc4S-6ST) was confirmed by DNA sequencing. This expression
plasmid (6 pg) was transfected into MC3T3-E1 cells on 100-mm
plates using FUGENE 6 (Roche), according to the manufacturer’s
instructions. Transfectants were cultured in the presence of
800 pg/mL of G418. Transfected colonies were picked and propa-
gated for experiments.

2.5. Quantitative real-time RT-PCR

Total RNA was extracted from MC3T3-E1 cells using TRIzoIR re-
agent (Invitrogen). The cDNA was synthesized from 1 pg of total
RNA using Moloney murine leukemia virus reverse transcriptase

(Promega) and a random 9-mer primer (TaKaRa Bio Inc., Shiga, Ja-
pan). The primer sequences used were as follows: alkaline phos-
phatase, forward primer: 5-CCTGACTGACCCTTCGC-3’ and reverse
primer: 5'-GTCAAGGTGTCTTTCTGGGA-3’; GalNAc4S-6ST, forward
primer: 5-TATGACAACAGCACAGACGG-3’ and reverse primer: 5'-
TGCAGATTTATTGGAACTTGCGAA-3’; and glyceraldehyde-3-phos-
phate dehydrogenase (GAPDH), forward primer: 5-CATCTGAG
GGCCCACTG-3' and reverse primer: 5'-GAGGCCATGTAGGCCAT
GA-3'. Quantitative real-time RT-PCR was performed using Fast-
Start DNA Master plus SYBR Green I in a LightCycler ST300 (Roche).
The expression levels of alkaline phosphatase and GalNAc4S-6ST
mRNA were normalized to that of the GAPDH transcript.

2.6. Cell-cell adhesion assays

MC3T3-E1 and L cells were released from culture dishes by
trypsin/EDTA digestion to obtain single cell suspensions, which
were labeled with the membrane-permanent fluorescent dye
PKH26 (2 mM). After washing in PBS to remove the excess dye,
the labeled cells were laid on top of a confluent unlabeled mono-
layer of the same cell type in the presence of 3 mM CaCl;, The la-
beled cells were allowed to settle for 30-60 min, nonadherent
cells were gently washed away with PBS, and the number of fluo-
rescent cells adherent to the cell substratum was counted from 10
microscope fields and was used as an index of cell-cell adhesion.

2.7. Cell-to-substrate adhesion assay

To assess the ability of MC3T3-E1 or L cells to bind to N-cad-
herin or cadherin-11, PKH26-labeled cells (1 x 10* cells/well) were
plated in 4-well plates that had been coated with recombinant N-
cadherin-Fc or cadherin-11-Fc (R&D Systems). Adhesion was al-
lowed to continue for 30-60 min, after which non-adherent cells
were gently washed away with PBS, and the number of fluorescent
cells adherent to the substratum was counted from 10 microscope
fields and was used as an index of cell-substrate adhesion.

2.8. Interaction analysis

The binding of CS-A or CS-E polysaccharide to N-cadherin or
cadherin-11 was examined using the BlAcore | system (GE Health-
care), as described previously [16], with slight modifications.
Briefly, recombinant N-cadherin-Fc or cadherin-11-Fc was immo-
bilized on a CM5 sensor chip (GE Healthcare), according to the
manufacturer’s instructions. A series of CS-A or CS-E concentra-
tions ranging from 20 to 400 nM in running buffer were applied
to the flow cells, and changes in resonance units were recorded.
Data were analyzed using BlAevaluation 3.0 software (GE Health-
care) using a 1:1 Langmuir binding model.

2.9. Protein extraction and western blot analysis

Cells were lysed with radioimmunoprecipitation buffer contain-
ing 0.5 mM phenylmethylsulfonyl fluoride, complete protease
inhibitor mixture (Roche), 1% Triton X-100 and 1 mM sodium
orthovanadate. Cell lysates were centrifuged at 12,000g for
20 min at 4 °C, and the supernatants were stored at —80 °C. Protein
quantitate was performed using the bicinchoninic acid protein as-
say reagent (Pierce). Three micrograms of protein aliquots were
denatured in SDS sample buffer and separated on 10% polyacryl-
amide-SDS gels. Proteins were transferred to polyvinylidene
difluoride in 25 mM Tris, 192 mM glycine, and 20% methanol. Blots
were blocked with 20 mM Tris-HCl (pH 7.6), 137 mM NaCl, 0.1%
Tween 20 and 5% dried milk powder. The membranes were
immunoblotted using primary antibodies against ERK1/2, Smad3,
and Smad1/5/8. The antigen-antibody complexes were visualized
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using the appropriate secondary antibodies (Sigma) and the en-
hanced chemiluminescence detection system as recommended
by the manufacturer (GE Healthcare). The results depicted in
Fig. 3 are representative of at least three separate cell preparations.
Each experiment was repeated three times.

2.10. Disaccharide composition analysis of CS

CS from MC3T3-E1 cells was prepared as described previously
[17]. The purified CS fraction was digested with chondroitinase
ABC and the digests were then derivatized with 2-aminobenzam-
ide and analyzed by HPLC as described previously [17].

3. Results and discussion
3.1. The E-unit of CS increases during MC3T3-E1 cell differentiation

To investigate the importance of CS chains for osteoblast differ-
entiation, we analyzed CS disaccharide composition during the dif-
ferentiation of MC3T3-E1 cells into osteoblasts. Differentiating
MC3T3-E1 cells exhibited an increase in the total content of CS
disaccharide over time (Fig. 1A). Additionally, the amount of
AHexA-GalNAc(4-0-sulfate,6-0-sulfate) (CS-E-unit) markedly in-
creased, that of AHexA-GalNAc and AHexA-GalNAc(4-O-sulfate)
(CS-A-unit) decreased, and that of AHexA-GalNAc(6-O-sulfate)
increased slightly as differentiation progressed (Fig. 1B and
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(nmol/mg dry weight)

)

supplementary Table 1). These results suggest that CS-E chains
may be important for MC3T3-E1 cell differentiation.

3.2. Endogenous CS chains and exogenous CS-E regulate osteoblast
differentiation

To determine whether CS chains regulate osteoblast differenti-
ation of MC3T3-E1 cells [10], the CS chains on the cell surface were
removed using chondroitinase ABC (CHase) digestion and the ex-
tent of differentiation was then examined by analysis of ALP
expression. Furthermore, since the CS-E-unit increases during
MC3T3-E1 cell differentiation, MC3T3-E1 cell differentiation was
analyzed after the addition of a CS-E polysaccharide that is E-
unit-rich. ALP expression was significantly lower in MC3T3-E1 cells
treated with CHase than in untreated cells (Fig. 1C, D). In contrast,
addition of the CS-E polysaccharide elicited a marked increase in
ALP expression compared to that of parental cells or to that of cells
treated with CS-A polysaccharide (Fig. 1C, D), which is A-unit-rich
and is the major disaccharide of MC3T3-E1 cells (Fig. 1B and
Supplementary Table 1). These results suggest that CS chains on
the MC3T3-E1 cell surface modulate osteoblast differentiation,
and that exogenous CS-E can control this differentiation [10].

3.3. CS-E binds to N-cadherin and cadherin-11

It is well established that initiation of osteoblast differentiation
in MC3T3-E1 cells is induced by adhesion between cells [9].
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Fig. 1. Changes in CS in differentiating MC3T3-E1 cells and modulation of the differentiation by CSs. (A, B) MC3T3-E1 cells (4 x 10° cells/well) were cultured in growth
medium in 10-cm plates. After 72 h, the medium was changed to fresh differentiation medium and the cells were cultured for a further 0-35 days. (A) Time course analysis of
the total amount of CS disaccharides. Values are expressed as pmol of disaccharide per mg of dried cell homogenate. (B) Time course analysis of CS disaccharide composition.
Values are expressed as mol% of dried cell homogenate. AHexA-GalNAc (open circles), AHexA-GalNAc(4S) (closed circles, CS-A-unit), AHexA-GalNAc(6S) (closed triangles),
and AHexA-GalNAc(4S, 6S) (closed boxes, CS-E-unit) are shown. (C) MC3T3-E1 cells (5 x 10* cells/well) were cultured in growth medium in 6-well plates. After 48 h of
culture, semi-confluent MC3T3-E1 cells were treated with one of the following agents for 24 h, and then the medium was changed to differentiation medium containing the
same agent: (a) without or (b) with protease-free chondroitinase ABC (CHase, 30 mIU/mL), (c) with CS-A or (d) with CS-E (20 pg/mL each), and the cells were then stained for
alkaline phosphatase (ALP) on day 7. Scale bar = 500 pm. (D) Cells treated as in (C) were analyzed for ALP mRNA expression using real-time RT-PCR and ALP-specific primers.
Expression levels of ALP were normalized to those of GAPDH. Each bar represents the mean (+SE) of 3 determinations. *P < 0.05 vs. control.
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Fig. 2. CSs bind to N-cadherin and cadherin-11. (A) A suspension of fluorescence-labeled CHase-treated or control MC3T3-E1 cells was added to a monolayer of similarly
treated cells. The number of cells adhering to the monolayer was assessed as a measure of cell-cell adhesion. (B-E) Adhesion of untreated (cont), CHase-digested, or EDTA-
treated MC3T3-E1 cells (B, C) or L cells (lacking cadherins) (D, E) (1 x 10* cells/well) to recombinant N-cadherin-Fc (B and D, respectively) or cadherin-11-Fc (C and E,
respectively). The number of MC3T3-E1 or L cells adherent to the substratum in 10 microscope fields was counted and was used as an index of cell-substrate adhesion. Each
bar represents the mean (+SE) of 3 determinations. *P < 0.05 vs. control, **P <0.001 vs. control. (F, G) CS-A polysaccharide and CS-E polysaccharide (400 nM) were
individually injected over recombinant N-cadherin-Fc (F) or cadherin-11-Fc (G), which were immobilized on a sensor chip, in the presence of 3 mM CaCl, or 3 mM EDTA. The
beginning of the association and dissociation phases is marked by the arrows a and b, respectively.

Therefore, the involvement of CS chains on the MC3T3-E1 cell sur-
face in cell adhesion was investigated. We first analyzed the adhe-
sion between untreated cells or CHase-digested cells. The adhesive
ability of CHase-digested MC3T3-E1 cells was significantly lower
than that of untreated cells (Fig. 2A), indicating that CS chains on
the cell surface were involved in cell adhesion. Next, we sought
to identify the proteins that bound to the CS chains on the
MC3T3-E1 cell surface. The calcium-dependent cell-cell adhesion
molecules N-cadherin and cadherin-11 are known to be involved
in intercellular adhesion of MC3T3-E1 cells. We therefore analyzed
the ability of untreated and CHase-treated MC3T3-E1 cells to bind
to N-cadherin or cadherin-11. CHase-digested cells weakly bound
to recombinant N-cadherin or cadherin-11, compared to untreated
MC3T3-E1 cells (Fig. 2B, C). Furthermore, EDTA-treated MC3T3-E1
cells did not bind to N-cadherin or cadherin-11, suggesting that the
interaction between CS chains on the surface of MC3T3-E1 cells
and N-cadherin or cadherin-11 might be calcium-dependent
(Fig. 2B, C). To further determine whether cell surface CS chains
containing the E-unit do indeed bind to N-cadherin or cadherin-
11, we took advantage of L cells, which lack N-cadherin and cad-
herin-11 expression [13] but which express CS-E-disaccharide
units [18,19]. The adhesion of CHase-digested L cells to N-cadherin
and cadherin-11 was significantly lower than that of untreated L
cells (Fig. 2D, E). Furthermore, the binding of EDTA-treated L cells
to N-cadherin and cadherin-11 was comparable to that of CHase-
digested L cells (Fig. 2D, E). These results suggest that the CS chains
on the cell surface are involved in cell-cell adhesion via interac-
tions with N-cadherin and cadherin-11.

Next, to determine the type of CS involved in binding to N-
cadherin and cadherin-11, we examined the interaction of CSs

and cadherins using the surface plasmon resonance biosensor,
BlAcore. CS-E polysaccharide bound strongly to N-cadherin
(Kd = 25.6 nM) and to cadherin-11 (Kd = 50.0 nM) only in the pres-
ence of calcium (Fig. 2F, G, and Supplementary Fig. 1 and Table 2).
In contrast, CS-A polysaccharide did not bind to N-cadherin or cad-
herin-11 in the presence of calcium. Thus, CS-E interacts with N-
cadherin and cadherin-11 during calcium-dependent adhesion.

3.4. Endogenous CS chains activate intracellular signaling during cell-
cell adhesion-induced MC3T3-E1 cell differentiation

The above results suggested that CS chains on the MC3T3-E1
cell surface controlled cell-cell adhesion. We therefore analyzed
intracellular signaling to determine whether CS chains regulated
osteoblast differentiation by binding to N-cadherin and cadherin-
11. In MC3T3-E1 cells, the level of ERK1/2 phosphorylation de-
creases in response to N-cadherin-mediated adhesion [20]. More-
over, a reduction in ERK1/2 phosphorylation increases Smad3
activity [21]. Furthermore, phosphorylated Smad1/5/8 promotes
the expression of osteoblastic differentiation markers such as alka-
line phosphatase, by interacting with Smad3 [22]. Therefore, these
intracellular signals were analyzed in untreated and CHase-di-
gested MC3T3-E1 cells during cell adhesion. MC3T3-E1 cells trea-
ted with CHase exhibited an increase in ERK1/2 phosphorylation
and a decrease in Smad3 and Smad1/5/8 phosphorylation com-
pared to untreated MC3T3-E1 cells (Fig. 3A-C). Furthermore, ALP
expression in CHase-treated MC3T3-E1 cells was lower than that
in the untreated MC3T3-E1 cells (Fig. 3D). These results suggest
that CS chains on MC3T3-E1 cells activate intracellular signaling
during cell-cell adhesion-induced osteoblast differentiation.
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Fig. 3. CS-E modulates N-cadherin- and cadherin-11-mediated intracellular signaling (A-D) Semi-confluent MC3T3-E1 cells were treated with or without CHase and were
cultured for 24 h until the cells attained confluence. (E-H) Semi-confluent MC3T3-E1 cells were treated with CS-A polysaccharide (CS-A), CS-E polysaccharide (CS-E) or CS-E

hexasaccharide (E-

6), and were cultured for 1 h. (I-L) Semi-confluent MC3T3-E1 cells were treated with or without anti-N-cadherin antibody and/or anti-cadherin-11

antibody for 1 h, followed by the addition of CS-E polysaccharide for 1 h. Proteins were extracted from the cells and analyzed by immunoblotting with anti-ERK1/2 and anti-
phospho-ERK1/2 (A, E, I), anti-Smad3 and anti-phospho-Smad3 (B, F, ]) or anti-Smad1 and anti-phospho-Smad1/5/8 (C, G, K) antibodies. (D, H, L) ALP mRNA expression was
analyzed by real-time RT-PCR using ALP-specific primers and the mRNA levels were normalized to GAPDH mRNA. Each bar represents the mean (+SE) of 3 determinations.
*P < 0.05 vs. control or MC3T3-E1 cells without the addition of CS-E, **P < 0.01 vs. control or MC3T3-E1 cells without the addition of CS-E, “P < 0.05 vs. MC3T3-E1 cells treated

with CS-E without the addition of any antibodies.

3.5. Exogenous CS-E activates intracellular signaling during osteoblast
differentiation in non-contacting MC3T3-E1 cells by binding to N-
cadherin and cadherin-11

Since it was clear from the above data that endogenous CS
chains are involved in cell-cell adhesion and modulate osteoblast
differentiation, we analyzed the regulation of cadherin adhesion-
induced signaling by exogenous CS chains in non-contacting cells.
Addition of CS-E polysaccharide or chemically synthesized CS-E
hexasaccharide (E-6) to MC3T3-E1 cells decreased ERK1/2
phosphorylation and increased Smad3 and Smad1/5/8 phosphory-

lation and ALP expression (Fig. 3E-H and Supplementary Fig. 2).
These effects are similar to the changes in signaling elicited by cell
adhesion. In contrast, addition of CS-A polysaccharide did not alter
intracellular signaling or ALP expression in MC3T3-E1 cells
(Fig. 3E-H). These results indicate that exogenous CS-E activates
intracellular signaling during osteoblast differentiation in non-
contacting MC3T3-E1 cells.

We next analyzed whether the effect of exogenous CS-E on
intracellular signaling during osteoblast differentiation was
dependent on N-cadherin and cadherin-11, using neutralizing anti-
bodies against N-cadherin and cadherin-11. In the presence of
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(C) or cadherin-11 (D). (E) Interaction between the endogenous E-unit of CS and N-cadherin and cadherin-11 on adjacent cells. (F) Interaction between the exogenous E-unit
of CS and N-cadherin and cadherin-11 at the cell surface. The E-unit activates intracellular signaling during osteoblast differentiation by binding to both N-cadherin and

cadherin-11. Each bar represents the mean (+SE) of 3 determinations. *P < 0.05, **P < 0.01, **P < 0.001 vs. control MC3T3-E1 cells;

anti-N-cadherin and/or anti-cadherin-11 neutralizing antibodies,
exogenous CS-E polysaccharide did not alter intracellular signaling
or ALP expression in MC3T3-E1 cells (Fig. 31-L), suggesting that CS-
E activates signaling and fine-tunes osteoblast differentiation by
binding to both N-cadherin and cadherin-11.

3.6. The endogenous E-unit of CS regulates osteoblast differentiation

Finally, to confirm that the endogenous E-unit of CS chains was
involved in osteoblast differentiation in MC3T3-E1 cells, we exam-
ined the extent of osteoblast differentiation in GalNAc4S-6ST-over-
expressing MC3T3-E1 cells (#1 and #2) by analyzing ALP
expression. GalNAc4S-6ST transfers sulfate to position 6 of the Gal-
NAc(4-0O-sulfate) residue, forming the E-unit. GaINAc4S-65ST-over-
expressing MC3T3-E1 cells exhibited a 70-120% increase in

*P < 0.05 vs. control #1 or #2 cells.

GalNAc4S-6ST mRNA and a 44-77% increase in the amount of E-
unit, AHexA-GalNAc(4-O-sulfate,6-O-sulfate), compared to paren-
tal or mock-transfected cells; the total amount of CS disaccharide
was unchanged (Supplementary Table 3). Cell lines #1 and #2
exhibited increased ALP expression (Fig. 4A, B) and greater adhe-
sion to N-cadherin and cadherin-11 compared to parental and
mock-transfected cells (Fig. 4C, D). Furthermore, the adhesion of
CHase-digested #1 and #2 cells to N-cadherin and cadherin-11
was almost equal to that of CHase-digested MC3T3-E1 cells. These
results indicate that E-unit overexpression increases adhesion of
MC3T3-E1 cells to N-cadherin and cadherin-11, and promotes
osteoblast differentiation.

Osteoporosis, which is the most common bone disease, is a
remodeling disease in which patients have a low bone mass with
a high risk of fracture [23]. For every 10% of bone that is lost, the
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risk of fracture doubles. This disease is caused by suppression of
osteoblast activity. The results of the present study indicate that
CS chains regulate osteoblast differentiation by binding to N-cad-
herin and cadherin-11 and that exogenous CS-E polysaccharide
and hexasaccharides enhance osteoblast differentiation (Fig. 4E,
F). Therefore, CS-E may act as an osteogenesis-promoting agent
in patients with osteoporosis.

In conclusion, the findings from the present study not only elu-
cidate a new mechanism of osteoblast differentiation, but may also
prove useful in designing treatments for bone diseases such as
osteoporosis.
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Amyloid plaques are a hallmark of the aging and senile dementia brains, yet their mechanism of origins
has remained elusive. A central issue is the regulatory mechanism and identity of o-secretase, a protease
responsible for o-processing of amyloid-p precursor protein (APP). A remarkable feature of this enzyme is
its high sensitivity to a wide range of cellular stimulators, many of which are agonists for Ca* signaling.

KEyW{?rdSi This feature, together with previous work in our laboratory, has suggested that calpain, a Ca%*-dependent
Calpain protease, plays a key role in APP a-processing. In this study we report that overexpression of the pi-
:frllglgoid calpain gene in HEK293 cells resulted in a 2.7-fold increase of the protein levels. Measurements of intra-
Calcium cellular calpain enzymatic activity revealed that the calpain overexpressing cells displayed a prominent

elevation of the activity compared to wild-type cells. When the cells were stimulated by nicotine, gluta-
mate or phorbol 12,13-dibutylester, the activity increase was even more remarkable and sensitive to cal-
peptin, a calpain inhibitor. Meanwhile, APP secretion from the calpain overexpressing cells was robustly
increased under both resting and stimulated conditions over wild-type cells. Furthermore, cell surface
biotinylation experiments showed that p-calpain was clearly detected among the cell surface proteins.
These data together support our view that calpain should be a reasonable candidate for a-secretase for
further study. This model is discussed with an interesting fact that three other deposited proteins
(tau, spectrin and crystalline) are also the known substrates of calpain. Finally we discuss some current
misconceptions in senile dementia research.

Alzheimer’s disease

Published by Elsevier Inc.

1. Introduction

Amyloid plaques and neurofibrillary tangles are the hallmarks
of the aging as well as senile dementia brain, yet the mechanisms
underlying their deposition have remained elusive. Amyloid pla-
ques are made of amyloid-f peptide (AB), a proteolytic fragment
of amyloid-p precursor protein (APP). In the young, APP is predom-
inately processed by an o-processing pathway mediated by puta-
tive o-secretase, which generates the secreted form of APP
(oLAPPs or APPs) from the middle of the AR domain thus precluding
the formation of AB. But in the aged brain, AB protein is somehow
overly produced to form plaques. Thus it is of key importance to
explain how such a shift of the processing pathways occur [1,2].

A number of studies have found that APP a-processing has de-
clined during aging [3,4]. It has also been found that increase of
APP a-processing through a wide variety of approaches is inevita-
bly accompanied by a concomitant decrease of Ap levels and vice
versa [5-7], suggesting a reciprocal relationship between the two
processing pathways which compete for the same APP pool. Based

* Corresponding author at: Department of Molecular Pharmacology and Physi-
ology, University of South Florida, Tampa, FL 33612, USA.
E-mail address: ming.chen@va.gov (M. Chen).

0006-291X/$ - see front matter Published by Elsevier Inc.
http://dx.doi.org/10.1016/j.bbrc.2012.03.026

on these findings we have proposed that Ap overproduction in the
aged brain may result from an inefficient APP o-processing or de-
creased functionality of a-secretase, a model akin to the age-re-
lated cholesterol deposition resulting from an insufficient
degradation of the lipids [8,9].

Along this line, the identity of a-secretase would be a central is-
sue. Today, several proteases from a disintegrin and metallopro-
tease (ADAM) family, namely ADAM-9, ADAM-10 and ADAM-17
(TACE) are widely believed to be a-secretase [10-12] and have at-
tracted most research interests. Nevertheless, apparent discrepan-
cies exist among these proposals and they have not offered a
systematic explanation for the mechanisms of plaque formation,
e.g., how a metalloprotease activity could change during aging
and how the change could lead to a selective deposition of AB,
but not other substrates. It appears that further studies are re-
quired for resolving the issues and it may be important to keep
an open mind for other models.

During the course of our studies, we have noticed that APP
a-processing may be a Ca?*-dependent process [8,9] and mean-
while work in our laboratory has found several lines of evidence
to suggest that calpain, a Ca?*-dependent protease, plays a key role
in the process [13-15]. Calpain (EC 3.4.22.17) activity is regulated
by Ca?" and is widely thought to be involved in senile dementia but
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its precise roles there is unclear [16,17]. There are over a dozen iso-
forms in the calpain family, but only the two ubiquitous isoforms,
p- and m-calpains (calpain [ and II), named by their sensitivity to
the Ca?" concentrations required for activation when tested
in vitro [16], are most relevant to the ubiquitous APP processing.

2. Materials and methods
2.1. Materials

HEK293 and human skin fibroblast cells were purchased from
ATCC (MD). Plasmid purification kit, ampicillin, geneticin, restric-
tion enzymes Kpn I and Xho I were from QIAGEN (CA). Top 10 Esch-
erichia coli strain, Lipofectamine 2000, agarose and precast SDS-
PAGE gels were from Invitrogen (CA). Antibodies to N-terminus
of APP, 22c11, the p-calpain catalytic subunit, actin, integrin-a5,
tau and fluorogenic cell-permeable calpain substrate (calpain sub-
strate V) were from EMD Millipore (CA). Dulbecco’s modified Ea-
gel’s medium (DMEM), penicillin, streptomycin, nicotine,
glutamate, phorbol 12,13-dibutylester (PDBu), calpeptin and other
chemicals were all from Sigma-Aldrich (MO).

2.2. Methods

2.2.1. Construction of calpain I expression vector

The calpain expression vector pcDNA-CAPN | was generated by
recombining pcDNA-DEST47 with pENTR-CAPN 1 following the
manufacturer’s instruction (Invitrogen, CA). The CAPN I gene was
driven by a pCMV promoter. The resulting construct was intro-
duced into Top 10 E. coli in the presence of 50 pg/ml ampicillin.
The pcDNA-CAPN I construct-containing colonies were selected,
amplified, and the construct was extracted, digested by Kpn I and
Xho I and examined on 1.5% agarose gel.

2.2.2. Expressing p-calpain gene in HEK293 cell

The pcDNA-calpain I construct was mixed with Lipofectamine
2000 (ratio: 0.8:2 pg/ug) for 20 min at RT. The construct was trans-
fected into HEK293 at 50% confluence for 6 h. The calpain over-
expressing cells were selected by incubating the cells in the
presence of 400 pg/ml geneticin for 2 weeks. The stably-transfec-
ted colonies were allowed to propagate, the cells were harvested
and lysed in a buffer (20 mM Tris, pH 7.2, 140 mM NacCl, 5 mM
EGTA, 2 mM EDTA, 1x Sigma protease inhibitor cocktail and 1%
Triton X-100). The cell lysates were analyzed by WB probed with
an antibody to the p-calpain catalytic subunit (EMD Millipore, CA).

2.2.3. Intracellular calpain activity assay

The calpain catalytic activity was measured in situ using a cell-
permeable fluorogenic calpain substrate, (DABCYL)-TPLK~SPPPS-
PRE(EDANS)-RRRRRRR-NH; (calpain substrate IV, EMD, CA) [18].
Cells were subcultured in a 96-well cell culture plates (Corning,
NY) in DMEM supplemented with 10% FBS, 1% penstrep and
400 pg/ml geneticin. At confluence, the medium was replaced with
100 pl Tyrodes buffer (140 mM NaCl, 4 mM KCl, 1 mM MgCl,,
2 mM CaCl,, 10 mM glucose, 10 mM HEPES, pH 7.4) and 10 uM cal-
pain substrate IV was added. After preincubating for 20 min at
37 °C, the cells were treated with various reagents for 30 min at
37°C, the fluorescence generated was measured in a BioTek
FLX800 fluorescent plate reader using 360 nm excitation and
460 nm emission filters.

2.2.4. APP secretion assays

Cells were subcultured in the 12-well cell culture plates until
confluence. The cells were preincubated in serum-free DMEM
for 1h and then incubated with various testing agents. After

incubation for 2 h at 37 °C, 800 pl conditioned medium from each
well was collected and cleared by centrifugation. Proteins in the
conditioned medium were precipitated by the addition of 50 pl
of 50% trichloroacetic acid containing 2 mg/ml bovine serum albu-
min. The samples were processed for WB utilizing a monoclonal
antibody 22c11.

2.2.5. Biotinylation of cell surface calpain

The procedure used a surface protein biotinylation kit (Pierce,
IL) according to the manufacturer’s instruction. Cells were biotinyl-
ated with a cell-impermeable and cleavable bifunctional cross-lin-
ker (sulfo-NHS-SS-Biotin) and the labeled surface proteins were
then affinity-purified. Cultured fibroblasts were cooled down to
4 °C and treated with 0.1 mM heparinase. The cells were incubated
with sulfo-NHS-SS-Biotin for 30 min and lysed in the detergent-
containing buffer (see above). The lysates were applied to a mini
Avidin agarose column, washed 3x and eluted with a SDS-PAGE
sample buffer containing 50 mM dithiothreitol. The flow-through
and eluted fractions were collected separately, concentrated in a
vacuum concentrator and analyzed by WB using antibodies to -
calpain, integrin-a5 and tau, respectively.

2.2.6. SDS-PAGE and Western blotting

Precast SDS-polyacrylamide 4-20% gradient mini gels were
used. Electrophoresis and Western blotting conditions were as de-
scribed [19]. A near infrared dye-conjugated secondary antibody
(Li-COR Biosci., NE) was used and the immunoreactive proteins
were visualized with a Li-COR Odyssey Infrared Imaging System.
The density of immunoreactive proteins was determined and val-
ues were calculated as band density multiplied by the area of the
reactive proteins.

3. Results
3.1. Construction of calpain expression vector

The calpain expression vector pcDNA-CAPN [ was generated by
recombining pENTR-CAPN I and pcDNA-DEST47. The resulting con-
struct was amplified, digested by restriction enzymes Kpn I and
Xho I and examined on a 1.5% agarose gel. The construct after
digestion appeared as a 2.6 kb band (Fig. 1A, arrow), which fits
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Fig. 1. Construction of the pcDNA-CAPN 1 vector and overexpression of pi-calpain.
(A) The pcDNA-CAPN I construct was built by recombining pcDNA-DEST47 with
PENTR-CAPN L. Lane M, 1 kb DNA ladder; lane 1, recombined pcDNA-CAPN I vector;
lane 2, the pcDNA-CAPN I vector digested by Kpn I and Xho [I; arrow, the calpain
cDNA insert (2.6 kb). (B) Calpain overexpressing cells analyzed by WB with
antibody to p-calpain catalytic subunit. Lane 1, wild-type (WT) cells (empty
vector); lane 2, pcDNA-CAPN [ vector-transfected cells (CAPN-v). CAPN, pi-calpain
(80 kDa); arrowhead, uncharacterized band (~50 kDa). Lower panel, the filter
probed with anti-actin antibody.
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with the size of the calpain I catalytic subunit cDNA [16]. Expres-
sion of the construct in HEK293 cells resulted in a 2.7-fold increase
of the p-calpain band compared to the wild-type cells, as detected
by Western blotting (Fig. 1B). Meanwhile, actin levels remained
unchanged under the same conditions. The calpain overexpressing
cells appeared to be stable for at least 6 months.

3.2. Measurement of calpain activity in situ

To confirm that calpain overexpressed in the HEK293 cells was
functionally active, the enzymatic activity of calpain was measured
in situ using a fluorogenic cell-permeable substrate. This peptide
substrate is derived from the sequences of several calpain sub-
strates and has an improved specificity to calpain [18]. The cells
in the culture plate were allowed to react with the substrate for
30 min and the fluorescence generated was determined. Under
the testing conditions, calpain activity in the overexpressing cells
was remarkably increased over wild-type cells. As shown in
Fig. 2, there was a 39.5% increase in the resting (basal) cells (com-
pare bar 10 to 2). The increase of the enzyme activity was more
prominent after the cells were stimulated with nicotine, glutamate
and phorbol 12,13-dibutylester (PDBu), agents that are known for
their intracellular Ca?*-mobilizing effects [20-22]. These agents
enhanced calpain activity to various degrees in wild-type cells
(Fig. 2, WT), but exhibited much greater effects in the overexpress-
ing cells (OE). As shown, nicotine (100 uM) increased calpain activ-
ity by 79.7% in these cells compared with wild-type cells (bars 11
to 3). At the same time glutamate (100 uM) and PDBu (1 uM)
caused a 141.9% and 38.5% increase, respectively (compare bars
12 to 4, and 13 to 5). Thus, overexpressed pi-calpain appeared to
be functionally active.

To confirm that the fluorescent signals measured in the assay
were attributable to the activity of calpain, the cells were stimu-
lated in the presence of calpeptin, a cell-permeable calpain inhib-
itor. Results showed that the stimulated enzyme activity by the
reagents was blocked to various degrees by the inhibitor (Fig. 2,
compare bars 6-8 to 3-5, and bars 14-16 to 11-13, respectively).

3.3. APPs secretion from the calpain overexpressing cells

To see if APPs secretion was affected in the calpain overexpress-
ing cells, we determined APPs release from these cells in compar-

ison with wild-type cells. Conditioned medium was collected after
2 h incubation and subjected to Western blotting analysis (Fig. 3A).
Quantitative analysis of the APP bands revealed that APPs released
from the overexpressing cells in the resting state was 65.9% greater
than that from wild-type cells (Fig. 3B, compare bars 8 to 1). Upon
stimulation with nicotine (100 uM), glutamate (100 uM) or PDBu
(1 uM), which are also known for their APPs release-promoting ef-
fects [20-22], the overexpressing cells displayed an APPs increase
of 85.3%, 53.3% and 34.4%, respectively, over wild-type cells
(Fig. 3B, compare bars 9 to 2, 10 to 3, 11 to 4, respectively). Treat-
ment of the cells with these agents in the presence of 50 uM cal-
peptin demonstrated that the stimulated APPs release from both
cell types were partially or near-fully abolished (compare bars 5-
7 to 2-4, and bars 12-14 to 9-11, respectively). Thus, APPs release
from the calpain overexpressing cells was increased and sensitive
to calpeptin.

3.4. Biotinylation of calpain at cell surface

Calpain is known as an intracellular protease active in the cyto-
sol or at the inner site of the membranes [16]. To see if it can also
be found at the cell surface where APP o-processing takes place, we
biotinylated the cultured cells with a bifunctional cross-linker,
which is cell-impermeable and labels only the cell surface proteins.
The biotinylated proteins were then affinity-separated on an Avi-
din column and analyzed by Western blotting for calpain. As
shown, pi-calpain was clearly detected in the eluted (bound) frac-
tion after biotinylation (Fig. 4, left panel), but not in the same frac-
tion of untreated cells (right panel), indicating that calpain was
among the cell surface proteins. Notably, however, integrin-o5, a
cell surface protein used as positive control, was also detected in
the eluted faction, but tau, a cytosolic protein, was not (Fig. 4).

4. Discussion
4.1. The role of calpain in APP processing

In this study we demonstrated that overexpression of pi-calpain
in HEK293 cells resulted in a pronounced increase of APPs secre-
tion over wild-type cells, and that the effect is concurrent with
an elevation of the enzymatic activity of calpain. Furthermore,
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Fig. 2. Intracellular calpain activity in the calpain overexpressing and wild-type cells. Intracellular calpain activity was measured in wild-type (WT) and calpain
overexpressing (OE) cells using a fluorogenic substrate. Cells were in the resting state (R) or stimulated by 100 uM nicotine (Ni), 100 uM glutamate (G) or 1 uM PDBu (Pd). The
treatments with the agents in the presence of 50 M calpeptin (CPT) were indicated. Values are percentage over control (means + SE, n > 3); *p < 0.001, versus corresponding

data (bars 2-5) in the WT panel. Student’s two-tailed t-test. S, substrate alone.
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Fig. 3. APPs secretion from calpain overexpressing and wild-type cells. APPs released from wild-type (WT) or calpain overexpressing (OE) cells were analyzed by Western
blotting with antibody to APPs. The cells were either in the resting state (R) or stimulated by 100 uM nicotine (Ni), 100 uM glutamate (G) or 1 uM PDBu (Pd). Experiments
conducted in the presence of 50 pM calpeptin (CPT) were indicated. (B) Quantitative analysis of the scanning densitometry of the immunoreactive proteins in (A). Values are
percentage changes (means * SE, n > 5); *p < 0.05, versus corresponding data (bars 1-4) in the WT panel. Student’s two-tailed t-test.
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Fig. 4. Biotinylation of cell surface calpain. Cultured cells were first treated with
heparinase and then biotinylated (Biotin+) or untreated (Biotin—). After treatment,
the cells were dissolved with detergent and labeled proteins were affinity separated
on an Avidin column. The flowthrough (F) and eluted (E) fractions were collected
separately, then concentrated and analyzed by Western blotting with antibodies to
p-calpain (p-calpain), integrin-o5 (integrin) and tau, respectively.

detection of pi-calpain at the cell surface by biotinylation suggests
that calpain is not only active intracellularly, but also can be at
least partially found at the plasma membrane surface of the cell,
a finding that is consistent with several previous reports that
calpain can be found at the platelet cell surface [23-25]. Taken
together, these results provide additional support to our conten-
tion that calpain should be considered a reasonable candidate for
a-secretase. Clearly, additional studies are required to validate this
model, and such studies should determine whether calpain will
meet all features of a-secretase [26].

Because other proteases have also been considered as o-secre-
tase and each of them is supported by a substantial body of exper-
imental evidence [10-12], this area of research remains

controversial. At this point, however, a consideration from a broad-
er background would perhaps be helpful.

4.2. The regulated nature of APP o-processing

APP a-processing is highly sensitive to a wide range of regula-
tory agents, most notably growth factors, excitatory neurotrans-
mitters, muscarinic receptor agonists, IP3, protein kinase C (PKC)
activators, hormones and cytokines, and the processing activity is
dose-dependent (see Refs. [8,9]). Such sensitivity to so many signal
pathways would suggest that APP a-processing is a regulated pro-
cess, or oi-secretase a regulated protease, one whose catalytic activ-
ity in vivo fluctuates rapidly and dramatically in response to
cellular signals. Since calpain is perhaps the only known protease
that is truly regulated by a signal transduction cascade [16], it is
plausible to think that this enzyme would receive particular re-
search attention.

Further, upon a systematic analysis of the reported data, we no-
ticed that many of the agents that promote APPs secretion also
activate intracellular Ca%*, whereas those which decrease APPs re-
lease also inhibit Ca?" [8,9]. As Ca®* appears to be a common
denominator of the agents, these reports would be uniformly ex-
plained if APP ai-processing is assumed to be a Ca%*-dependent pro-
cess, or o-secretase to be a Ca**-dependent protease [9,26].

The following findings further support this model. First, APP a-
processing is sensitive to oxidative stress (Chen et al., unpublished
data), a feature shared by calpain [27]. Second, APP a-processing is
also energy-dependent [28], a feature consistent with that of the
Ca?* signaling system. Third, calpain isoforms have been impli-
cated in the neuronal secretory process [29]. Fourth, the a-secre-
tase-cleaving site on APP, i.e., the Lys-Leu bond at the 16-17 site
of AB, is identical to an actual cleavage site on PKC, a known calpain
substrate [30]. And fifth, infusion of a calpain inhibitor into rat
brain has resulted in accumulation of AB or Ap-containing frag-
ments [31,32].

4.3. Why are calpain substrates selectively deposited?

Perhaps the most intriguing observation that corroborates our
model comes from a remarkable but largely overlooked fact. That
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is, three other proteins that are also deposited, namely tau,
spectrin and B-crystalline (in cataracts) [33-35], are well-known
substrates of calpain [16,33-35]. A challenging question is: why
do calpain substrates selectively deposit during natural aging?

If this is not a coincidence and may not be explained by current
models such as protein misfolding or autophagy, then it would be
important to conceive that there may be some unique and as-yet-
unidentified attributes in calpain that may hold a clue to this
mind-boggling question. Along this line we propose a novel model
for discussion.

Controlled by the Ca?* signaling cascade in response to physio-
logical demands, calpain’s action would be unique in that it is not
only specific, but also “exclusive” (meaning no other protease will
act at the same sites of its substrates). This is because otherwise
the signal transduction cascade would be disrupted (imagine what
will happen if PKC is cleaved and activated by other proteases at
the same site). For this reason, if calpain activity is diminished dur-
ing aging, its substrates will not be attacked by other proteases and
thus deposit — but other proteins will not.

This means that perhaps only calpain substrates (fragments)
will deposit, and APP may be merely another one of them. And it
also means that the functional state of o-secretase is the primary
determinant, or rate-limiting factor, for the Ap levels, to which
other proteases play only secondary roles [9]. This is akin to cho-
lesterol deposition being solely determined by the functional state
of its normal degradation, i.e.,, there may not be a cholesterol
“depository” pathway at all. While this challenging model awaits
scrutiny and testing, it appears that thinking along this line may
lead to a new frontier of study.

4.4. Misconceptions in senile dementia studies

As a matter of fact, APP a-processing has long been linked to
Ca?* by several research groups. For example, Baxbaum et al. have
shown that a Ca?* pathway is definitively involved in the o-
processing of APP [36]. Wolf et al. have repeatedly reported that
various muscarinic and glutamatergic agonists promote APPs re-
lease with concomitant Ca®* activation [21,37]. Given such compel-
ling evidence, together with many other supporting data [8,9 and
references therein], one wonders: why has the regulatory mecha-
nism of o-processing remained a conundrum today?

We think this may relate to the current “calcium overload/acti-
vation” hypothesis [38], a problematic theory that is based on mea-
surements of Ca?* “levels” rather than its functionality and on
studies of “cell death” rather than the natural aging process, as
we have scrutinized extensively [39]. Under this theory, Ca®" and
calpain, two indispensable factors for life and cognition, have been
viewed as “destructive” and should be “blocked” in the elderly, like
vicious pathogens. But due to its dominant status, other mecha-
nisms would have to be found to explain APP a-processing (for re-
view, see Ref. [12]) and the list is still growing. Such a diverging
trend should be a concern to us since a healthy one is converging
(approaching to a consensus). A synthesis of the data into a coher-
ent theory is critically needed today.

But a fundamental question is: how can an unproven hypothe-
sis become dominate for so long without being subject to the self-
correcting mechanisms of science? We now think that the ultimate
problem is the institutional definition of senile dementia as a
curable disease (Alzheimer’s disease) [40]. This politically correct
definition has, among other things, excluded natural aging as its
root cause, thereby allowing various “erroneous” pathway-based
concepts such as “calcium overload/activation” hypothesis to
prevail [40].

It thus appears that a paradigm shift is needed for understand-
ing the true origins of the plaques during natural aging. In this re-
gard, it is worth noting that our “Ca?*/calpain functional deficits”

model may coherently and mechanistically explain plaques, tan-
gles and cognitive inefficiency, the three hallmarks of the aging
brain that are related to senile dementia[9].
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Adhesion of circulating monocytes to vascular endothelial cells is a crucial event in development of vas-
cular inflammatory conditions, including atherosclerosis. We investigated the roles of connexin43 (Cx43)
and ATP release on monocyte-endothelial adhesion. Cx43 function and expression were manipulated by
connexin channel inhibitors, overexpression and siRNA. Connexin channel inhibitors rapidly decreased
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KeyWﬂn#-’ ATP release from U937 monocytes and increased adhesion to human umbilical vein endothelial cells
CMO““eX‘“43 dothelial adhesi (HUVEC). Monocyte ATP release correlated with Cx43 expression, not with Cx37 expression. Exogenous
H:;?;i’;i;ee? othelial adhesion adenosine (ADO) or ATP decreased adhesion, and inhibition of ATP conversion to ADO increased adhesion.

We infer that monocyte Cx43 channel activity causes ATP release, likely via Cx43-containing hemichan-
nels, and that ATP decreases adhesion via conversion to ADO. Inhibition of HUVEC connexin channel
activity did not affect ATP release or adhesion. In contrast, expression of Cx43 protein in U937 cells
enhanced adhesion. Thus, Cx43 channel function and expression have opposite effects: Cx43 channel
function in monocytes, but not in HUVEC, rapidly decreases adhesion via ATP release and conversion
to ADO, whereas Cx43 expression itself enhances adhesion. These studies suggest that local regulation
of monocyte Cx43 activity within the vasculature can dynamically modulate the monocyte-endothelial
adhesion that is an initiating event in vascular inflammatory pathologies, with the baseline adhesion
set by Cx43 expression levels. This balance of rapid and tonic influences may be crucial in development

ATP release

of vascular pathologies.

© 2012 Elsevier Inc. All rights reserved.

1. Introduction

Under normal conditions, monocytes flowing in blood vessels
interact minimally with vascular endothelial cells. However, circu-
lating monocytes adhere to vascular endothelial cells that are in-
flamed, damaged or exposed to turbulent shear-stress [1]. This
adhesion occurs at the initiating stages of inflammatory vascular
processes. It is a pre-requisite for endothelial transmigration and
extravasation, and is a primary initiator of atherogenesis [2]. For
example, in atherosclerotic development, adherent monocytes
transmigrate into the arterial intima where they propagate, mature
and accumulate lipids. These intimal monocytes transform into
macrophage foam cells, a hallmark of atherosclerotic pathology.
Adherent monocytes also damage vascular endothelium, causing
release of chemoattractants and inflammatory factors. Thus, self-
reinforcing monocyte-endothelial cell adhesion not only initiates
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pathologic processes, but its consequences intensify their
progression.

Monocytes transmigration to vascular intima that follows adhe-
sion to endothelium is a major factor in other vascular pathologies,
including acute coronary syndromes [3], vascular damage follow-
ing cancer radiotherapy [4] and development of bacterial endocar-
ditis [5]. Diapedesis following monocyte-endothelial adhesion
plays a major role in monocytic infiltration in experimental auto-
immune encephalomyelitis (an animal model of multiple sclerosis)
[6] and in diabetic nephropathy [7].

For these reasons, it is important to understand the factors that
initiate and modulate monocyte-endothelial adhesion. Many con-
ditions enable or facilitate the initial adhesion, including haemody-
namic turbulence, inflammatory factors secretion and endothelial
dysfunction [8]. Recent studies indicated a role for hemichannels
formed by connexin37 (Cx37) in modulation of monocyte-endo-
thelial adhesion [9].

Connexins are a family of transmembrane proteins whose mem-
bers are expressed in almost all human organs and tissues. They
form gap junction channels that mediate intercellular movement
of cytosolic signaling molecules [10]. The junctional channels are
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composed of two hemichannels, docked end-to-end. Hemichannels
can also exist unapposed in plasma membranes, where they can
serve a variety of functions, including release of ATP [11].

There are 21 human connexin isoforms. Vascular endothelial
cells express Cx37, Cx40 and Cx43 [12]. As reported monocyte
Cx37 promotes ATP release, which lessens monocyte adhesion to
endothelial cells, thereby interfering with atherosclerotic develop-
ment [9]. We show here that in addition to Cx37, the monocytic
cell line U937 robustly expresses Cx43, which forms channels with
much greater molecular permeability and which have been shown
in many contexts to be permeable to ATP and to directly mediate
ATP release [10].

The role of Cx43 in monocyte-endothelial adhesion has not
been explored. Cx43 is the most widespread connexin in cardiovas-
cular system, and is critically involved in normal physiology as
well as many cardiovascular pathologies, including atherosclerosis
[13]. Cx43 is upregulated in human atheromatous plaque and in
animal models of atherosclerosis [14]. Neutrophil adhesion to
endothelium has been shown to be modulated by ATP release via
Cx43 hemichannels [15]. In present study, we show that inhibition
of the function of Cx43 hemichannels in monocytes, but not in
endothelial cells, increases monocyte-endothelial cell adhesion
by decreasing ATP release. However, increased Cx43 expression
per se by monocytes can increase monocyte-endothelial cell adhe-
sion. This leads to the idea that, monocyte Cx43 function dynami-
cally modulates vascular monocyte-endothelial adhesion around a
baseline adhesion level set by Cx43 expression.

2. Materials and methods
2.1. Cell culture

HUVEC (human umbilical vein endothelial cells) were enzymat-
ically isolated from fresh umbilical cord as previously described
[16] and used up to passage 5. Human monocytic cells (U937) were
purchased from American Type Culture Collection (ATCC). HUVEC
were cultured with human endothelial SFM (Invitrogen) contain-
ing 15% fetal bovine serum (FBS; Invitrogen), 100 U/ml penicil-
lin-streptomycin (Invitrogen), 100 pg/ml heparin (Sigma), and
150 pg/ml endothelial cell growth supplement (ECGS; BD). The
study was approved by the local institutional Ethics Committee.
U937 cells were cultured in RPMI1640 medium (Invitrogen) sup-
plemented with 15% fetal bovine serum (FBS; Invitrogen), 100 U/
ml penicillin-streptomycin (Invitrogen). HUVEC and U937 cells
were cultured at 37 °C in a 5% CO, incubator at 90% humidity.

2.2. Adhesion assay

Adhesion of U937 to HUVEC was assessed as described: [17]
briefly, U937 cells were labeled with 5 uM calcein-acetoxymethyl
ester (calcein-AM; Invitrogen) for 30 min at 37 °C in a 5% CO, incu-
bator at 90% humidity. U937 cells were then washed twice with
PBS and resuspended in the medium without serum. U937 cells la-
beled with calcein-AM were added onto confluent monolayers of
HUVEC that had been treated overnight with recombinant mouse
tumor necrosis factor, TNF-a 20 ng/ml (Peprotech). After incuba-
tion for 1 h at 37 °C, the plates were rinsed twice with medium
without serum. Adherent U937 cells remained on confluent mono-
layers of HUVEC and were counted using a fluorescence micro-
scope. For each condition, 8 different 200x visual fields in the
middle of the dish were chosen for analysis.

2.3. Cell treatments

HUVEC or U937 cells were pretreated with connexin channel
inhibitors oleamide or 18-a-GA (Sigma), a Cx43 expression enhan-

cer, retinoic acid (Sigma), a CD73 inhibitor, o,B-methylene ADP
(APCP) (Sigma), exogenous ATP or adenosine (ADO) for indicated
times before and during adhesion assays, then harvested for wes-
tern blotting.

2.4. Overexpression of Cx43 and inhibition of Cx43 expression by siRNA
transfection

Cx43 was expressed in U937 cells with a pcDNA3.1-Cx43 vector
(gift of Ryan Jensen and Peter M. Glazer). Cells were transfected
with siRNA targeting human Cx43 gene (CAGUCUGCCUUUCGUU-
GUA) or a nonspecific, control siRNA (NC in the figures). Transfec-
tion into U937 cells was carried out using Lipofectamine 2000
(Invitrogen) according to the manufacturer’s instructions.

2.5. Western blotting

Western blotting protocols are described in previous studies
[18]. Using anti-Cx43 (Sigma; 1:3000), the secondary antibody
(Sigma) was 1:3000. Both anti-B-actin (Sigma) and the secondary
antibody were at 1:10,000 dilution. All western blotting exposures
were in the linear range of detection, and the intensities of the
resulting bands were quantified by Quantity One software on a
GS-800 densitometer (Bio-Rad Laboratories).

2.6. Extracellular ATP measurements

Cellular ATP release was determined with ATP bioluminescence
assay kits (Sigma) according to the manufacturer’s instructions.
The supernatants of HUVEC and U937 cultures were collected on
ice. Hundred microliters of supernatant was added to 100 pl ATP
assay mix solution. The luminescence was read by a fluorospectro-
photometer (Cary Eclipse, FLO811MO005, Bio/Chemi-luminescence
mode) in 96-well culture plates.

2.7. Statistical analysis

Data were statistically analyzed using unpaired Student’s t test
at a significance level of P < 0.05 using Sigma Plot (Jandel Scientific)
and are presented as means * SE.

3. Results

3.1. Effects of oleamide and retinoic acid on U937 Cx43 expression and
U937-HUVEC adhesion

Previous studies have shown expression of Cx37 in monocytes
[9]. We show that U937 cells, a widely used monocyte cell line, ro-
bustly express Cx43 as well (Fig. 1B and D) and investigate the role
of monocyte Cx43 in adhesion to endothelial cells.

Treatment of U937 cells with oleamide (50 pM) caused a dra-
matic, rapid increase in adhesion (Fig. 1A). This rapid effect on
adhesion is consistent with rapid inhibition of connexin channel
activity by oleamide [19].

With continuous exposure to oleamide, the initial increase in
adhesion decreased with time and was at near baseline levels at
24 h of treatment (Fig. 1A), which correlated with a decrease of
Cx43 expression (Fig. 1B). Retinoic acid (25 pM) increased expres-
sion of Cx43 in U937 cells over a period of hours (Fig. 1D). Increased
expression of Cx43 in U937 cells correlated with increased adhesion
(Fig. 3C). Thus, in U937 cells, expression of Cx43 positively corre-
lated with adhesion. Cx37 expression in U937 cells was unaltered
by these treatments (Supplemental Fig. 1A and B).
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Fig. 1. Effects of U937 exposure to oleamide and retinoic acid on monocyte-endothelial cell adhesion and on expression of Cx43. (A, C) Effects on adhesion when U937 cells

were treated with oleamide (50 pM) or retinoic acid (25 uM) for 1,4,and 24 h(n=5,"P<

(50 uM) or retinoic acid (25 pM) for 1, 4 and 24 h (n =4-7, *P < 0.05).

3.2. Specific modulation of U937 Cx43 expression modulates U937-
HUVEC adhesion

To more directly assess the role of U937 Cx43 expression on
adhesion, we explored the effects of specific alteration of U937
Cx43 expression using two experiments: overexpression of Cx43
by transfection of pcDNA-Cx43 and knock-down of Cx43 expres-
sion with siRNA-Cx43. Fig. 2A and B shows that upregulation of
U937 (Cx43 expression by pcDNA-Cx43 enhanced adhesion.
Conversely, knock-down of Cx43 expression with siRNA-Cx43 de-
pressed adhesion (Fig. 2C and D). Cx37 expression was unchanged
(Supplemental Fig. 1C and D). These experiments make clear that
adhesion of U937 cells is a positive and specific function of Cx43
expression.

The data presented thus far suggest a differentiation between
effects of Cx43 channel function and expression of Cx43: decreased
Cx43 function in U937 cells increases adhesion to HUVEC, but
when expression of Cx43 in U937 is increased by any of the manip-
ulations, the adhesion also increases. Similarly, when Cx43 expres-
sion is decreased, the adhesion decreases. This suggests that
expression of Cx43 per se increases adhesion, and that this is dis-
tinct from the effect of functional Cx43 channels to decrease adhe-
sion. These dual and competing effects of Cx43 are reflected in the
change in adhesion during oleamide treatment of U937 cells
(Fig. 1A and B), which initially increased (due to block of connexin
channel function) and later decreased to nearly control levels as

0.05). (B, D) Effects on Cx43 expression when U937 cells were treated with oleamide

Cx43 expression decreased. Thus it appears that the levels of
Cx43 expression set a baseline level of adhesion, which can be rap-
idly modulated by monocyte Cx43 channel function.

3.3. Effect of U937 Cx43 activity on adhesion is mediated by ATP
release

Previous studies showed that monocyte Cx37 correlated with
ATP release and inhibition of monocyte-endothelial cell adhesion
[9]. Cx37 is among the most size-restrictive of connexin channels,
being impermeable to many of molecules that permeate other
connexin channels. Cx43 channels are known to be permeable to
ATP [10]. We therefore investigated the involvement of ATP release
in modulation of adhesion by monocyte Cx43.

Cx43 is also expressed on HUVEC. In order to exclude the effect
of ATP released from HUVEC, ATP release and U937-HUVEC adhe-
sion was assessed with short-term exposure of each type of cell to
oleamide or to a second inhibitor of connexin channel function, 18-
o-GA [20], and with transfection with siRNA-Cx43. One hour expo-
sure of HUVEC to oleamide or 18-0-GA had no effect on ATP release
or adhesion (Fig. 3A and C). Importantly, knockdown of Cx43
expression in HUVEC also had no effect on ATP release (Fig. 3E;
knockdown level shown in Supplemental Fig. 2), showing that
Cx43 function does not regulate ATP release from HUVEC.

In contrast, 1 h treatment of U937 cells with oleamide or 18-a-
GA dramatically decreased ATP release and increased adhesion
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Fig. 2. Expression of Cx43 by U937 cells regulates monocyte-endothelial cell
adhesion. (A) Expression of Cx43 in U937 cells following transfection by pcDNA-
Cx43 (n =4, *P<0.05). (B) Change of cell adhesion when Cx43 expression by U937
cells was increased (n = 4, *P < 0.05). (C) Expression of Cx43 in U937 cells following
treatment with siRNA-Cx43 (n=7, *P<0.05). (D) Change of cell adhesion when
U937 cells expression of Cx43 was knocked-down by siRNA-Cx43 (n = 4, *P < 0.05).

(Fig. 3B and D). Knockdown of Cx43 expression also attenuated ATP
release (knockdown level shown in Fig. 2C). These results make
clear that Cx43 channel function in U937 cells decreases adhesion
by enhancing ATP release. Thus, the effects of Cx43 functional
modulation on U937-HUVEC adhesion are distinct and cell-spe-
cific. They also show that effect of decreased Cx43 expression in
monocytes to decrease adhesion is not mediated by decreased
ATP release (since decreased ATP release itself should have oppo-
site effect; the adhesion enhancing effect of expression dominates).
ATP can be rapidly metabolized by extracellular enzymes to
adenosine (ADO), which has well-known anti-inflammatory effects
that decrease adhesion via A2B receptors [21]. The ecto-enzymes
involved are CD39, converting ATP to AMP, and CD73, converting
AMP to ADO. This pathway is robust in endothelial cells [22]. To re-
veal the role of ADO, we applied a competitive inhibitor of CD73,
o,B-methylene ADP (APCP) [23], to inhibit ADO production from
ATP. Application of APCP caused a significant increase in cell adhe-
sion (Fig. 3G and H), strongly suggesting that ADO produced from
endogenously released ATP has an anti-adhesive effect.

3.4. Exogenous ADO or ATP decrease adhesion

Experiments were conducted to determine whether (a) ADO
could in fact decrease adhesion in this system, and (b) ADO could
reverse the increased adhesion caused by treatment of U937 cells
with connexin channel inhibitor oleamide. In both cell types, exog-
enous 100 uM ADO decreased the endogenous adhesion (Fig. 4A
and C). Furthermore, ADO reversed the enhanced adhesion pro-
duced by oleamide treatment of U937 cells (i.e., by inhibition of
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Fig. 3. Effects of oleamide and 18-a-GA on cell adhesion and ATP release from
HUVEC and from U937 cells. (A, B) Effects of 1 h treatment of cells with oleamide
and 18-a-GA on cell adhesion (n=5, *P<0.05). (C, D) Effects of 1 h treatment of
cells with oleamide and 18-0-GA on ATP release (n =5, *P < 0.05). (E, F) ATP release
from HUVEC or U937 cells in which Cx43 expression was knocked-down by siRNA-
Cx43 (n=3-5, *P<0.05). (G, H) Effects of 1 h treatment of cells with APCP on cell
adhesion.

endogenous ATP release; shown in Fig. 1) (Fig. 4B and D). These re-
sults confirm an anti-adhesive effect of ADO on these cells.

To determine whether exogenous ATP could substitute for
endogenously released ATP, the same experiment was performed
using 200 pM ATP. Exogenous ATP had a similar effect as exoge-
nous ADO (Fig. 4E and G); exogenous ATP can reproduce the effect
of exogenous ADO (though somewhat less effectively; compare
Fig. 4E with Fig. 4A, and Fig. 4G with Fig. 4C). Like ADO, exogenous
ATP also functionally reversed the increased adhesion that fol-
lowed inhibition of ATP release from U937 cells by oleamide
(Fig. 4F and H).

4. Discussion
4.1. Effects of Cx43 channel function

These studies show that functional Cx43-containing channels in
monocytes are involved in purinergic signaling, via ATP release,
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Fig. 4. Effects of exogenous ATP on monocyte-endothelial cell adhesion. (A, C) Effect on cell adhesion of U937 cells or HUVEC pretreatment with ADO (100 uM) for 15, 30 and
60 min (n =4, *P<0.05). (B, D) Effect on cell adhesion when U937 cells were pretreated with oleamide (50 uM) for 60 min and U937 cells themselves or HUVEC were
pretreated with exogenous ADO (100 uM) for 15, 30 and 60 min (n = 3, *P < 0.05). (E, G) Effect on cell adhesion of U937 cells or HUVEC pretreatment with ATP (200 uM) for 15,
30 and 60 min (n = 4, *P < 0.05). (F, H) Effect on cell adhesion when U937 cells were pretreated with oleamide (50 uM) for 60 min and U937 cells themselves or HUVEC were

pretreated with exogenous ATP (200 uM) for 15, 30 and 60 min (n = 4, *P < 0.05).

which modulates monocyte-endothelial adhesion. Inhibition of
monocyte connexin channel function by connexin channel inhibi-
tors oleamide or 18-0-GA causes a rapid decrease in ATP release
and increase in adhesion to HUVEC, but similar treatment of HU-
VEC had no effect on either ATP release or adhesion. Downregula-
tion of Cx43 in U937 cells reduces ATP release. There was no
change in Cx37 expression, showing that ATP release is modulated
by Cx43 rather than by Cx37. Inhibition of ecto-enzymatic pathway
that generates ADO from ATP enhanced adhesion, and exogenous
ADO or ATP could functionally substitute for ATP released by
U937 cells. These studies show that Cx43-dependent ATP release
is cell-specific, specifically correlates with Cx43 function and rap-
idly modulates monocyte-endothelial adhesion.

What is the pathway by which ATP is released from monocytes?
Previous work suggested involvement of monocyte Cx37 channels
[9,24]. We show that Cx43 is present and that ATP release corre-
lates with changes in Cx43 function and expression, while Cx37
is unchanged. ATP permeability and release through Cx43 channels
are well established [10]. Because homomeric Cx37 channels are
among the most size restrictive among all connexin channels,
being impermeable to 6-carboxyfluorescein, Lucifer yellow and
Alexa 488, and only weakly permeable to the smaller molecules
Alexa 350 and NBD-M-TMA [25,26], we favor the idea that ATP re-
lease from monocytes is via channels formed wholly and/or par-
tially by Cx43 (homomeric Cx43 and/or heteromeric Cx43/Cx37
channels). Another potential pathway for ATP release is through
pannexinl (panx1) channels [27]. Panx1 has not been reported to
be expressed in monocytes. However, 18-a-GA is without signifi-
cant effect on panx1, particularly at the low concentration used
here [28]. This, and the effects on ATP release by siRNA-Cx43, argue
against ATP release via pannexin channels. No matter what the
specific pathway, the data show that the pathway is rapidly and
dynamically modulated by Cx43 channel function.

How does this ATP release from monocytes affect adhesion?
ATP can be rapidly metabolized by extracellular enzymes to ADO,
which has well-known anti-inflammatory effects via A2B receptors
that decrease adhesion [22]. Released ATP is converted to ADO and
exerts an anti-inflammatory effect. This pathway is supported by

the demonstration that block of ADO production, using APCP, in-
creased adhesion, and exogenous ADO decreased adhesion.

We show that exogenous ATP mimics the effect of cellular ATP
release to decrease adhesion, presumably by metabolism to ADO. It
is also possible that ATP itself could have an anti-adhesive effect on
these cells, even though ATP is usually considered a pro-inflamma-
tory agent. NCAM has an extracellular ATP binding site, occupancy
of which can interfere with adhesion and downstream signaling
[29]. Both monocytes and HUVEC express NCAM [30]. ATP can also
interact with P2Y;, receptors on HUVEC to reduce adhesion [31].
These interactions could contribute to the overall anti-adhesive ef-
fect of exogenous ATP, though metabolism to ADO is likely the
dominant pathway.

ATP release through Cx43 channels is well-described [10]. It can
be dynamically regulated by factors that include intracellular Ca*,
ischemic stress, hypoxia, and important in the context of athero-
sclerosis, by cytokines [32]. Release of cytokines is a prominent
feature of atherosclerosis. Cytokines including TNF-o, interleukin,
IFN-y and TGF-B inhibit the activity of Cx43 channels [33]. There-
fore, cytokine release in early atherosclerotic development would
attenuate ATP release from monocytes, enhancing adhesion in a
positive-feedback inflammatory cycle.

4.2. Effects of Cx43 expression

Reduction of Cx43 expression in U937 decreased adhesion and
upregulation of Cx43 expression enhanced adhesion. These effects
on Cx43 expression are opposite to those of acute modulation of
the connexin channel function. Manipulation of Cx43 levels had
no effect on expression of Cx37 (Supplemental Fig. 1). This suggests
lack of involvement of Cx37 in modulation of adhesion by changes
in Cx43 expression.

The specific mechanism of the effect of Cx43 expression on
adhesion is unclear, but may involve interactions between the car-
boxyl-terminal domain of Cx43 and elements of cellular signaling
pathways, including cytoskeletal components, Src, PKA and PKC
[34,35] which can have downstream effects on expression of cell
adhesion molecules expressed on monocytes.
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Our experiments focus on a crucial step in inflammatory vascu-
lar disease: monocyte adherence to endothelial cells. This adhesion
is a required step in development of atherosclerosis and many
inflammatory pathologies that involve leukocyte transmigration
across endothelium. The results strongly suggest that adhesion is
dynamically regulated by monocyte Cx43 hemichannel function,
which will be responsive to the local environment of the circulat-
ing monocytes as they come into contact with vascular endothe-
lium and exposed to local signaling molecules (e.g., due to local
oscillatory shear stress). This local modulation is superimposed
upon a baseline level of adhesivity set by the levels of Cx43 expres-
sion in monocytes. Thus, Cx43 seems to be a pivotal player - in
unexpected ways - in defining how well and where monocytes will
adhere to endothelial cells and thereby promote atherosclerotic
development and progression of other vascular pathologies. The
mechanisms described here may offer a basis for targeted
intervention.
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Psychrobacter, a micro-organism originally isolated from Antarctic sea water, expresses an extremely
active hormone-sensitive lipase (HSL) which catalyzes the hydrolysis of fatty acid esters at very low tem-
perature and is therefore of great potential industrial and pharmaceutical interest. An insoluble form of
the entire enzyme has previously been cloned and expressed in Escherichia coli, subsequently refolded
and shown to be active, whilst a shorter but completely inactive version, lacking the N-terminal 98 amino
acids has been expressed in soluble form. In this study the entire enzyme has been expressed as a fully
soluble protein in E. coli in the presence of either the osmolyte trehalose, plus high salt concentration, or
the membrane fluidizer benzyl alcohol. Trehalose promotes protein mono-dispersion by increasing the
viscosity of the growth medium for bacterial cells, thereby helping circumvent protein aggregation,
whilst the heat-shock inducer benzyl alcohol stimulates the production of a network of endogenous
chaperones which actively prevent protein misfolding, whilst also converting recombinant aggregates
to native, correctly folded proteins. The resultant recombinant protein proved to be more stable than
its previously expressed counterpart, as shown by CD and enzymatic activity data which proved the
enzyme to be more active at a higher temperature than its refolded counterpart. By light scattering
analysis it was shown that the newly expressed protein was monomeric. The stability of the full length
native protein will help in understanding the structure of PsyHSL and the role of its regulatory N-terminal

for eventual application in a myriad of biotechnological processes.

© 2012 Elsevier Inc. All rights reserved.

1. Introduction

Lipases play a crucial role in lipid metabolism, catalyzing the
hydrolysis of acylglycerides and a range of other fatty acid esters
[1]. They are produced by organisms in a wide range of environ-
ments and are fully functional, often in an extreme range of condi-
tions [2,3]. Due to their catalytic activities and adaptable nature
they are potentially extremely useful enzymes for an ever growing
number of industrial and pharmaceutical applications [4-6]. Cold-
active enzymes produced by micro-organisms often show high cat-
alytic efficiency at low temperatures, frequently associated with
low stability at moderate and high temperatures. The specific
activity of psychrophylic enzymes is higher than that of their mes-
ophylic homologues at 0-30 °C. Over the past decade, the attention
of many researchers has been focused on the biotechnological
applications of these enzymes [5], thanks to the numerous eco-

* Corresponding author. Fax: +39 0812534574.
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nomical and ecological advantages of enzymes that operate at low-
er temperatures.

The bacterial species TA144 of Psychrobacter is a micro-organ-
ism which has been isolated from Antarctic sea water, where it
efficiently catalyzes the hydrolysis of acylglycerides and other fatty
acid esters in the process of degradation of organic matter via its
highly active hormone-sensitive lipase [7]. Cold-adapted micro-
organisms normally grow very slowly, but with the aid of genetic
engineering it has become possible to clone their highly catalytic
genes in host strains such as Escherichia coli as has been the case
for the lip2 gene, normally expressed in Psychrobacter sp. TA144,
hereafter referred to as recombinant PsyHSL [8]. As with other
members of the HSL family PsyHSL contains a highly conserved se-
quence of His-Gly-Gly-Gly upstream of the catalytic site, shown to
be homologous to the corresponding region of human HSL, Gly-
Asp-Ser-Ala-Gly [9]. In fact PsyHSL shows a surprising degree of
homology around the catalytic domain, displaying 42% identity
and 60% similarity over a span of 87 amino acids, this region being
proposed to be a common feature in triacylglycerol lipases and
esterases [10].


http://dx.doi.org/10.1016/j.bbrc.2012.03.028
mailto:nina.dathan@unina.it
http://dx.doi.org/10.1016/j.bbrc.2012.03.028
http://www.sciencedirect.com/science/journal/0006291X
http://www.elsevier.com/locate/ybbrc

G. Ascione et al./Biochemical and Biophysical Research Communications 420 (2012) 542-546 543

PsyHSL has previously been expressed in the bacterial vector
pET22b, but proved to be highly insoluble. It has however been
successfully refolded and shown to be catalytically active, although
this activity does not confirm the true nature of the enzyme; all at-
tempts to crystallize the refolded protein have proved unsuccessful
[8]. However a deleted version of PsyHSL, lacking the initial 98 res-
idues has been expressed in fully soluble form but not extensively
characterized since this deleted version was completely inactive
[8]; suggesting that the N-terminal region of HSL, like its human
counterpart, could be considered as a regulative domain of the pro-
tein, rendering the attainment of the soluble full length protein to
be of considerable potential interest [9].

The aim of this study was to find suitable expression conditions
in order to provide us with a high level of native, soluble and fully
active protein for extensive biochemical characterization and,
eventually, crystallographic studies. For this purpose PsyHSL was
initially re-cloned in two simple 6 xHis-tag (N-terminal and C-ter-
minal) modified pET vectors pETM11 and pETM13 (EMBL, Heidel-
berg) via PCR using specific oligonucleotide primers and their
soluble expression levels were confronted with that obtained from
pET22b. Further to altering growth conditions two additives were
also used to encourage correct folding of the recombinant protein
expressed in E. coli. These were benzyl alcohol, a membrane flui-
dizer [11] known to artificially cause a heat-shock response in
the modified membrane of bacterial cells, causing severe stress
and inducing the expression of the cells own chaperone network,
as well as the osmolyte trehalose which exerts an anti-aggregation
effect on proteins in the presence of high salt concentration there-
by encouraging uptake of the osmolyte into individual bacterial
cells [12]. The addition of these compounds proved to be decisive
in procuring a high expression level of stable, soluble, full length
recombinant protein.

2. Materials and methods
2.1. Materials

Oligonucleotide primers for PCR were purchased from PRIMM
srl (Milan), DNA extraction and purification kits were from Qiagen
(Germany), Phusion polymerase (Finnzymes, Milan), expression
vectors pETM11 and pETM13 were kindly provided by the Protein
Expression and Purification Core Facility, EMBL (Heidelberg),
restriction enzymes were from New England Biolabs (Milan),
anti-His-HRP conjugated mouse monoclonal IgG from Santa Cruz
(USA), HisTrapHP and Superdex 200 columns from GE Healthcare
(Milan), Bio-Sep SEC3000 from Phenomenex (Germany). Bacterial
expression strains were from Novagen, whilst the cloning strain
TOP10F was from Invitrogen (Milan). Benzyl alcohol, trehalose
and other chemicals were from Sigma-Aldrich (Milan).

2.1.1. Construction of pETM11-HSL and pETM13-HSL

HSL (|8] GenBank X53868.1) cDNA was PCR-amplified from
pET22b-HSL with Phusion polymerase using the site-specific oligo-
nucleotide primers: HSL-F CGCGCGCCATGGGCATGCCTATTCTAC-
CAGTACCGGC with HSL-11R CGCGCGCTCGAGTTACTACGCTCTGA
GATTTGGCTTATCAC and again HSL-F with HSL-13R CGCGCGCTC-
GAGCGCTCTGAGATTTGGCTTATCAC and inserted in the appropri-
ately cut expression vectors pETM11 and pETM13 before being
transformed in TOP10F. The resulting plasmids were named
11-HSL and 13-HSL, whilst the original was known as 22-HSL.

2.1.2. Expression screening of recombinant clones

Expression of recombinant HSL was screened in strains:
BL21(DE3), BL21(DE3)pLysS, Rosetta(DE3), Rosetta(DE3)pLysS and
Rosettagami2(DE3), using various bacterial growth media. Cultures

were induced in exponential phase for 16 h at 20 °C with 0.2 mM
IPTG. All pellets were lysed in B-PER (Pierce, Milan) to obtain sol-
uble and insoluble fractions and loaded on 12% SDS/PAGE. Expres-
sion was confirmed by Western Blot with anti-His-HRP conjugated
antibody before scaling-up optimized conditions.

2.1.3. Purification of recombinant HSL

Expression was scaled up under sequentially optimized condi-
tions to 400 ml cultures grown in 1.8 L baffled shake flasks, with
vigorous shaking, inducing HSL expression 16 h at 20°C with
0.2 mM IPTG, before harvesting 15 min at 3000g, 4 °C. One gram
pellets were resuspended in 10 ml of: 50 mM Tris-HCI, 40 mM
imidazole, 0.1% Tween 20, 30 mM MgCl,, 5 mM DTT, 1 mM PMSF,
10 pg/ml lysozyme, 5 pg/ml DNasel, pH 8.0. The lysate was ad-
justed to 500 mM NaCl and sonicated gently on ice. The soluble
fraction was recovered by centrifugation and loaded on a 1 ml
HisTrapHP column, connected to an FPLC AKTA system, in the pres-
ence of 50 mM Tris-HCl, 500 mM NaCl, 40 mM imidazole, 2 mM
DTT, 100 pM PMSF, pH 8.0. Peak fractions eluted at 100 mM and
250 mM imidazole, concentrated on Amicon 10 kDa MWCO and
loaded on Superdex 200, Superose 6 or Bio-Sep SEC 3000 columns
in 50 mM Tris-HCI, 150 mM NacCl, 2 mM DTT, pH 8.0.

2.1.4. Enzymatic activity of 13-HSL
13-HSL was tested for esterase activity as previously described
(8]

2.1.5. Optimization of expression for correct protein folding

Recombinant HSL underwent growth and expression in the
presence of additives to optimize the level of correct protein fold-
ing in bacteria. Either trehalose or benzyl alcohol were added at the
initiation of the exponential stage of bacterial growth at various
concentrations. Growth was continued and 13-HSL expression in-
duced with IPTG. Lysates from 2 ml cultures were prepared in B-
PER and 100 pg from each soluble fraction was subjected to 2 h
digestion at 25 °C in the presence of 5 ng trypsin to determine opti-
mal additive concentration.

Once optimized, growth was scaled up to 400 ml cultures as
above and followed either to ODggo = 0.2 at 37 °C, before adding
50 mM trehalose and 400 mM NaCl, switching to 20°C for
45 min before adding 0.2 mM IPTG and expressing 24 h at 16 °C;
or to ODggg = 0.4 at 37 °C, before adding 20 mM benzyl alcohol,
switching to 20°C for 20 min before adding 0.2 mM IPTG and
expressing 24 h at 16 °C. Pelleted cells were resuspended and trea-
ted as before, although following HisTrap purification, concen-
trated samples were further purified directly on Bio-Sep SEC
3000. Using this new purification procedure the protein yield
was 1.6 mg/g cells, while refolding from inclusion bodies yielded
20 mg/g cells.

2.1.6. Circular dichroism

All CD spectra were recorded with a Jasco J-715 spectropolarim-
eter equipped with a Peltier temperature control system [Model
PTC-423-S]. Molar ellipticity per mean residue, [0] in deg cm? x
dmol~!, was calculated from the equation: [6]=[60]obs x Mrw/
10 x I x C, where [0]ops is the ellipticity measured in degrees,
mrw is the mean residue molecular mass, C is the protein concen-
tration in mg x mL™!, and 1 is the optical path length of the cell in
cm. Far-UV measurements (183-250 nm) were carried out at 20 °C,
at time constant of 4 s, 2 nm band width, scan rate of 10 nm min~?,
using a 0.1 cm optical path length cell and a protein concentration
of 0.2 mg x mL™! in 6.6 mM buffer phosphate pH 8.0. CD spectra
were signal averaged over at least three scans, and the baseline
was corrected by subtracting a buffer spectrum. Thermal unfolding
curves were determined by recording the molar ellipticity at
222 nm, using a scanning rate of 1 °C/min.



544 G. Ascione et al./Biochemical and Biophysical Research Communications 420 (2012) 542-546

2.1.7. Light scattering

The oligomeric form of recombinant HSL was determined by
combining size exclusion chromatography with Light Scattering
equipment; experiments were run at 0.5 ml/min in 50 mM Tris,
150 mM NacCl, 2 mM DTT, pH 8.0 buffer using a Bio-Sep SEC 3000
size exclusion column (Phenomenex) connected to an FPLC AKTA
purifier system which in turn was connected to a Refractive index
(Shodex RI 101) followed by a Mini Dawn Treos (Wyatt Technol-
ogy, USA) Light Scattering instrument. All data collected were
interpreted with an ASTRA V software package.

3. Results

11-HSL and 13-HSL were obtained by cloning PCR-amplified
HSL ¢DNA in Ncol/Xhol cleaved pETM11 and pETM13. Resulting
clones were verified by bidirectional sequencing.

Initial levels of expression were confronted with that of the ori-
ginal clone in pET22b [8] in various bacterial expression strains,
being induced 16 h at 20 °C with 0.2 mM IPTG. The presence of re-
combinant HSL was checked by SDS/PAGE. Levels of expression
were so low that the HSL could only be detected by Western blot-
ting with an anti-His-HRP conjugated antibody. Expression levels
were observed to be clearly higher in pETM13, despite there being
a minimal difference between this vector and the commercial
PET22b vector using the codon-optimized strain Rosetta(DE3) so
all further optimization was carried out using this combination
of vector/strain. Expression was further optimized by using en-
riched TB growth media [13], obtaining a visible expression level
on Coomassie Blue stained SDS/PAGE.

Purification of 13-HSL on 1 ml HisTrap revealed two species of
the 48 kDa protein, being eluted at 100 mM and 250 mM imidazole
(Fig. 1). Both species were initially loaded on a Superdex G200 or
Superose 6 column. In both cases 13-HSL eluted with the front,
suggesting that the protein was highly aggregated, despite being
run in reducing conditions to eliminate any covalent interactions.
Although PsyHSL contains eight cysteine residues they are all pre-
dicted to be reduced (re. DiANNA 1.1 web server) so any aggrega-
tion is likely due to remaining non-covalent interactions brought
about by incorrect folding of the protein at the expression level.

There are numerous alternatives available in attempting to re-
duce the level of misfolded protein expressed during bacterial
growth [14-16] either by reducing the level of aggregated protein
formed in the bacterial cells or by scavenging any misfolded
proteins and converting them into a correctly folded species
[17-20]. Lowering the induction temperature and optimizing the
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growth medium had minimal effects on the level of soluble recom-
binant PsyHSL expressed in E. coli. It was therefore decided to try
two alternative approaches; firstly using the osmolyte trehalose
[12] alone or in conjunction with a high salt concentration in the
growth medium to encourage its uptake into the bacterial cells
and create a more viscous environment, thereby helping stabilize
cells under stress and improve protein stability overall [21-23].
The second approach was to use the membrane fluidizer benzyl
alcohol [11] which alters the structure of the cytoplasmic mem-
brane, creating stress and inducing the production of endogenous
chaperones to prevent aggregation [24,25].

A series of concentrations of trehalose +/— NaCl and benzyl
alcohol were added to the growth medium in early log phase. Opti-
mal trehalose and benzyl alcohol concentrations were selected
based on the results of trypsin digests of the supernatant collected
from cell lysates: 5 ml cultures were treated initially with additive
at the appropriate ODggp followed by 24 h induction in the pres-
ence of 0.2 mM IPTG. Trypsin treated lysates were loaded on 12%
SDS/PAGE. The least digested full-length PsyHSL observed on SDS/
PAGE were: 50 mM trehalose + 400 mM NaCl and 20 mM benzyl
alcohol.

As before, trehalose and benzyl alcohol treated cultures were
purified on 1 ml HisTrapHP and eluted at 100 and 250 mM imidaz-
ole. The four individual peak fractions were purified on Bio-Sep SEC
3000, together with untreated 100 mM and 250 mM imidazole
fractions (Fig. 2). The 250 mM imidazole fractions were discarded,
since they contained almost exclusively aggregated protein which
eluted with the front (as verified by a standard calibration curve
with proteins run in the same buffer, Fig. 2), but both the trehalose
treated and benzyl alcohol treated 100 mM fractions showed a
clear improvement over untreated cells since most of the protein
eluted at the expected retention time for a 48 kDa protein, imply-
ing that the protein was correctly folded. Benzyl alcohol treatment
provided a cleaner band, although trehalose + NaCl treatment also
clearly improved the level of correctly folded protein.

3.1. Circular dichroism

Secondary structure of soluble HSL purified from benzyl alcohol
treatment was investigated by means of CD in the far-UV region.
The spectrum suggested that native HSL displays a high degree of
secondary structure, showing a large negative band at 222 nm.
Estimation of the secondary structure of native HSL performed
on the basis of the CD spectrum, was carried out according to the
Variable Selection Method (CDSSTR) using DICHROWEB and
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Fig. 1. Purification scheme of soluble 13-HSL. (A) 13-HSL HisTrap purification in the presence of 20 mM benzyl alcohol: I and Il indicate 13-HSL fractions eluted with 100 mM
and 250 mM imidazole respectively (B) 13-HSL HisTrap purification expression in the presence of 50 mM trehalose + 400 mM NaCl.: Ill and IV indicate 13-HSL fractions eluted

with 100 mM and 250 mM imidazole respectively.
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Fig. 2. Purification scheme of HisTrap purified 13-HSL on Bio-Sep SEC 3000. Panels on the left refer to 13-HSL expression in the presence of 20 mM benzyl alcohol; those on
the right refer to 13-HSL expression in the presence of 50 mM trehalose + 400 mM NaCl. [A]-[B] 100 mM imidazole peak purification [C]-[D] 250 mM imidazole peak

purification; [A] represents aggregated protein; | represents soluble protein.

revealed it to be comprised of 29% alpha helix and 18% beta sheet.
The protein melted at 49 °C and was irreversible under the condi-
tions used, likely due to cross-linking between the six cysteines
present within the amino acidic sequence [26,27]. It is worth
noting that the thermally denatured HSL at 75 °C still contains a
substantial amount of secondary structure as calculated by
DICHROWEB. The protein’s transition curve is shown in Fig. S1.
In order to investigate the influence of electrostatic interactions
and solvent properties on the secondary structure of HSL, 1.0 and
1.5 M NaCl were added to HSL and thermal transition curves at
222 nm recorded. Because high concentrations of NaCl disrupt
electrostatic interactions but stabilize hydrophobic interactions,
they can be used as a method of testing which kind of interaction
predominates [28]. In this case almost all secondary structure sig-
nals disappeared as temperature increased proving that residual
secondary structure previously recorded was mainly due to elec-
trostatic interactions. Also in this case the event was irreversible
but the Tm registered was lower, being 43.5 °C indicating that
the secondary structure is destabilized at high ionic strength [29].

3.2. Light scattering analysis

Size exclusion chromatography and light scattering analysis on
native protein purified from benzyl alcohol treated cells clearly
showed that HSL is monomeric in solution with a molar mass of
48 g/mol.

3.3. Enzymatic assays

The relationship between PsyHSL activity and temperature in
the range 20-50 °C was investigated, using pNP-pentanoate as sub-
strate. The apparent maximal activity was recorded at 35 °C, in
good agreement with previous results [8]. PsyHSL thermal stability
was evaluated in the range 35-45 °C (Fig. 3). Enzyme samples were
incubated at any given temperature for up to 1 h and residual activ-
ity was measured. After 1 h incubation at 45 °C, the native protein

still retained 10% of its enzymatic activity (Fig. 3), contrary to pre-
vious analyses of refolded PsyHSL which showed a dramatic drop in
enzymatic activity after only 20 min incubation at 40 °C [8]. As far
as specific activity of the enzyme is concerned, the recombinant na-
tive HSL showed a comparable specific activity of about 43 U/mg
with those values obtained for the refolded PsyHSL (38 U/mg).

4. Discussion

Correct recombinant protein folding within the cell necessitates
the presence, usually transient, of an array of molecular chaper-
ones, either produced naturally or “induced” by the presence of
additives which stimulate their endogenous production
[21,24,30,31]. Cellular osmolytes act as chemical chaperones
within the cell and are often produced naturally [11,21-23] to

Log ,, Residual activity
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Fig. 3. Thermostability of PsyHSL at various temperatures: 35 °C [@], 40 °C [O],

45 °C [V¥]. The enzyme was incubated in 0.1 M Tris-HCI pH 8.0 at the indicated
temperatures for the times indicated. Residual activity was measured at 35 °C.



546 G. Ascione et al./Biochemical and Biophysical Research Communications 420 (2012) 542-546

counteract a stressful environment, being composed of three clas-
ses of compounds. The first two classes include carbohydrates such
as glycerol, sorbitol, trehalose and amino acids and derivatives
such as alanine, taurine, y-aminobutyric acid, which are compati-
ble osmolytes and may accumulate in the cell at high concentra-
tion without affecting protein function. The third class is
represented by methylamines such as betaine, trimethylamine N-
oxide which are counteracting osmolytes which offset the adverse
effects brought about by presence of inorganic ions such as urea.
Normally the accumulation of cellular osmolytes is a relatively
slow process, but interestingly it has been observed that the addi-
tion externally of a high concentration of NaCl leads to a rapid re-
lease of heat shock protein [11,21] and enhances the effect of using
a cellular osmolyte alone, as observed here. In fact, in this study the
use of additives to the bacterial growth media has had a determin-
ing effect in enabling us to produce enough full length PsyHSL na-
tive protein for extensive biochemical analyses. By comparison of
CD spectra a significative shift of melting point was noted [8], high-
lighting the fact that in the conditions applied a more stable pro-
tein was produced. During thermal denaturation, secondary
structure was disrupted only in the presence of high salt concen-
tration, suggesting that solvent characteristics affect the conforma-
tional features of thermally treated HSL whilst residual secondary
structure is influenced by electrostatic interactions [32].

Enzymatic assays performed at 40 °C revealed a more stable na-
tive PsyHSL, whilst the refolded protein lost its catalytic activity
after only 20 min incubation at this temperature [8], despite the
fact that the two forms of protein expressed had comparable
specific activities. This may be due to the refolding process, leaving
only a partially folded catalytically active enzyme unable to main-
tain its structure at higher temperature.

Catalytic activity was also tested at 45 °C, and unexpectedly the
protein was at least 10% active after 1 h incubation confirming that
the use of such chemical compounds represents an alternative strat-
egy to obtain recombinant proteins in native form. The optimal tem-
perature for native PsyHSL was 35 °C, the same as for the refolded
enzyme, corroborating the psychrophilic character of PsyHSL.

In conclusion we have established a novel method for obtaining
native HSL in E. coli. The native enzyme proved to be more stable
during thermal denaturation compared to refolded inclusion
bodies as shown by CD experiments and activity data.

Recent studies suggest that the relationship between enzymatic
activity at low temperature and conformational stability is more
complicated than that initially believed to be based on comparative
activity and structural studies alone; in this case the native form of
PsyHSL should allow us to better define its structure—function rela-
tionship especially with regard to its cold adaptation strategy, en-
abling it to be applied to a wide range of biotechnological processes.

Acknowledgments

This work was supported in part by italian PRIN grant
2008F5A3AF_001 (to G.A.).

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.bbrc.2012.03.028.

References

[1] 1J. Goldberg, Lipoprotein lipase and lipolysis: central roles in lipoprotein
metabolism and atherogenesis, J. Lipid Res. 37 (1996) 693-707.

[2] D.W. Choo, T. Kurihara, T. Suzuki, K. Soda, N. Esaki, A cold-adapted lipase of an
Alaskan psychrotroph, Pseudomonas sp. strain B11-1: gene cloning and
enzyme purification and characterization, Appl. Environ. Microbiol. 64
(1998) 486-491.

[3] M. Royter, M. Schmidt, C. Elend, H. Hobenreich, T. Schdfer, U.T. Bornscheuer, G.
Antranikian, Thermostable lipases from the extreme thermophilic anaerobic
bacteria Thermoanaerobacter thermohydrosulfuricus SOL1 and Caldanaerobacter
subterraneus subsp. Tengcongensis, Extremophiles 13 (2009) 769-783.

[4] P. Tirawongsaroj, R. Sriprang, P. Harnpicharnchai, T. Thongaram, V.
Champreda, S. Tanapongpipat, K. Pootanakit, L. Eurwilaichitr, Novel
thermophilic and thermostable lipolytic enzymes from a Thailand hot spring
metagenomic library, J. Biotechnol. 133 (2008) 42-49.

[5] A. Houde, A. Kademi, D. Leblanc, Lipases and their industrial applications, an
overview, Appl. Biochem. Biotechnol. 118 (2004) 155-170.

[6] F. Hasan, A.A. Shah, A. Hameed, Biotechnol. Adv. 27 (2009) 782-798.

[7] G. Feller, M. Thiry, ].L. Arpigny, C. Gerday, Cloning and expression in Escherichia

coli of three lipase-encoding genes from the psychrotrophic antarctic strain

Moraxella TA144, Gene 102 (1991) 111-115.

C. De Santi, M.L. Tutino, L. Mandrich, M. Giuliani, E. Parrilli, P. Del Vecchio, D. de

Pascale, The hormone-sensitive lipase from Psychrobacter sp. TA144: new

insight in the structural/functional characterization, Biochimie 92 (2010) 949-

957.

D. Langin, H. Laurell, L.S. Holst, P. Belfrage, C. Holm, Gene organization and

primary structure of human hormone-sensitive lipase: possible significance of

a sequence homology with a lipase of Moraxella TA144, an antarctic bacterium,

Proc. Natl. Acad. Sci. USA 90 (1993) 4897-4901.

[10] Z.S. Derewenda, U. Derewenda, Relationships among serine hydrolases:
evidence for a common structural motif in triacylglyceride lipases and
esterases, Biochem. Cell Biol. 69 (1991) 842-851.

[11] A. de Marco, L. Vigh, S. Diamant, P. Goloubinoff, Native folding of aggregation-
prone recombinant proteins in Escherichia coli by osmolytes, plasmid- or
benzyl alcohol-overexpressed molecular chaperones, Cell Stress Chap. 10
(2005) 329-339.

[12] T. Schultz, J. Liu, P. Capasso, A. de Marco, The solubility of recombinant
proteins expressed in Escherichia coli is increased by otsA and otsB co-
transformation, Biochem. Biophys. Res. Commun. 355 (2007) 234-239.

[13] J. Sambrook, E. F. Fritsch, T. Maniatis, Molecular cloning: a laboratory manual,
2nd ed. Cold Spring Harbor Laboratory, Cold Spring Harbor, New York, 1989.

[14] G. Georgiou, P. Valax, Expression of correctly folded proteins in Escherichia coli,
Curr. Opin. Biotechnol. 7 (1996) 190-197.

[15] O. Kolaj, S. Spada, S. Robin, J.G. Wall, Use of folding modulators to improve
heterologous protein production in Escherichia coli, Microb. Cell Fact. 8 (2009)
9.

[16] F. Baneyx, Recombinant protein expression in Escherichia coli, Curr. Opin.
Biotechnol. 10 (1999) 411-421.

[17] A. Mogk, E. Deuerling, S. Vorderwiilbecke, E. Vierling, B. Bukau, Small heat
shock proteins, ClpB and the DnaK system form a functional triade in reversing
protein aggregation, Mol. Microbiol. 50 (2003) 585-595.

[18] H.P. Serensen, K.K. Mortensen, Soluble expression of recombinant proteins in
the cytoplasm of Escherichia coli, Microb. Cell Fact. 4 (2005) 1.

[19] WJ. Welch, C.R. Brown, Influence of molecular and chemical chaperones on
protein folding, Cell Stress Chap. 1 (1996) 109-115.

[20] A. Puig, H.F. Gilbert, Protein disulfide isomerase exhibits chaperone and anti-
chaperone activity in the oxidative refolding of lysozyme, J. Biol. Chem. 269
(1994) 7764-7771.

[21] S. Diamant, D. Rosenthal, A. Azem, N. Eliahu, A.P. Ben-Zvi, P. Goloubinoff,
Dicarboxylic amino acids and glycine-betaine regulate chaperone-mediated
protein-disaggregation under stress, Mol. Microbiol. 49 (2003) 401-410.

[22] H.C. Tseng, D.J. Graves, Natural methylamine osmolytes, trimethylamine N-
oxide and betaine, increase tau-induced polymerization of microtubules,
Biochem. Biophys. Res. Commun. 250 (1998) 726-730.

[23] P.H. Yancey, Organic osmolytes as compatible, metabolic and counteracting
cytoprotectants in high osmolarity and other stresses, J. Exp. Biol. 208 (2005)
2819-2830.

[24] D.H. Lee, M.D. Kim, W.H. Lee, D.H. Kweon, J.H. Seo, Consortium of fold-
catalyzing proteins increases soluble expression of cyclohexanone
monooxygenase in recombinant Escherichia coli, Appl. Microbiol. Biotechnol.
63 (2004) 549-552.

[25] K.S. Gunnarsen, E. Lunde, P.E. Kristiansen, B. Bogen, I. Sandlie, G.A. Loset,
Periplasmic expression of soluble single chain T cell receptors is rescued by the
chaperone FkpA, BMC Biotechnol. 10 (2010) 8.

[26] P. Del Vecchio, G. Graziano, G. Barone, L. Mandrich, M. Rossi, G. Manco,
Temperature-induced denaturation of the Aes acetyl-esterase from Escherichia
coli, Thermochimica Acta 441 (2006) 144-149.

[27] L. Tornatore, D. Marasco, N. Dathan, R.M. Vitale, E. Benedetti, S. Papa, G.
Franzoso, M. Ruvo, S.M. Monti, Gadd45 beta forms a homodimeric complex
that binds tightly to MKK?7, ]J. Mol. Biol. 378 (2008) 97-111.

[28] S.H. Gerber, ]J. Rizo, T.C. Siidhof, Role of electrostatic and hydrophobic
interactions in Ca(2*)-dependent phospholipid binding by the C(2)A-domain
from synaptotagmin I, Diabetes 51 (2002) S12-18.

[29] K. Yamazaki, T. Iwura, R. Ishikawa, Y. Ozaki, Effects of ionic strength on the
thermal unfolding process of granulocyte-colony stimulating factor, J.
Biochem. 139 (2006) 41-49.

[30] A. de Marco, Strategies for successful recombinant expression of disulfide
bond-dependent proteins in Escherichia coli, Microb. Cell Fact. 8 (2009) 26.

[31] F. Baneyx, M. Mujacic, Recombinant protein folding and misfolding in
Escherichia coli, Nat. Biotechnol. 22 (2004) 1399-1408.

[32] B. Ibarra-Molero, J.A. Zitzewitz, C.R. Matthews, Salt-bridges can stabilize but
do not accelerate the folding of the homodimeric coiled-coil peptide GCN4-p1,
J. Mol. Biol. 336 (2004) 989-996.

[8

[9


http://dx.doi.org/10.1016/j.bbrc.2012.03.028

Biochemical and Biophysical Research Communications 420 (2012) 547-551

journal homepage: www.elsevier.com/locate/ybbrc

Contents lists available at SciVerse ScienceDirect

Biochemical and Biophysical Research Communications

Destabilization of a bovine B, trafficking chaperone protein by oxidized form

of glutathione

Jihyun Park !, Jinju Jeong !, Jihoe Kim *

School of Biotechnology, Yeungnam University, Gyeongsan 712-749, Republic of Korea

ARTICLE INFO ABSTRACT

Article history:
Received 18 February 2012
Available online 13 March 2012

Keywords:

Glutathione

Vitamin B,

By, trafficking chaperone

Thermostability .
B, trafficking chaperone.

The protein, bCblCpro, is a bovine B;, trafficking chaperone involved in intracellular By, metabolism.
bCbICpro is highly thermolabile (T, = ~42 °C) and the reduced form of glutathione, GSH, has been found
to stabilize bCbICpro as a positive regulator. In this study, we discovered that the oxidized form of glu-
tathione, GSSG, destabilizes bCblCpro, which is derived from changes in the conformation of the protein
upon GSSG binding. The binding affinity for GSSG was determined to be similar with the affinity for GSH.
The ACso=2.8+0.4mM of GSSG for destabilization of bCbICpro was consistently similar with the
ACso = 2.1 £ 0.5 mM of GSH for stabilization of the protein. These results suggest that GSSG is a negative
regulator of bCblCpro and that the molar ratio of [GSH]/[GSSG] in cells may determine the stability of the
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1. Introduction

B> (vitamin By, derivatives, cobalamins) is an essential
micronutrient for mammals including humans. Since humans are
incapable of de novo By, synthesis, they must be supplemented
with By, from their diet. Malnutrition or malabsorption of Bi;
can result in its deficiency that is a cause of complex diseases such
as megaloblastic anemia, neurological disease, cardiovascular dis-
ease and cognitive dysfunction. However, the pathological mecha-
nism of By, deficiency is not fully understood [1].

B> is a complex organometallic enzyme cofactor and contains
cobalt that is coordinated by four nitrogen atoms in the center of
a tetrapyrrole (corrin) ring [2]. A dimethylbenzimidazole extended
from the corrin ring forms the fifth ligand (a-ligand) of the cobalt.
The sixth exogenous ligand (B-ligand) determines the biological
activities of Bq,. Adenosylcobalamin (coenzyme Bi,, AdoCbl) and
methylcobalamin (MeCbl) are active forms of By, with a 5'-
deoxyadenosyl and methyl p-ligand, respectively [3,4]. In humans,
methylmalonyl-CoA mutase in mitochondria and methionine syn-
thase in cytosol are dependent on AdoCbl and MeCbl, respectively.
Hence, any other forms of By, introduced into human cells should
be converted to the enzyme cofactors.

Inherited disorders of intracellular B;, metabolism that causes
B, deficiency are classified into eight genetic complementation

Abbreviations: B1,, vitamin By, derivatives; bCblCpro, bovine CbIC protein; GSH,
reduced form of glutathione; GSSG, oxidized form of glutathione.
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groups (chlA-G and mut) [3,4]. The majority of patients with
genetic defects of the B, metabolism belong to the cbhIC group
[5]. The defective gene in the chIC group encodes the cytosolic
protein MMACHC (methylmalonic aciduria and homocystinuria
cblC type) [6]. This protein functions a By, trafficking chaperone,
which protects the highly reactive Bi, from undesired reactions
and transfers it to subsequent proteins for enzyme cofactor
synthesis [7]. In addition, MMACHC catalyzes elimination of a
cyanide B-ligand from vitamin By, (cyanocobalamin, CNCbl) and
alkyl p-ligands from alkylcobalamins yielding cob(Il)- and
cob(I)alamin, respectively. These can be common intermediates
for subsequent enzyme cofactor synthesis [7-9]. MMACHC is
extremely thermolabile with an in vitro melting temperature of
T =39.3+1.0 °C that is very close to the human body tempera-
ture of 37°C [10]. Binding of By, stabilizes MMACHC and
increases the T, of the protein from 39.3 +1.0°C to ~43-55°C
[10]. However, other cellular molecule(s) has been supposed to
stabilize MMACHC, since B, presents at low concentrations
(0.03-0.6 pM) in normal cells [11].

B, trafficking chaperone proteins are highly conserved in mam-
mals and we previously identified bCbICpro, the bovine homolog of
MMACHC [12]. bCblCpro was characterized to be also highly ther-
molabile with T, = ~42 °C and stabilized by binding of the reduced
form of glutathione GSH that is abundant (1-10 mM) in cells [13].
In addition, GSH-bound bCblCpro binds CNCbl with a higher affinity
than apo-bCblCpro [14], indicating that GSH is a positive regulator
of bCblCpro. The present study investigates the effect of the oxi-
dized form of glutathione GSSG on the thermostability of bCblCpro.
The half-life of bCbICpro decreased in the presence of GSSG, which
is derived from conformational changes of the protein induced by
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GSSG binding. The sensitivity of GSSG for destabilization of bCbIC-
pro is similar with the sensitivity of GSH for stabilization of the pro-
tein. The binding affinity for GSSG was determined to be
consistently similar with the affinity for GSH. Based on these re-
sults, the regulation of bCbICpro by glutathione is discussed.

2. Materials and methods
2.1. Materials and general methods

All chemicals used in this study were purchased from Sigma,
unless otherwise stated. The recombinant bCblCpro protein was
purified from E. coli by the over-expression of the encoding gene
as previously described [12]. All experiments with CNCbl were car-
ried out under dark conditions and concentration of CNCbl was
determined using the reference extinction coefficient [15]. Protein
concentrations were determined by Bradford assay [16].

2.2. Differential scanning fluorimetry (DSF)

DSF was conducted as previously described [13,17] with 0.2 mg/
ml bCbICpro in 100 mM Hepes pH 8.0, 150 mM KCI and 5% glycerol
containing 10x fluorescent reporter dye Sypro orange (Invitrogen).
In the absence or presence of the indicated concentrations of the
ligand(s), the protein was incubated with increasing temperatures
from 4 °C to 75 °C at a rate of 1 °C/min using an ABI 7500 Real-Time
PCR system (Applied Biosystem). The thermal unfolding of bCblCpro
was monitored by following the fluorescence intensity of the Sypro
orange that increases upon binding to the exposed hydrophobic
regions of the unfolded protein. The melting temperature T, was
determined by fitting DSF data to a Boltzmann equation. The ligand
concentration to achieve the half-maximal protein stabilization
(ACsp) and the maximal change in Ty, (AT, max) Were estimated by
fitting the plot of changes in Ty, (AT, = Ty, in the presence of ligand
—Tm in the absence of ligand) vs. ligand concentrations ([L]) to the
equation of ATy, = AT max X [L]/(ACso + [L]).

2.3. Isothermal denaturation (ITD)

ITD was conducted with bCbICpro prepared as described above
by incubation at the constant temperature of 37 °C. bCblCpro
unfolding rates (kop) were determined by fitting the fluorescence in-
crease to a single exponential equation. ACso of GSSG was estimated
from the plot of changes in ko, (Akop) vs. GSSG concentrations
([GSSG]) that fits the equation of Ak, = Akobmax % [GSSG]/(ACso+
[GSSG]), where the Akop max is the maximal change in k.

2.4. Isothermal titration calorimetry (ITC)

ITC was carried out at 4 °C as previously described [14,18] using
a VP-ITC microcalorimeter (1.44 ml cell volume) (Microcal Inc.).
GSSG (2.0-4.5 mM) dissolved in 50 mM Hepes pH 8.0, 150 mM
KCl and 5% glycerol was injected into 10-30 uM bCbIC in the
absence or presence of 100-fold molar excess CNCbl in the same
buffer. The data was analyzed using a single-site binding model
to determined Ky for GSSG.

2.5. Ligand binding titration by UV-vis spectroscopy

Binding of CNCbl to bCblCpro was titrated by UV-vis spectros-
copy using the absorption difference at A550 nm between free
CNCbI in the base-on state and bCbICpro-bound CNCbl in the
base-off state [12]. bCblCpro was added in aliquots to 10-20 uM
CNCbl in 50 mM Hepes pH 8.0, 150 mM KCI and 5% glycerol and
UV-vis absorption spectrum was recorded at each addition of the

protein following 10 min incubation at 20 °C to reach a binding
equilibrium. The dissociation constant (K4) for CNCbl was deter-
mined by fitting the plot of AA550 nm vs. protein concentration
to a hyperbolic saturation equation, as previously described [12].
For the titration of CNCbl binding to GSSG-bound bCbICpro,
0.5 mM bCblCpro was pre-mixed with 5 mM GSSG and added to
CNCbl in the presence of 5 mM GSSG as described above.

3. Results
3.1. Destabilization of bCblCpro by GSSG binding

Differential scanning fluorimetry (DSF) to examine the thermo-
stability of bCblCpro showed the fluorescence increase in a sigmoi-
dal shape, indicating two-state transition of the protein from the
native to the unfolded state (Fig. 1A). The melting temperatures
of bCblCpro were determined to be T, =42.1 £ 0.1 °C that is close
to the bovine body temperature of 39-40 °C [19]. The effect of glu-
tathione was examined by DSF unfolding bCblCpro in the presence
of 10 mM GSH or 10 mM GSSG. The unfolding curve obtained in the
presence of 10 mM GSH shifted toward a higher temperature with
a T, =43.8 +0.1 °C, indicating stabilization of bCblCpro by GSH
that is consistent with the previous report [13]. Whereas, in the
presence of 10 mM GSSG, no significant change was observed in
the unfolding curve with a T, =42.0 £ 0.2 °C (Fig. 1A).

The effects of GSH and GSSG were investigated by using another
method isothermal denaturation (ITD) that measures the kinetics
of protein unfolding at a constant temperature [20,21]. ITD of
bCblCpro at 37 °C showed a single exponential unfolding of the
protein with a ko, =0.19%0.01 h™! (Fig. 1B). The incubation of
bCbICpro in the presence of 10 mM GSH showed no significant
unfolding of the protein (Fig. 1B), consistently indicating stabiliza-
tion of the protein by GSH. Whereas, in the presence of 10 mM
GSSG, the unfolding of bCblCpro was significantly more rapid with
a kop=0.54%0.01 h~'. This result indicates destabilization of
bCbICpro by GSSG that could not be detected by DSF likely due
to the detection limit [21]. The bCblCpro destabilizing effect of
GSSG was further investigated by ITD at various GSSG concentra-
tions. bCblCpro unfolding rates were increased by increasing GSSG
concentrations (Fig. 1C). The plot of Ak, vs. [GSSG] (Fig. 1C inset)
clearly shows the hyperbolic relationship between the unfolding
rate and the concentration of GSSG. This result indicates that the
destabilization of bCblCpro is induced by binding of GSSG to the
protein. The concentration of GSSG at half maximal destabilization
for bCblCpro was estimated to be ACso=2.8 £+0.4 mM with the
maximal ko, of a Akop max = 0.49 £ 0.03 h~.

The binding of GSSG to bCblCpro was confirmed by isothermal
titration calorimetry (ITC). Analysis of the binding isotherm
(Fig. 1D) revealed that bCblCpro binds GSSG stoichiometrically
(n=0.920.1) with a K4=303 74 uM that is significantly lower
than the ACsq value obtained by ITD. This difference was supposed
to be due to the lower experimental temperature of ITC at 4 °C than
the temperature of ITD at 37 °C. However, the binding titration for
GSSG at 37 °C was not possible because of the precipitation of
bCbICpro.

3.2. GSSG binding-induced conformational changes of bCblCpro

It was shown that binding of CNCbl or GSH induces changes in
the conformation of bCbICpro [13,14]. We assumed that binding
of GSSG may also induce conformational changes of the protein.
To prove this, limited proteolysis was conducted by treating
bCbICpro with trypsin in the absence or presence of excess GSSG.
Subsequent analysis by SDS-PAGE showed a significantly less
cleavage of bCblCpro in the presence GSSG (Fig. 2), indicating that
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Fig. 1. Destabilization of bCbICpro by GSSG binding. DSF (A) and ITD at 37 °C (B and C) were conducted with 0.2 mg/ml bCbIC in the absence (O) and presence of 10 mM GSSG
(&) or 10 mM GSH (0O). Each unfolding reaction is the average of n =6 (error bars were omitted in A for clarity). Solid lines in B are fitting of the ITD data to a single
exponential equation to determine protein unfolding rates (ko, = 0.19 + 0.01/h and 0.54 + 0.01/h in the absence and presence of GSSG, respectively). GSSG concentration-
dependent unfolding of bCblCpro was followed by ITD at the indicated GSSG concentrations (C). The arrow indicates the shift of unfolding curves by increasing GSSG
concentrations. The inset shows a hyperbolic increase in Ak,p, (kop at the indicated [GSSG] —k,p, in the absence of GSSG) dependent of GSSG concentrations ([GSSG]) and the
solid line is fitting of the data as described in the materials and methods. A representative GSSG binding isotherm (D) was obtained by ITC as described in the materials and
methods. Analysis of the data revealed that bCblCpro stoichiometrically binds GSSG (number of binding site = 0.9 + 0.1) with a Kg = 303 + 74 puM, which is the average of three

independent determinations.

conformational changes of bCblCpro upon GSSG binding. In
addition, bCbICpro in the presence of excess GSSG and CNCbl was
more significantly resistant against trypsin proteolysis than in the
presence of one of the ligands (Fig. 2). In addition, the cleavage
patterns were also different from the patterns observed in the
proteolysis of bCblCpro in presence of GSSG or CNCbl. These results
suggest that one molecule of bCblCpro can bind both GSSG and
CNCbl. Furthermore, the conformation of CNCbI-GSSG-bound
bCbICpro may be different from the conformations of apo-bCbICpro
and the protein bound with one of the ligands.

3.3. Binding of CNCbl to GSSG-bound bCbICpro

Binding of CNCbl to GSSG-bound bCbICpro was titrated by
UV-vis spectroscopy as described in the materials and methods.
The addition of GSSG-bound bCbICpro to CNCbl in the presence of
excess GSSG induced changes in the absorption spectrum with the
shifts of the y-peak at 361 nm and the o/p-peak at 550-359 nm
and 531 nm, respectively, (Fig. 3A). These spectral changes are
characteristic for the base-off transition of CNCbl [12,14] and

indicate binding of the ligand to GSSG-bound bCbICpro. The binding
affinity of GSSG-bound bCbICpro for CNCbl was determined to be
Kq=12.7+2.4 uM (Fig. 3A inset). Whereas, the binding affinity of
apo-bCblCpro for CNCbl was determined to be lower with a
Kq=20.2 +3.4 uM (Fig. 3A inset).

The effect of CNCbl on the thermostability of apo-bCblCpro and
GSSG-bound bCbICpro was examined by DSF unfolding bCblCpro
in the absence or presence of excess GSSG and with various concen-
trations of CNCbl. Independent of the presence of GSSG, the obtained
unfolding curves were shifted towards higher temperatures (Fig. 3B)
with a hyperbolic increase in Ty, by increasing the concentration of
CNCblI (Fig. 3B inset). These results indicate that binding of CNCbl
stabilizes not only apo-bCbICpro, but also GSSG-bound bCblpro.
The concentration of CNCbl for half maximal stabilization of
apo-bCblpro was estimated to be ACso =215 £ 25 puM that is similar
with the previously reported result [13]. Interestingly, the sensitiv-
ity of CNCbIl for stabilization of GSSG-bound bCbICpro was
estimated to be higher with an ACso = 60.7 + 6.3 M, consistently
indicating that GSSG-bound bCbICpro binds CNCbl with a higher
affinity than apo-bCblCpro. In addition, comparison of the estimated
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Fig. 2. Conformational changes of bCblCpro by ligand binding. bCbICpro (5 pg,
16 uM) was in 100 mM Hepes pH 8.0, 150 mM KCI and 5% glycerol in the absence or
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addition of the indicated concentrations of trypsin and incubated at 15 °C for
30 min. The proteolysis was terminated by mixing with SDS-PAGE sample buffer
and immediate boiling at 95 °C for 5 min. Proteolyzed proteins were separated by
12% SDS-PAGE and stained with coomassie brilliant blue.

AT max indicates that the stabilizing effect of CNCbl is greater for
GSSG-bound bCbICpro (AT max = 7.0 £ 0.2 °C) than apo-bCblCpro
(AT max =4.51£0.2 °C).

4. Discussion

The DSF method has been used to measure the stability of pro-
teins owing to its experimental simplicity with small amount of
proteins and a sensitive reporter dye for protein unfolding. Appli-
cation of a Real-Time PCR system has improved DSF providing a

high throughput assessment and greater accuracy [17]. Despite
these advantages, small changes in protein stability are often
undetectable by DSF due to its detection limit (usually +1.0 °C)
[21]. This limitation can be overcome by using ITD, which is a more
sensitive method than DSF and measures the kinetics of protein
unfolding at a constant temperature. The sensitivity of ITD is crit-
ically dependent on the temperature for protein unfolding, which
is usually a few degrees below the T, of proteins [20]. ITD of
bCbICpro at the physiological temperature of 37 °C (~5 °C below
the T, =42.1+0.1°C) clearly identify the destabilizing effect of
GSSG (Fig. 1B). In addition, the GSSG concentration-dependent
destabilization of bCblCpro (Fig. 1C) indicates binding of GSSG to
the protein that has been confirmed by ITC (Fig. 1D). The binding
affinity for GSSG (Kq =303 + 74 uM) appears to be similar to the
previously reported affinity for GSH (355 + 40 uM) (Table 1). The
ACs value of GSSG (2.8 £ 0.4 mM) for destabilization of bCblCpro
as estimated by ITD is also similar to the previously reported
ACso of GSH (2.1 £ 0.5 mM) (Table 1) for stabilization of bCbICpro,
which consistently indicates similar binding affinities for GSH and
GSSG.

Previous work has shown that binding of GSH induces confor-
mational changes of bCblCpro and stabilizes the protein [13,14].
The destabilization of bCbIlCpro by GSSG is also derived from con-
formational changes of the protein induced by GSSG binding as
revealed by limited trypsin proteolysis (Fig. 2). Considering the
crystal structure of the highly conserved human homolog of bCbIC-
pro [22]; shares 88% amino acid sequence identity, bCbICpro would
likely bind GSH and GSSG in the same site in close proximity to the
B, binding site. However, the difference in the stability of the
ligand-bound proteins indicates that the thermodynamically dif-
ferent conformation of GSSG-bound bCbICpro, not only from apo-
bCbICpro, but also from GSH-bound bCbICpro. GSSG-bound bCbIC
binds CNCbl with a higher affinity than apo-bCblCpro (Fig. 3A),
but with a lower affinity than GSH-bound bCbIC (Table 1). The
ACso of CNCbl for stabilization of GSSG-bound bCblCpro was con-
sistently lower than the ACsy for stabilization of apo-bCblCpro
(Fig. 3B), but higher than the ACs, for stabilization of GSH-bound
bCbICpro (Table 1). It can thus be speculated that the conformation
of both By, binding sites of GSSG-bound and GSH-bound bCbICpro
may be similar to those showing a favorable binding with CNCbl,
although the stability determining regions of the ligand-bound
proteins would be different. However, GSSG is bulkier than GSH
and thus may hinder binding of CNCbl, which results in the signif-
icantly lower binding affinity of GSSG-bound bCbICpro for CNCbl
than that found in GSH-bound bCblCpro (Table 1).

Glutathione is the most abundant non-protein thiol in mamma-
lian cells and presents at high concentrations (1-10 mM) [23].
Cellular glutathione occurs predominantly in the reduced form
GSH in normal cells and ~1% of total glutathione is in the oxidized
disulfide form GSSG. GSH has numerous cellular functions, includ-
ing that of an antioxidant defense against reactive oxygen species.
Under oxidative stress, the GSSG level is elevated up to 50% of total
glutathione [24]. Since the binding affinity of bCbICpro for GSSG and
GSH appears to be similar (Table 1), the cellular fractions of
GSH-bound and GSSG-bound bCbICpro may be determined by the
molar ratio of [GSH]/[GSSG] in cells. Therefore, under oxidative
stress, the cellular fraction of GSSG-bound bCblCpro would increase,
which would result in defects in intracellular B;, metabolism. Our
results in this and recent studies [13,14] may explain the previous
observation that decreased GSH levels in rat tissues inhibit
MeCbl-dependent methionine synthase due to the decreased ability
to synthesize the enzyme cofactor from B;, derivatives [25].

To briefly summarize, we discovered that GSSG destabilizes the
bovine By, trafficking chaperone bCblCpro that is involved in intra-
cellular By, metabolism. The destabilizing effect of GSSG is derived
from conformational changes of bCblCpro induced by GSSG binding.
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the materials and methods.

Table 1
Summary of dissociation constants (K) and the sensitivity of ligands (ACso) for
stabilization or destabilization of bCbICpro or ligand-bound bCbICpro.

Protein Ligand Ky (UM) ACso (LM) References
Apo-bCblCpro GSH 355 +40? 2100+500°  [13,14]
Apo-bCblCpro GSSG 303 + 74* 2800 +400°  This study
Apo-bCblCpro CNCbl 202 +3.4° 215+25%  This study
GSH-bound bCbICpro  CNCbl  0.24 +0.09* 93+1.6% [13,14]
GSSG-bound bCblCpro  CNCbl ~ 12.7 £2.4° 60.7+6.3¢  This study

The values are an average of the data from more than three independent experi-
ments and represented +SD. The K4 values were determined by isothermal titration
calorimetry (?) or UV-vis spectroscopy (°). The ACso values estimated by ITD () or
DSF ().

The decreased molar ratio of [GSH]/[GSSG] in cells under oxidative
stress may cause defects in intracellular B;, metabolism by lower-
ing the fraction of stable and functional B, trafficking chaperones.
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Oxygen is essential for animals, but high concentrations of oxygen are toxic to them probably because of
an increase in reactive oxygen species (ROS). Many genes are involved in the regulation of ROS, but they
largely remain to be identified. To identify these genes, we employed the nematode Caenorhabditis ele-
gans as a model organism, and systematically screened for genes that, when down-regulated by RNAi,
lead to an increased sensitivity to ROS. We examined approximately 2400 genes on linkage group I
and found that knock-down of 9 genes which participate in various cellular functions led to an increased
sensitivity to ROS. This finding suggests an implication of a variety of cellular processes in the regulation

© 2012 Elsevier Inc. All rights reserved.

1. Introduction

Reactive oxygen species (ROS) are generated from oxygen as
by-products in various metabolic pathways. Since ROS have the
potential to damage cellular components such as proteins, DNA
and lipids, animals have developed various defense mechanisms
against ROS. However, ROS that escape from the defense mecha-
nisms would cause cellular dysfunction that potentially accelerates
diseases and aging. Superoxide dismutase (SOD), catalase, and glu-
tathione peroxidase are well known to eradicate ROS, but many
other genes are involved in the generation or the quenching of ROS.

To identify these genes, we employed the nematode Caenorhabditis
elegans as a model organism. In C. elegans, several mutants have been
shown to be hypersensitive to oxidative stress. For example, mutations
in antioxidant proteins such as sod-1, sod-2, and sod-3, and a mutation
in the stress response protein skn-1 cause an increased sensitivity to
oxidative stress [1-5]. In addition to the mutations in these cellular de-
fense proteins, an increased sensitivity to oxidative stress is also
caused by mutations in proteins such as MEV-1, GAS-1, OXY-4, OXY-
5, and RAD-8, which are a subunit of the electron transport chain
(complex II), a subunit of the electron transport chain (complex I), a
protein for maturation of [Fe-S] proteins, a mitochondrial ribosomal
protein, and a mitochondrial dehydrogenase/reductase, respectively
[6-10]. The latter group of proteins would likely be involved in the
reactions from which ROS are generated, rather than being involved
in cellular defense against oxidative stress. Thereby, the sensitivity to
oxidative stress is regulated, at least, both by the cellular defense pro-
teins and by the proteins involved in the generation of ROS. Then,
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many proteins are involved in the regulation of oxidative stress; how-
ever, they are largely left unexplored even in the model organism such
as C. elegans.

We employed an RNAi technique with the nematode C. elegans
[11], and screened for genes whose down-regulation leads to an in-
creased sensitivity to ROS. In this study, we knocked down approx-
imately 2400 genes on linkage group I (LG I) in C. elegans by RNAi
[12,13], and successfully identified 9 genes that, when knocked
down by RNAI, caused an increased sensitivity to ROS. Identifica-
tion of these genes suggests an implication of various cellular pro-
cesses in the regulation of oxidative stress.

2. Materials and methods
2.1. Strains

The C. elegans strains used were obtained from the Caenorhab-
ditis Genetics Center, USA. Worms were grown and maintained at
20T on NGM (Nematode growth medium) plates seeded with
Escherichia coli as a food source [14]. In the RNAI experiments,
the wild-type N2 and the RNAi-hypersensitive rrf-3(pk1426) strain
were used.

2.2. RNA:i bacteria

The bacterial RNAi library for LG I was purchased from
Geneservice Ltd. The individual bacterial clones, which carry single
gene sequences of C. elegans, were cultured on the NGM plates sup-
plemented with 1 mM of IPTG and 50 pg/ml of ampicillin (referred
to as “NGMI plates” hereafter) to induce the expression of the
double-stranded RNAs for the genes of C. elegans.
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2.3. Assay of the sensitivity to oxidative stress

Sensitivity to oxidative stress in C. elegans was determined as
previously described [8,15]. L2-L3 larvae of N2 or rrf-3 were placed
on an NGMI plate seeded with a bacterial RNAi clone, and were al-
lowed to grow to adulthood. The adult worms were then trans-
ferred to a fresh NGMI plate seeded with the identical bacterial
clone, and were allowed to lay eggs for 4-6 h. After removal of
the adult worms, the eggs left on the plate were cultured in the
presence of various concentrations of oxygen gas for 4-5 days.
The percentage of worms that reached adulthood was determined.
Sensitivity to paraquat in C. elegans was similarly determined. Eggs
were prepared from adult worms treated with RNAi, and were
incubated on the NGMI plates supplemented with various concen-
trations of paraquat for 4-5 days. The percentage of worms that
reached adulthood was determined.

2.4. Assay of the levels of carbonylated proteins

Eggs were cultured on NGMI plates seeded with bacterial RNAi
clones in normal air for 3 days and subsequently in 60% oxygen
overnight. The worms were collected in S-basal buffer, washed
three times with the same buffer, and suspended in 100 pl of RIPA
buffer (50 mM Tris-HCI pH 8.0, 150 mM NaCl, 1% Triton-X 100,
0.5% sodium deoxycholate, 0.1% SDS). Worms were sonicated and
centrifuged at 15,000 rpm for 15 min, and the supernatants were
used as protein samples, the concentrations of which were deter-
mined with a protein assay kit (Bio-Rad). Carbonylated proteins
were detected with a detection kit according to the manufacturer’s
instruction (Protein carbonyls western blot detection kit, SHIMA
Laboratories Ltd.). In brief, 30 pg of protein was run on an SDS-
polyacrylamide gel and transferred onto a PVDF membrane. The
membrane was processed with 2,4-dinitrophenylhydrazine, and
incubated with a primary antibody against 2,4-dinitrophenyl and
with a horseradish-peroxidase-labeled secondary antibody. The
signals were detected and quantified with a chemiluminescence
detection kit (ECL, GE Healthcare) and an image analyzer (Max,
Bio-Rad).

3. Results

3.1. Screening for genes whose down-regulation leads to an increased
sensitivity to oxygen

To gain a molecular insight into the mechanisms that regulate
oxidative stress in cells, we aimed to identify genes whose
down-regulation leads to an increased sensitivity to ROS. For this,
we employed an RNAi technique with the nematode C. elegans [11],
and systematically screened for genes that, when knocked down by
RNAI, lead to an increased sensitivity to high concentrations of
oxygen. In C. elegans, the target gene can be easily knocked down
by simply feeding worms with bacteria that express double-
stranded RNA for the target gene (feeding RNAi) [12]. We then sys-
tematically knocked down the genes on LG I'in C. elegans by feeding
RNAi with use of a bacterial RNAi library, which covers approxi-
mately 90% of the genes on LG I [13]. We placed L2-L3 larvae on
plates seeded with individual bacterial RNAi clones, and allowed
the worms to grow to adulthood and lay eggs. These eggs were
then cultured in the presence of 21% oxygen (normal air) and
90% oxygen for 4 days, and the growth of the hatched worms
was examined to determine the sensitivity to oxidative stress
(Fig. 1A). Most of the hatched worms, when they possessed a nor-
mal sensitivity to oxygen, grew to adulthood in both 21% and 90%
oxygen after incubation for 4 days, though they grew more slowly
in 90% oxygen than in 21% oxygen. Then, the worms were judged
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Fig. 1. RNAi screen. (A) The method for screening of the genes that, when knocked
down by RNAI, cause an increased sensitivity to oxygen is illustrated. (B) Worms
were fed with RNAi bacteria and examined for their growth in 21% and 90% oxygen.
The growth of worms fed with bacteria carrying an empty vector, L4440 [12], is
shown as a control.

to be hypersensitive to oxygen when they remained as larvae in
90% oxygen but grew to adulthood in 21% oxygen after incubation
for 4 days. We selected the bacterial RNAi clones that caused an in-
creased sensitivity to oxygen in worms; examples of the positive
clones are shown in Fig. 1B. We next isolated the plasmids from
these bacterial clones and re-introduced them into the E. coli
HT115 strain to newly prepare the double-stranded RNA-expressing
bacteria, with which we re-examined the sensitivity to oxygen in
worms. The plasmids that reproducibly caused retarded growth
in worms only in 90% oxygen were judged to contain the genes
whose down-regulation causes an increased sensitivity to oxygen
in C. elegans. Lastly, we examined the insert sequences in these
plasmids by PCR or DNA sequencing to confirm that these plasmids
carry the sequences indicated by the RNAi library (data not shown)
[13]. Throughout the above screening, 9 genes which are involved
in various cellular functions were identified (Table 1).

3.2. Assay of the sensitivity to oxidative stress in RNAi-treated worms

We determined the sensitivity to oxidative stress in the worms
in which the identified genes were individually knocked down by
RNAI. For this, N2 worms were treated with RNAi, and their eggs
were cultured in the presence of various concentrations of oxygen.
The sensitivity to oxygen was determined by examining the per-
centage of worms that grew to adulthood (Fig. 2A). Similarly, we
also determined the sensitivity to paraquat, which generates
superoxide anions in cells, by examining the percentage of worms
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Table 1
Genes indentified in the RNAi screen.

S. Ueno et al./Biochemical and Biophysical Research Communications 420 (2012) 552-557

Gene name RNAi ID  Gene description

asd-2 (T21G5.5) 3116 STAR protein

ctg-1 (H06001.3) 3M22 CRAL/TRIO and GOLD domain-containing
protein

dbr-1 (C55B7.8) 3K07 Phosphodiesterase

F27D4.5 3HO04 Branched chain keto acid dehydrogenase E1
B-subunit

gsk-3 (Y18D10A.5) 7115 Protein kinase

ned-8 (F45H11.2) 5003 NEDD8

uri-1 (C55B7.5) 3K01 Unconventional prefoldin RPB5 interactor

wwp-1 (Y65B4BR.4) 8A15 E3 ubiquitin ligase

wdr-23/xrep-1 (D2030.9) 3D06 WDA40 repeat-containing protein

Molecular function
RNA binding, mRNA splicing
Lipid metabolism, Vesicle transport

Biologic process
RNA processing
Golgi function

RNA lariat debranching
Amino acid metabolism

RNA processing
Mitochondrial function

Protein kination
Protein neddylation
Molecular chaperone
Protein ubiquitination
Protein ubiquitination

Protein modification, Signal transduction
Protein modification

Genome integrity, Gene expression
Protein modification

Protein modification

that grew to adulthood on the plates supplemented with various
concentrations of paraquat (Fig. 2B). The results indicate that
knock-down of these genes caused increased sensitivities to both
oxygen and paraquat.

3.3. Measurement of carbonylated proteins

We examined whether knock-down of these genes caused in-
creased oxidative damage in worms. We harvested proteins from
worms treated with RNAi under hyperoxic conditions, and exam-
ined the levels of oxidized proteins by measuring carbonylated
proteins by Western blot analysis (Fig. 3). These results indicate
that knock-down of these genes caused increased oxidative dam-
age in worms, which might lead to an increased sensitivity to ROS.

4. Discussion

A number of genes are involved in the generation or the
quenching of ROS, but they are not fully identified. In this study,
we employed the nematode C. elegans as a model organism, and
identified 9 genes that, when knocked down by RNAI, led to in-
creased sensitivities to oxygen and paraquat from the screening
of the genes on LG 1. These genes are involved in various cellular
functions such as RNA processing, protein modification, signal
transduction, genome integrity, mitochondrial function, and Golgi
function. This result suggests that genes of diverse cellular func-
tions would be involved in the regulation of oxidative stress.

wwp-1 and wdr-23 are involved in the protein ubiquitination
pathway and regulate the activity of their substrate proteins
[16,17]. wwp-1 encodes the HECT E3 ubiquitin ligase and regulates
the nutrient-sensitive pathway in C. elegans: wwp-1 is required for
the extension of the life-span by dietary restriction [16]. Impor-
tantly, a mutation in wwp-1 causes an increased sensitivity to
paraquat [16], which finding is consistent with our result, though
the molecular mechanisms by which wwp-1 regulates longevity
and oxidative stress are not understood well.

wdr-23, which encodes a WD40 repeat-containing protein, also
participates in the protein ubiquitination pathway through inter-
action with the ubiquitin ligase complex, CUL-4/DDB-1 [17]. The
protein complex CUL-4/DDB-1/WDR-23 regulates the function of
SKN-1 through direct interaction with SKN-1 [17]. SKN-1 is a key
transcription factor that induces the phase II detoxification en-
zymes to protect cells against stresses when cells are exposed to
stresses [5]. skn-1 is negatively regulated by wdr-23 because a de-
fect in wdr-23 leads to an enhanced expression of the phase Il
detoxification enzymes in an skn-1 dependent manner [17,18].
The protein complex CUL-4/DDB-1/WDR-23 probably ubiquiti-
nates and degrades SKN-1 through the ubiquitin-proteasome sys-
tem to prevent induction of the phase II detoxification enzymes
under unstressed conditions [17,18]. The phase Il detoxification
enzyme genes in mammalian cells are regulated by the NF-E2-
related factor, Nrf2, which shares sequence homology with skn-1

of C. elegans. Interestingly, Nrf2 is also ubiquitinated by the Cul3/
Keap1 E3 ubiquitin ligase complex and is degraded through the
ubiquitin-proteasome system under unstressed conditions, but is
stabilized and induces the phase II detoxification enzymes under
stressed conditions [19-21]. Thus, the regulation of SKN-1 by
CUL-4/WDR-23 in C. elegans is analogous to that of Nrf2 by Cul3/
Keap1 in mammalian cells.

Since wdr-23 negatively regulates skn-1, it seems to be reason-
able that a defect in wdr-23 causes increased resistance to stresses
through constitutive activation of skn-1. Indeed, a defect in wdr-23
is reported to cause increased resistance to ROS in C. elegans by
Choe et al. [17]. Their result, however, appears to be inconsistent
with our result that knock-down of wdr-23 caused an increased
sensitivity to ROS. The inconsistency may be attributable to the dif-
ferences in the procedures for assaying the sensitivity to ROS. First,
they used peroxide or juglone to impose oxidative stress [17],
whereas we did high concentrations of oxygen gas or paraquat.
Second, more importantly, they determined the sensitivity to oxi-
dative stress by assaying the survival of young adult worms upon
exposure to acute oxidative stress [17], whereas we did by assay-
ing the growth of worms from larva to adult upon exposure to
chronic oxidative stress. Then, a defect in wdr-23 may cause hyper-
sensitivity to ROS in larvae but resistance to ROS in adults.
Additionally, it would be worthy to note that knock-out of Keap1,
which leads to constitutive stabilization of NRF2, causes death at
the weaning stage in mouse [22]. This result implies that constitu-
tive stabilization of Nrf2 may cause toxicity through the mecha-
nisms that are not yet identified. This might partly explain the
reasons why the wdr-23 mutant shows impaired growth in
C. elegans [17], and why SKN-1 and Nrf2 are so strictly regulated
through the ubiquitin-proteasome system that cells can activate
them only when exposed to stresses.

gsk-3 encodes an evolutionarily conserved serine/threonine
protein kinase involved in diverse cellular functions. Since gsk-3
negatively regulates the function of skn-1 through phosphorylation
of SKN-1 in C. elegans [23], gsk-3 might work in the same genetic
pathway as does wdr-23.

ned-8 encodes the NEDDS protein that is closely related to ubiq-
uitin [24]. Like ubiquitin, NEDD8 is conjugated to its substrate pro-
teins to regulate the functions of them [25]. Protein neddylation
and protein ubiquitination appear to be closely coupled because
the cullins, scaffold proteins for ubiquitin ligases, are regulated
by protein neddylation in various organisms [25]. Indeed, both
ned-8 and an SCF (skp1/cullin/F-box) E3 ubiquitin ligase negatively
regulate apoptosis mediated by cep-1, a homolog of p53, in germ
cells upon genotoxic stresses in C. elegans [26]. Interestingly, the
function of p53 in human cells is negatively regulated by NEDD8
and WWP1, a human homolog of C. elegans wwp-1, through neddy-
lation and ubiquitination, respectively [27]. Then, these proteins
might work together in C. elegans as well.

URI functions in a nutrient-sensitive transcriptional regulation
pathway mediated by TOR (Target of rapamycin) in yeast and
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Fig. 2. Sensitivity to ROS. Worms were fed with RNAi bacteria indicated in the graphs, and were cultured in the presence of various concentrations of oxygen for 4 days (A), or
in the presence of various concentrations of paraquat for 4 days (B). The percentage of worms that reached adulthood was determined. Error bars indicate SE.

human cells [28]. Loss of function of URI leads to a decrease in grow-
ing cells and an increase in apoptotic cells in human cells [29]. In
C. elegans, a defect in uri-1 causes decreased germ cells with in-
creased apoptosis mediated by cep-1, and increased DNA breaks
with loss of genome integrity [30]. Since ROS induce DNA damage,
the increased DNA damage in uri-1-deficient cells would be further
augmented by ROS. Thereby, increased DNA damage may, at least in
part, account for the increased sensitivity to oxidative stress by
knock-down of uri-1. On the other hand, since URI interacts with
SKP2, a component of the SCF ubiquitin ligase complex [28], it
would be interesting to speculate that uri-1 also plays a role in

the protein ubiquitination pathway to regulate the sensitivity to
oxidative stress.

F27D4.5 encodes a possible homolog of a [-subunit of
branched-chain o-keto acid dehydrogenase/decarboxylase (BCKD)
that is responsible for human maple syrup urine disease (MSUD)
[31,32]. BCKD catalyzes oxidative decarboxylation of branched
chain keto acids derived from transamination of branched chain
amino acids such as leucine, isoleucine and valine [32,33]. The
molecular mechanisms by which metabolic disorder of branched
chain amino acids causes MSUD are not understood well, but BCKD
functions in mitochondria, which are thought to be a major source
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Fig. 3. Levels of carbonylated proteins. Protein samples were prepared from worms
fed with RNAi bacteria, and were subjected to Western blot analysis to detect
carbonylated proteins. The level of carbonylated proteins is expressed as a value
relative to that of the protein sample from worms fed with bacteria carrying an
empty vector, L4440 [12]. Error bars indicate SE. Statistical significance is indicated
by asterisks (*P < 0.05).

of ROS. Interestingly, increased oxidative damage is observed in
MSUD patient cells and in normal cells treated with metabolites
accumulated in MSUD patient cells [34,35]. In the previous study,
we have shown that a mutation in another type of mitochondrial
dehydrogenase/reductase causes mitochondrial dysfunction with
increased generation of ROS and an increased sensitivity to ROS
[9]. Thus, it may be possible to speculate that loss of function of
BCKD may cause mitochondrial dysfunction that leads to an in-
creased sensitivity to ROS as well.

ctg-1 encodes a protein similar to SEC14, which regulates
phospholipid metabolism and vesicular transport from the Golgi
apparatus in yeast [36]. ctg-1 also possesses the GOLD domain
which is involved in protein-protein interaction [37]. Although
the SEC14-GOLD proteins are observed in diverse organisms, the
functional roles of them are not understood well. However, it
may be possible that ctg-1 regulates oxidative stress through inter-
action with antioxidant proteins because SFH2, a SEC14-like pro-
tein in yeast, plays an important role in the regulation of
oxidative stress through specific interaction with thioperoxidase
1T [38].

asd-2 encodes the STAR protein that plays crucial roles in RNA
metabolism such as mRNA splicing, translation, localization, and
regulation of mRNA stability. In C. elegans, asd-2 regulates the
developmental regulation of alternative splicing of the let-2 gene
[39]. dbr-1 encodes a 2’-5’-phosphodiesterase that cleaves intron
RNA lariat branch points after splicing to facilitate the turnover
of introns, and then a defect in dbr-1 causes accumulation of intron
lariats [40]. Deficiencies in RNA processing by knock-down of these
genes might lead to an increased sensitivity to ROS by causing
aberrant expression of genes that regulate oxidative stress.

Finally, it is important to point out that we should have failed to
identify a considerable number of genes involved in the regulation
of oxidative stress in this screen. This is mainly due to a technical
limitation of RNAI, by which the activity of the target gene is effi-
ciently down-regulated but some residual activity remains in cells.
The efficacy of RNAI to repress the expression of the target genes
varies from gene to gene, and thus the repression levels of the tar-
get genes by RNAI are always crucial in the experiments with RNAI.
That is, weak repression of genes by RNAi may not be sufficient to
provide phenotypic changes; however, conversely, severe repres-
sion of genes by RNAi may lead to lethality when the target genes
are essential for viability. This indicates that we were able to iden-
tify the genes involved in the regulation of oxidative stress in this
screen only when their expression was repressed at the proper lev-
els by RNAI. Despite of this technical limitation, there is no doubt
that a systematic RNAi screen is a useful and powerful approach

to identify responsible genes in various biologic phenomena, and
we have successfully identified the genes involved in the regula-
tion of oxidative stress. Further study of these genes would provide
a better understanding of the molecular mechanisms underlying
the regulation of oxidative stress.
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Huntington’s disease (HD) is caused by mutations that expand a polyglutamine region in the amino-ter-
minal domain of Huntingtin (Htt), leading to the accumulation of intracellular inclusions and progressive
neurodegeneration. Recent reports indicate the engagement of endoplasmic reticulum (ER) stress
responses in human HD post mortem samples and animal models of the disease. Adaptation to ER stress
is mediated by the activation of the unfolded protein response (UPR), an integrated signal transduction
" pathway that attenuates protein folding stress by controlling the expression of distinct transcription fac-
Unfolded protein response . . P . . .

. ) tors including X-Box binding protein 1 (XBP1). Here we targeted the expression of XBP1 on a novel viral-
Endoplasmic reticulum stress ? . . . . .
XBP1 based model of HD. We delivered an active form of XBP1 locally into the striatum of adult mice using
adeno-associated vectors (AAVs) and co-expressed this factor with a large fragment of mutant Htt as a
fusion protein with RFP (Htt588%°>-mRFP) to directly visualize the accumulation of Htt inclusions in
the brain. Using this approach, we observed a significant reduction in the accumulation of Htt588%%°-
mRFP intracellular inclusion when XBP1 was co-expressed in the striatum. These results contrast with
recent findings indicating a protective effect of XBP1 deficiency in neurodegeneration using knockout
mice, and suggest a potential use of gene therapy strategies to manipulate the UPR in the context of HD.
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Htt aggregation
Gene therapy
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1. Introduction

Huntington'’s disease (HD) is an autosomal dominant neurode-
generative disease characterized by motor abnormalities and onset
of psychiatric symptoms and dementia in early- to mid-adult life.
HD is caused by a CAG trinucleotide repeat expansion in the
Huntingtin gene, generating an abnormal polyglutamine tract (pol-
yQ) in the N-terminal region of Huntingtin (Htt) protein [1,2]. This
mutation confers a neurotoxic activity to Htt protein, correlating
with the progressive accumulation of mutant Htt (mHtt) as intra-
cellular oligomers and inclusions that contribute to the selective
loss of striatal neurons [3]. HD is part of a growing number of pol-
yQ repeat diseases that cause region-specific neurodegeneration,
including spinocerebellar ataxias, spinobulbar muscular atrophy,
Machado-]Joseph Disease, and many other diseases [1].

Although the molecular mechanisms involved in HD pathogen-
esis are still highly controversial, recent observations suggest the
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involvement of endoplasmic reticulum (ER) stress in the disease
process (reviewed in [4,5]). ER stress is triggered by many patho-
logical and physiological conditions that alter the protein folding
status of the ER, resulting in the activation of the unfolded protein
response (UPR). The UPR is a signal transduction pathway that in-
creases the protein folding capacity and quality control of the ER to
reduce the unfolded protein load [6]. However, chronic or pro-
longed ER stress triggers apoptosis to eliminate irreversibly dam-
aged cells (reviewed in [7,8]). The UPR is initiated by the
activation of three main stress sensors, including IRE1a (Inositol-
requiring transmembrane kinase/endonuclease), ATF6 (activating
transcription factor 6) and PERK (PKR-like ER kinase) [6,9]. IRE1ot
is a Ser/Thr protein kinase and endoribonuclease that upon activa-
tion mediates the processing of the mRNA encoding the transcrip-
tional factor X-Box-binding protein 1 (XBP1), catalyzing the
excision of a 26 nucleotide intron [10-12]. This non-conventional
splicing event changes the coding reading frame of the protein,
leading to the expression of a potent and stable transcription factor
termed XBP1s (for the spliced form). XBP1s upregulates genes re-
lated to protein folding, ER protein entry, ER-mediated degradation
(ERAD) and quality control mechanisms [13,14].
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Markers of ER stress have been reported in human post-mortem
HD brain samples [15-17]. In addition, we recently described the
expression of XBP1s in HD brain [18]. Similarly, activation of the
UPR was shown in different HD mouse models [15,16,19], whereas
in other models there were no clear signs of ER stress [18,20].
Moreover, many different studies indicate that the expression of
mutant Htt or expanded polyQ peptides triggers ER stress-medi-
ated apoptosis in cellular models of HD [21-25]. At the molecular
level, it has been proposed that expression of mHtt impairs ERAD
function; resulting in chronic ER stress [22,26]. Other alternative
mechanisms may also explain the occurrence of ER stress in HD
including impairment of ATF6 activation [17] among other patho-
logical effects (reviewed in [4]).

Although different studies suggest a possible involvement of ER
stress in the pathogenesis of HD, the actual contribution of the
UPR to the disease process in vivo is still poorly defined. We recently
demonstrated that silencing XBP1 expression in an mHtt transgenic
mouse reduces neuronal loss in the striatum and improves motor
performance [18]. These protective effects were associated with en-
hanced mHtt degradation possibly due to the upregulation of
autophagy levels a known pathway involved in mHtt clearance
[27,28]. Similar observations were also described on a model of
amyotrophic lateral sclerosis [29]. However, these studies were per-
formed using a conditional knockout model of XBP1 where this UPR
gene was deleted during embryogenesis, which may trigger com-
pensatory mechanisms in the protein homeostasis network activat-
ing autophagy as a rescue pathway [30]. In contrast, two recent
reports indicated that the overexpression of XBP1s locally in the
brain of adult animals using viral-mediated gene delivery protects
against experimental Parkinson’s disease [31] and spinal cord injury
[32]. To address the therapeutic potential of targeting the UPR in HD
in vivo, here we have investigated the impact of expressing XBP1s in
the striatum of a mouse model of HD using adeno-associated viruses
(AAVs). This study reports the unexpected finding where XBP1s-
gene transfer in adult animals decreases the accumulation of mHtt
inclusions, suggesting a beneficial potential of developing gene therapy
strategies or pharmacological approaches to upregulate the UPR in HD.

2. Methods
2.1. Plasmid constructs and AAV preparation

DNA sequence encoding the first 588 amino-acids of human
Huntingtin fused to monomeric red fluorescent protein with a pol-
yQ region of 95 glutamines (Htt588%%>-mRFP) or 17 glutamines
(Htt588%'7-mRFP) were described before [33], and cloned into
PAAV-CMV followed by confirmation by sequencing. We detected
a difference in the length of polyQ compared with the initial char-
acterization of the vector [33]. The XBP1s AAV construct was re-
cently described [32]. The vector is bicistronic and carries an
eGFP expression cassette that serves as a fluorescent marker for
transduced cells. Recombinant AAV2 were produced by triple
transfection of 293 cells using a rep/cap plasmid and pHelper
(Stratagene, La Jolla CA, USA) and purified and quantified by col-
umn affinity chromatography and qCPR, as previously described
[34,35]. Western blot and luciferase assays were performed as pre-
viously described [32]. The following antibodies and dilutions were
used: EM48 (1:500, ON, 4 °C) (Millipore), anti-XBP1 (1:500, 2 h,
RT), anti-Hsp90 (1:3000, ON, 4 °C) (Santa Cruz) and anti-tubulin
(1:3000, ON, 4 °C) (Sigma).

2.2. Stereotaxic injection

Male mice C57BL/6j (10-12 weeks) were injected with 2 or
4 pl of virus AAV-Htt588%%-mRFP in the right striatum or were

co-injected with 2 pl of each virus AAV-Htt588%°>-mRFP and
AAV-XBP1s-eGFP or AAV-Htt588%>-mRFP and AAV-eGFP in the
left striatum (contralateral side). Stereotaxic coordinates with re-
spect to the bregma used were: +0.5 mm anterior, +2 mm lateral
and —3 mm depth, with a 1 pl/min infusion rate. Viral titters used
were: AAV-Htt588Q95-mRFP: 1.37 x 10'? viral genomes/ml, AAV-
XBP1s-eGFP: 1.13 x 10'2 DRPs/ml, AAV-eGFP: 7.52 x 107 viral gen-
omes/ml. All experiments were performed under the animal exper-
imental protocol approved by the Bioethics Comity of the Faculty
of Medicine, University of Chile (protocol number CBA#0306
FMUCH).

2.3. Histological analysis

Mice were sacrificed 2, 4 or 8 weeks post-injection and mouse
brains were perfused and fixed overnight with 4% paraformalde-
hyde. Serial-cut 30-pm sections of brain tissue between +2 and
—0.2 mm lateral with respect to bregma were mounted onto Micro
Slides Superfrost Plus (VWR International) and stained with anti-
NeuN (1:500, ON, 4 °C) (Sigma) or anti-GFAP (1:500, ON, 4 °C)
(Chemicon International), followed by AlexaFluor 488 secondary
antibody (1:500, 2 h., RT) (Invitrogen) and Hoechst (1:1000,
10 min., RT) (Intergen). Images were captured with a fluorescent
a BX61W1 microscope (Olympus). All RFP positive cells were
counted in each series of brain sections between +2 and
—0.2 mm lateral to bregma, distinguishing between RFP positive
cells with small, large inclusions or without inclusions.

3. Results
3.1. Generation of a new HD mouse model

Several animal models have been developed for studying the
pathogenesis of HD, classified into two main categories: transgenic
mice and viral-mediated models [36]. Viral-mediated HD models
develop characteristics associated with HD within 2 weeks post-
transduction, including mHtt inclusion formation [37-39], allowing
testing potential therapeutic strategies. However, most viral models
of HD express a small fragment of mHtt (exon 1) that could lead to
artifactual effects due to aggressive protein aggregation and acute
toxicity even in brain regions that are not normally affected in HD
[36]. Toinvestigate the impact of targeting the UPR in mHtt aggrega-
tion, we developed a new HD model using AAVs to express a large N-
terminal fragment of human Htt fused to the red fluorescent protein
(RFP) for direct visualization of protein inclusions in vivo (Fig. 1A).

A DNA sequence encoding the first 588 amino acids of human
Htt containing a polyQ region of 95 glutamines was fused to that
of monomeric RFP (Htt588%°>-mRFP) and cloned into a serotype
2 AAV vector. As a control, an Htt construct with 17 glutamines
was generated (Htt5882!7-mRFP). Expression of both fusion pro-
teins was confirmed in N2A cells after transient transfection fol-
lowed by Western Blot analysis (Fig. 1B) or fluorescent
microscopy to visualize the generation of mHtt inclusions
(Fig. 1C). AAV particles were injected into the striatum by stereo-
taxis. Histological analysis revealed the preferential expression of
Htt588%%>-mRFP in neurons as early as 2 weeks post-injection
(Fig. 1D). In these experiments, we distinguished three different
RFP-positive cell populations: cells presenting small mHtt inclu-
sions, cells with large inclusions and cells showing a diffuse RFP
pattern (Fig. 1E). Expression of Htt5882!'7-mRFP did not result in
the accumulation of RFP-positive inclusions (Fig. 2B). Time course
analysis of animals injected with AAVs expressing Htt588%°>-mRFP
after 2, 4 and 8 weeks post-surgery revealed a progressive accumu-
lation of small Htt588%%5-mRFP inclusions, reaching a maximum
percentage of cells showing inclusions of 77.0 + 4.6% using a viral
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Fig. 1. Development of a new viral-mediated model of HD. (A) Schematic representation of two constructs of human mHtt fused with RFP (red) used in this study: Htt588%!7-
mRFP and Htt588%°°-mRFP. Amino-terminal region of 588 amino acids carrying a polyQ fragment of 17 or 95 glutamines fused to the monomeric red fluorescent protein
(RFP) gene were subcloned into an AAV expression vector for in vivo delivery. (B) N2A cells were transiently transfected with pAAV-Htt5882'7-mRFP and pAAV-Htt588%%>-
mRFP plasmids, and Htt expression was evaluated after 48 h by Western blot analysis. Hsp90 protein levels were monitored as loading control. (C) In parallel, cells described
in B were analyzed by fluorescent microscopy (red) to confirm the accumulation of mutant Htt inclusions (arrowheads). DNA was stained with Hoechst (blue). (D) Adult mice
were injected by brain stereotaxis with AAV-Htt588%°°-mRFP (2.47 x 10° viral genomes) viral particles into the striatum. Animals were then sacrificed 2 weeks post-injection
and brain tissue was analyzed by histology to evaluate Htt5882%>-mRFP expression by fluorescent microscopy (red). Co-staining with the neuronal marker NeuN (green) was
performed. White triangles show examples of co-localization between transduced cells and the neuronal marker. (E) In experiments performed in D, three distinct cell
populations were identified of cells expressing Htt588%°>-mRFP: (e1) RFP positive cells without inclusions (diffuse RFP pattern), (e2) RFP positive cells with small inclusions,
and (e3) RFP positive cell with large inclusions. (F) Htt588%°>-mRFP distribution was evaluated in animals injected after 2, 4 and 8 weeks post-AVV transduction. Animals
were sacrificed and brain tissue was analyzed by histology to quantytate the percentage of Htt588%°>-mRFP aggregation distributed in cells that presented a diffuse pattern
and small and large RFP-positive protein inclusions. The graphic represents mean and standard deviation between the analyses of 3 independent experiments. Scale bars:
10 pum. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

dose of 2.4 x 10° viral genomes (Fig. 1F). Among RFP positive cells, slightly differed, showing a maximum percentage of aggregation
around 74% of neurons presented small inclusions and only 3% at 4 weeks post-transduction (Fig. S1A). Thus, we were able to de-
contained large intracellular mHtt inclusions (Fig. 1F). Using a viral velop a new viral-mediated model of HD that generates Htt inclu-
dose of 5.5 x 10° viral genomes, the kinetics of Htt aggregation sions in a few weeks post injection.
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Fig. 2. Ectopic expression of XBP1s decreases mutant Huntingtin aggregation in vivo. (A) Experimental strategy to study the impact of XBP1s gene transfer on the generation
of mutant Huntingtin inclusions. Adult mice were co-injected by stereotaxis into the striatum with a mix of AAVs encoding Htt588%%°-mRFP (2.47 x 10° viral genomes) and
XBP1s-eGFP (2.26 x 10° DRPs) in one brain hemisphere and with Htt588%°°-mRFP and eGFP (1.50 x 10® viral genomes) in the opposite side. Animals were then sacrificed
4 weeks post-injection and brain tissue was analyzed by histology. (B) Adult mice were injected stereotaxically with viral vectors AAV-Htt5882°>-mRFP (5.88 x 10° DRPs) and
AAV-Htt58827-mRFP (6.09 x 10° DRPs) into the striatum. Animals were sacrificed 4 weeks post-injection and brain tissue was prepared for histology to visualize the
distribution of RFP. Expression of control Htt5882'7-mRFP did not generate the accumulation of RFP-positive inclusions. (C) Representative image of brain tissue co-
transduced with viral vectors AAV-Htt588%°>-mRFP and AAV-XBP1s-eGFP in the striatum as described in A. White triangles show examples of RFP and GFP co-expressing
cells. Lower panel’s shows high magnification images from merge panel (white square). (D) The graph represents the mean and standard deviation from three independent
experiments such as those presented in C. Data were analyzed with the Student t test (*p < 0.05). Scale bars: 20 um. (E) The percentage of aggregation in the number of cells
containing small including in experiments presented in D is shown as a normalization with control cells transduced with AAV-eGFP viruses as 100%.

3.2. Effect of XBP1s on mutant Huntingtin aggregation in vivo

To test the impact of XBP1s in the aggregation of mHtt in vivo in
adult animals, we developed viral vectors to express XBP1s using
AAVs that expresses eGFP with a bicistronic promoter (AAV-
XBP1s-eGFP) for visualization of transduced cells [32]. To verify
the activity of the construct, N2A cells were transfected with the
expression vector pAAV-XBP1s-eGFP and XBP1s expression was
monitored by Western blot (Fig. S1B). The transcriptional activity
of the expressed XBP1s was measured with a UPR-luciferase repor-
ter assay (Fig. S1C) [13]. Then, adult mice were co-injected with
AAV-Htt588%%>-mRFP and AAV-XBP1s-eGFP viral vectors into the
right striatum by stereotaxis. As control, we also injected the con-
tralateral side of the same animals with AAV-Htt588%°>-mRFP and
AAV-eGFP (Fig. 2A). A high level of co-transduction was observed
between both viral vectors used when GFP and RFP fluorescence

was visualized after histological analysis of the brain (Fig. 2C).
Analysis of the percentage of cells presenting Htt588%°>-mRFP
inclusions indicated that the ectopic expression of XBP1s led to a
significant reduction in the number of cells presenting small RFP
positive inclusions, without affecting the number of cells accumu-
lating large Htt588%%5-mRFP inclusions (Fig. 2D). Quantification
and normalization revealed a decrease of 28% in the percentage
of cells presenting small Htt588%%>-mRFP inclusions cells after
expression of XBP1s when compared with empty vector control
AAV-eGFP (Fig. 2E).

4. Discussion

One of the main characteristics of most neurodegenerative dis-
eases is the accumulation of abnormally folded proteins in the
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brain. Although the pathological mechanisms of neurodegenera-
tion in distinct diseases may drastically differ, accumulating evi-
dence indicates that ER stress is a common response in several
brain disorders (reviewed in [5]). To address the contribution of
the UPR in mHtt pathogenesis in vivo, we tested the possible pro-
tective effect of a gene therapy approach to deliver an active form
of XBP1s into the brain striatum of an HD model developed here.
Our results suggest that this approach could significantly reduce
the aggregation of mHtt. This observation contrasts with our recent
report indicating that ablation of XBP1 using a conditional knock-
out system leads to mHtt degradation possibly due to the induc-
tion of macroautophagy [18]. Taken together, the current study
suggests that strategies to manipulate the UPR locally in the adult
brain may directly address the therapeutic implications of target-
ing the pathway in a disease context. Although informative, target-
ing the UPR during development using knockout mouse may
trigger shift in the protein homeostasis network that could gener-
ate phenotypes that do not reflect the direct involvement of ER
stress in HD. Therefore, such models may not be predictive when
considering therapies that acutely modify the UPR. However, it is
still possible to speculate that both XBP1 gain and lost of function
may provide protection against degeneration through distinct
mechanisms. XBP1 expression has been manipulated in several
animal models of neurodegenerative diseases associated with pro-
tein misfolding [29,31,40-43]. For example, the overexpression of
XBP1s in a pharmacological mouse model for Parkinson’s disease
and in a Drosophila transgenic model for Alzheimer’s disease pro-
tects against neurodegeneration [31,40]. Conversely, the reduction
of XBP1 expression in a Drosophila model for Retinitis Pigmentosa
and Alzheimer’s disease increases cell death [42,43]. We recently
described that AAV-mediated delivery of XBP1s into the spinal
cord led to enhanced motor recovery on a mouse model of spinal
cord injury [32]. All these reports suggest that artificial engage-
ment of XBP1-dependent responses may have therapeutic poten-
tial to treat neurodegenerative diseases including HD.

XBP1s controls the expression of a subset of UPR-target genes
involved in protein folding and ERAD [44], which may explain
the reduction in the number of cells containing small mHtt inclu-
sions when XBP1s was ectopically expressed. The mechanism
underlying the protective effects of the AAV-XBP1s gene therapy
remains to be determined. Our results suggest that strategies to
attenuate ER stress levels may have a beneficial effect to alleviate
degeneration in HD.

Acknowledgments

We thank Dr. Ray Truant for kindly providing Htt1-5882!38-
mRFP and Htt1-588%'>-mRFP vectors. This work was funded by
CHDI Foundation Inc, FONDECYT No. 1100176, FONDAP Grant
No. 15010006, Millennium Institute No. P09-015-F, Muscular Dys-
trophy Association, Alzheimer Association, North American Spine
Society, ALS Therapy Allianze, and the Michael ]. Fox Foundation
for Parkinson research (to C.H.) and FONDECYT No. 3100039 (R.V.).

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.bbrc.2012.03.033.

References

[1] AJ. Williams, H.L. Paulson, Polyglutamine neurodegeneration: protein
misfolding revisited, Trends Neurosci. 31 (2008) 521-528.

[2] J.W. Longshore, J. Tarleton, Dynamic mutations in human genes: a review of
trinucleotide repeat disease, J. Genetic 75 (1996) 193-217.

[3] C. Zuccato, M. Valenza, E. Cattaneo, Molecular mechanisms and potential
therapeutical targets in Huntington’s disease, Physiol. Rev. 90 (2010) 905-981.

[4] R.Vidal, B. Caballero, A. Couve, C. Hetz, Converging pathways in the occurrence
of endoplasmic reticulum (ER) stress in Huntington’s disease, Curr. Mol. Med.
11 (2011) 1-12.

[5] S. Matus, L.H. Glimcher, C. Hetz, Protein folding stress in neurodegenerative
diseases: a glimpse into the ER, Curr. Opin. Cell Biol. 23 (2011) 239-252.

[6] C. Hetz, The Unfolded Protein Response: Controlling cell fate decisions under
ER stress and beyond, Nat. Rev. Mol. Cell Biol. 13 (2012) 1-14.

[7] U. Woehlbier, C. Hetz, Modulating stress responses by the UPRosome: A matter
of life and death, Trends Biochem. Sci. 36 (2011) 329-337.

[8] I. Tabas, D. Ron, Integrating the mechanisms of apoptosis induced by
endoplasmic reticulum stress, Nat. Cell Biol. 13 (2011) 184-190.

[9] D. Ron, P. Walter, Signal integration in the endoplasmic reticulum unfolded
protein response, Nat. Rev. Mol. Cell Biol. 8 (2007) 519-529.

[10] H. Yoshida, T. Matsui, A. Yamamoto, T. Okada, K. Mori, XBP1 mRNA is induced
by ATF6 and spliced by IRE1 in response to ER stress to produce a highly active
transcription factor, Cell 107 (2001) 881-891.

[11] K. Lee, W. Tirasophon, X. Shen, M. Michalak, R. Prywes, T. Okada, H. Yoshida, K.
Mori, RJ. Kaufman, IRE1-mediated unconventional mRNA splicing and S2P-
mediated ATF6 cleavage merge to regulate XBP1 in signaling the unfolded
protein response, Genes Dev. 16 (2002) 452-466.

[12] M. Calfon, H. Zeng, F. Urano, J.H. Till, S.R. Hubbard, H.P. Harding, S.G. Clark, D.
Ron, IRE1 couples endoplasmic reticulum load to secretory capacity by
processing the XBP-1 mRNA, Nature 415 (2002) 92-96.

[13] AH. Lee, N.N. Iwakoshi, LH. Glimcher, XBP-1 regulates a subset of
endoplasmic reticulum resident chaperone genes in the unfolded protein
response, Mol. Cell Biol. 23 (2003) 7448-7459.

[14] D. Acosta-Alvear, Y. Zhou, A. Blais, M. Tsikitis, N.H. Lents, C. Arias, C.J. Lennon,
Y. Kluger, B.D. Dynlacht, XBP1 controls diverse cell type- and condition-
specific transcriptional regulatory networks, Mol. Cell 27 (2007) 53-66.

[15] A. Carnemolla, E. Fossale, E. Agostoni, S. Michelazzi, R. Calligaris, L. De Maso, G.
Del Sal, M.E. MacDonald, F. Persichetti, Rrs1 is involved in endoplasmic
reticulum stress response in Huntington disease, J. Biol. Chem. 284 (2009)
18167-18173.

[16] H. Lee, ].Y. Noh, Y. Oh, Y. Kim, J.W. Chang, C.W. Chung, S.T. Lee, M. Kim, H. Ryu,
Y.K. Jung, IRE1 plays an essential role in ER stress-mediated aggregation of
mutant Huntingtin via the inhibition of autophagy flux, Hum. Mol. Genet. 21
(2012) 101-114.

[17] M.R. Fernandez-Fernandez, . Ferrer, ].J. Lucas, Impaired ATF6alpha processing,
decreased Rheb and neuronal cell cycle re-entry in Huntington’s disease,
Neurobiol. Dis. 41 (2011) 23-32.

[18] [18] R. Vidal, A. Figueroa, F. Court, P. Thielen, C. Molina, C. Wirth, B. Caballero,
R. Kiffin, . Segura-Aguilar, A. Cuervo, L. Glimcher, C. Hetz, Targeting the UPR
transcription factor XBP1 protects against Huntington’s disease through the
regulation of FoxO1 and autophagy, Hum Mol Genet (in press).

[19] KJ. Cho, B.I. Lee, S.Y. Cheon, HW. Kim, HJ. Kim, G.W. Kim, Inhibition of
apoptosis signal-regulating kinase 1 reduces endoplasmic reticulum stress and
nuclear Huntingtin fragments in a mouse model of Huntington disease,
Neuroscience 163 (2009) 1128-1134.

[20] P.Lajoie, E.L. Snapp, Changes in BiP availability reveal hypersensitivity to acute
endoplasmic reticulum stress in cells expressing mutant Huntingtin, J. Cell Sci.
124 (2011) 3332-3343.

[21] Y. Kouroku, E. Fujita, A. Jimbo, T. Kikuchi, T. Yamagata, M.Y. Momoi, E.
Kominami, K. Kuida, K. Sakamaki, S. Yonehara, T. Momoi, Polyglutamine
aggregates stimulate ER stress signals and caspase-12 acti