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proteins, which act in a feedback loop to inhibit cytokine
responses by terminating the activation of the JAK/STAT
and other signaling pathways."*"*® The SOCS family, charac-
terized by a central src homology 2 (SH2) domain and a con-
served C-terminus SOCS box, is composed of eight structur-
ally related proteins. Among these, SOCS-1 is known as the
most potent negative regulator of proinflammatory cytokine
signaling.'”” SOCS-1 interacts with phosphorylated tyrosine
residues on proteins such as JAK kinases'®™'® to interfere
with the activation of STAT proteins or other signaling inter-
mediates. SOCS-1 also recruits the elongin BC-containing E3
ubiquitin-ligase complex via the conserved SOCS box to pro-
mote the degradation of target proteins.?® Studies on SOCS-1
deficient mice have indicated that SOCS-1 is essential for the
inhibition of excessive immune responses and also are
involved in the suppression of tumor development.'”*' In
accordance with this notion, epigenetic silencing of SOCS-1
by methylation of the CpG island is detected in human
cancers, such as hepatocellular carcinoma (HCC), multiple
myeloma and pancreatic ductal neoplasm®® and is impli-
cated in cancer development.

Like other cancers, a variety of epigenetic alterations are
involved in the development of GC.**"™ Two groups have
recently reported that transcriptional inactivation of SOCS-1
gene by hypermethylation is frequently observed in GC cell
lines® and primary GC samples.**** In particular, Oshimo et
al. have reported that SOCS-1 gene hypermethylation is not
detectable in normal gastric mucosa but is detected in 44% of
primary GC tissues and 12% of corresponding non-neoplastic
mucosa and is correlated with the progression and lymph
node metastasis of GC.>* However, it remains to be clarified
whether the inactivation of SOCS-1 gene is truly important
for the oncogenesis of GC or which signaling pathways tar-
geted by SOCS-1 are important for GC cell proliferation.

In our study, we demonstrate that SOCS-1 is silenced in
GC cell lines and is involved in enhanced STAT3 activation
in these cells. We also demonstrate that gene delivery of
SOCS-1 in GC cells has a potent antiproliferative effect via
the suppression of not only JAK/STAT activation but alsc in-
hibition of p38 MAPK signaling pathway. Our results provide
new insights into the pathogenesis of GC and may highlight
potential molecular targets for therapeutic intervention in
patients with GC.

Material and Methods

Cell lines

Four human GC cell lines NUGC3 (JCRB0822), MKN45
(JCRB0254), NUGC4 (JCRB0834) and MKN7 (JCRB1025)
were obtained from the Japanese Collection of Research Bio-
resources (Osaka, Japan), and AGS was purchased from the
American Type Culture Collection (ATCC, Manassas, VA).
All cell lines were maintained in RPMI 1640 medium supple-
mented with 10% fetal bovine serum (FBS) (HyClone Labora-
tories, Logan, UT) and 1% penicillin~streptomycin (Nacalai
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Tesque, Kyoto, Japan) at 37°C under a humidified atmos-
phere of 5% CO,.

Enzyme-linked immunosorbent assay

Cell lines were cultured in six-well plates at a density of 1 x
10° cells per well and incubated in RPMI 1640 containing
1% FCS. The concentrations of IL-6, soluble IL-6 receptor
(sIL-6R) in the cell culture supernatant was measured at 48-
hr time points using Quantikine enzyme-linked immunosor-
bent assay (ELISA) kits (R&D Systems, Minneapolis, MN)
according to the manufacturer’s instructions. The ELISA sen-
sitivities for the detection of IL-6 and sIL-6R, as reported by
the manufacturer, were 0.7 and 6.5 pg/ml, respectively.

IL-6 and anti-IL-6R antibody treatment of GC cells

After 24 hr of serum starvation, GC cell lines were treated
with 20 ng/ml of recombinant IL-6 (PeproTech, Rocky Hill,
NJ) and 20 ng/ml of sIL-6R (R&D Systems) and proteins
were extracted 15 min after IL-6 stimulation for further anal-
ysis. For antibody treatment, 25 and 50 pg/ml of MRA
(humanized monoclonal anti-human IL-6R antibody; Chugai
Pharmaceutical Co., Tokyo, Japan) was added to cell culture
medium with recombinant 20 ng/ml IL-6 and 20 ng/ml sIL-
6R. Purified human IgG (Sigma, St. Louis, MO) was used as
control. Cells were then harvested for the determination of
the phosphorylation status of STAT3.

Methylation-specific PCR

Bisulfite modification of genomic DNA was carried out as
described previously.?**">* The bisulfite-treated DNA was
amplified with either a methylation-specific or unmethyla-
tion-specific primer set using EpiTect methylation-specific
PCR (MSP) Kit (Qiagen, Valencia, CA) according to the
manufacturer’s instructions. The methylation-specific primer
sequences in the exon 1 of SOCS-1 CpG island were 5'-TC
GTTCGTACGTCGATTATC-3' (forward) and 5-AAAAAA
ATACCCACGAACTCG-3' (reverse); sequences of corre-
sponding unmethylation-specific primer sequences were 5'-
TATTTTGTTTGTATGTTGATTATTG-3' (forward) and 5'-
AAACTCAACACACAACCACTC-3 (reverse). The length of
PCR products were 132 bp for methylated reaction, and 122
bp for the unmethylated reaction. PCR products were
resolved in 2.5% agarose gels, stained with ethidium bromide
and visualized under UV illumination. To ensure that the
PCR primers are specific for the detection of methylated or
unmethylated bisulfite converted DNA, completely methyl-
ated or unmethylated bisulfite converted DNAs, and
untreated, unmethylated genomic DNA (EpiTect control
DNA, Qiagen), were used for control experiments.

Real-time PCR analysis

After 12 hr of serum starvation, GC cell lines (NUGC3, AGS,
MKN45, NUGC4 and MKN7) and human PBMC were
treated with 10 ng/ml of recombinant human IFN-y (Pepro-
Tech, Rocky Hill, Nj) for 15 min. Total RNA was prepared
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from cells using an RNeasy Mini Kit (Qiagen) and cDNAs
were synthesized from 500 ng of each total RNA preparation
using a Quantitect Reverse Transcription Kit (Qiagen), all
according to the manufacturers” instructions. The forward
and reverse primers were as follows: for human SOCS-1 for-
ward primer, 5-AGACCCCTTCTCACCTCTTG-3' and
reverse primer, 5-GCACAGCAGAAAAATAAAGC-3; for
B-actin, 5-GTGGGGCGCCCCAGGCACCA-3 and 5-CTCC
TTAATGTCACGCACGATTTC-3'**  Primers and ¢DNA
were added to SYBR green premix (Invitrogen), which con-
tained all the reagents required for PCR. The PCR conditions
of SOCS-1 consisted of 1 cycle at 95°C for 10 min followed
by 40-50 cycles of 96°C for 10 sec, 68°C for 15 sec and 72°C
for 15 sec; B-actin cycling conditions consisted of 1 cycle at
95°C for 10 min followed by 40-50 cycles of 96°C for 10 sec,
67°C for 30 sec and 72°C for 30 sec. PCR products were
measured continuously using the My I1Q™ Single-Color
Real-Time Detection System (Bio-Rad Laboratories).

Adenoviral vectors

Replication-defective recombinant adenoviral vector express-
ing the mouse SOCS-1 gene was provided by Dr. Hiroyuki
Mizuguchi (Osaka University, Osaka, Japan), which was con-
structed by an improved in vitro ligation method, as
described previously.**® An adenoviral vector expressing the
LacZ gene was constructed using similar methods. Expression
of these genes was regulated by CMV promoter/enhancer
and intron A. The viruses were amplified in 293 cells. Viruses
were purified by CsCl, step gradient ultracentrifugation fol-
lowed by CsCl, linear gradient ultracentrifugation. The puri-
fied viruses were dialyzed against a solution containing 10
mM Tris-HCl (pH 7.5), 1 mM MgCl; and 10% glycerol and
were stored at —80°C. Viral particle and biological titers
were determined by a spectrophotometrical method®” and by
using QuickTiter (Adenovirus Titer Immunoassay Kit, Cell
Biolabs, San Diego, CA), respectively. After 24-hr incubation
of GC cells in culture medium containing 10% FCS, adenovi-
ral vectors were infected by distributing suspensions onto
cells at a multiplicity of infection (MOI) of 10-160, Adenovi-
ral vectors containing the genes for HA-tagged Y705F domi-
nant-negative STAT3 (AddnSTAT3) were kindly provided by
Dr. Akihiko Yoshimura (Keio University, Tokyo, Japan).

Western-blotting analysis

Cells and tumor tissues from xenograft model were lysed in
RIPA buffer (10 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1%
Nonidet P-40, 0.1% sodium deoxycholate, 0.1% SDS, 1x
phosphatase inhibitor cocktail (Nacalai Tesque ) and 1x pro-
tease inhibitor cocktail (Nacalai Tesque) followed by centrifu-
gation (13,200 rpm, 4°C, 15 min), after which the superna-
tants were stored at —80°C until use. Protein concentrations
were determined with the DC Protein Assay kit (Bio-Rad
Laboratories), using BSA as the concentration standard.
Extracted proteins were used for SDS-PAGE or immunopre-
cipitation assay. For immunoprecipitation assay, extracted

Int. ]. Cancer: 131, 1287-1296 (2012) ® 2011 UICC

1289

proteins were incubated with primary antibody coupled Pro-
tein G-Sepharose {BioVision, Mountain View, CA) for several
hours at 4°C with rotating. The samples were washed several
times with RIPA buffer, and proteins were extracted using
SDS sample buffer (0.125 M Tris-HCL, pH 6.8, 10% 2-mer-
captoethanol, 4% SDS, 10% glycerol and 0.004% bromophe-
nol blue). Proteins were resolved using 5-20% gradient SDS-
PAGE gels {(Wako Pure Chemical Industries, Osaka, Japan)
and subsequently transferred to PVDF membranes (Miilipore,
Bedford, MA). The membranes were blocked with 1% BSA
in PBS containing 0.1% Tween 20 (PBST) and incubated
with the respective antibodies against different targets. The
following antibodies were used: anti-S80CS$-1, 1:500 (IBL,
Fujioka, Japan), anti-HA (Sigma}, anti-phospho-§TAT3,
1:1,000 {Cell Signaling Technology, Danvers, MA) anti-
STAT3, L:LuoD; anti-GAPDH, 1:2,000 {all from Santa Cruz
Biotechnology, Santa Cruz, CA).

Next, the membranes were incubated with horseradish
peroxidase-conjugated sheep anti-mouse 1gG or horseradish
peroxidase-conjugated donkey anti-rabbit IgG (GE Health-
care, Little Chalfont, Buckinghamshire, UK). Finally, the sig-
nals were visualized by means of an enhanced chemilumines-
cence {ECL) reaction system (Perkin-Elmer Life Sciences,
Boston, MA).

Cell proliferation assay

NUGC3 and AGS cells were plated in 96-well plates at a den-
sity of 5 x 107 cells per well and incubated in RPMI 1640
supplemented with 10% FCS for 24 hr. Then, cells were
treated with 2.5 uM (NUGC3) and 5.0 uM (AGS) of JAK
inhibitor T (Jak inhibitor; Calbiochem, San Diego, CA), with
10 uM (NUGC3) and 20 uM (AGS) of $B203580 {p38 MAP
kinase inhibitor; Calbiochem), MRA {anti-human IL-6R anti-
body; Chugai Pharmaceutical Co.) and dimethyl sulfoxide
{DMSO) or human IgG (Sigma) alone, followed by incuba-
tion at 37°C in RPMI 1640 supplemented with 5% FBS.
Cell proliferation was evaluated with the WST-8 [2-{2-methoxy-
4-nitrophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tet-
razolium, monosodium salt] assay (Cell Counting Kit-SF;
Nacalai Tesque, Kyoto, Japan) at indicated period after treat-
ment. The absorption of WST-8 was measured at a wave-
length of 450 nm with a reference wavelength of 630 nm
using a microplate reader Model 680 (Bio-Rad Laboratories,
Hercules, CA). Growth rate was expressed as the percentage
of absorbance reading for treated cells vs. control cells. Each
value is the average = standard deviation (SD) of triplicate
wells.

Measurement of p38 MAP kinase and ERK activation

Kinase assays of p38MAPK were performed using commer-
cial kits (Cell Signaling Technology). Cells were seeded 24 hr
before the assay in a 100 x 100 mm® polystyrene nonpyro-
genic dish at a density of 5 x 10% cells per dish. Cells were
harvested at 48 hr after infection of adenoviral vectors and
lysed with buffer (20 mM Tris, pH 7.5, 150 mM NaCl, 1
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mM EDTA, 1% Triton X-100, 1 mM Na3VOy, 1 mg/ml leu-
peptin and 1 mM PMSF). Five hundred microliters of cell
lysates containing 200 pg total protein were incubated with
20 pL of immobilized phospho-p38MAPK monoclonal anti-
body for p38MAPK assay. The mixtures were then incubated
at 4°C overnight and centrifuged to obtain a cell pellet. The
pellet was then washed two times with wash buffer and far-
ther two times with a kinase buffer (5 mM Tris, pH 7.5, 10
mM MgCl,, 2 mM DTT and 0.I mM Na;VO,). Kinase reac-
tions were carried out in kinase buffer supplemented with
100 mM ATP and 2 pg activating transcription factor-2
(ATF-2) fusion protein as a substrate for p38MAPK assay.
Reactions were performed at 30°C for 30 min and terminated
by adding 5x SDS-PAGE sample buffer. Total ATF2 and
phosphorylated substrates were analyzed by Western-blotting
analysis using phospho-ATF-2 (Cell signaling Technology)
antibody for kinase assay of p38MAPK.

Mouse xenograft model

All animal experiments were conducted according to the
institutional ethical guidelines for animal experimentation of
the National Institute of Biomedical Innovation (Osaka,
Japan). Male ICR nu/nu mice, 4-5 weeks of age, were
obtained from Charles River Japan (Yokohama, Japan). For
subcutaneous xenograft experiments, we injected 2 x 10°
cells in a total volume of 100 uL of 1/1 (v/v) PBS/Matrigel
(Becton Dickinson, Bedford, MA) in the flank of ICR nu/nu
mice. After 1 week when the tumor sizes reached to ~100
mm?, 2 x 10° plague-forming units (pfu)/50 pL of AGSOCS1
or AdLacZ was injected intratumorally twice per week.
Tumor volumes were determined weekly by measuring in
two dimensions, length (L) and width (W), and calculating
volume as (W? x L)/2. )

Statistical analysis

Statistical analyses were performed using the StatView 5.0
software package (Abacus Concepts, Berkeley, CA). One-way
ANOVA followed by a Scheffe’s test or Mann-Whitney U
tests were used to evaluate the significance of differences. In
all analyses, p < 0.05 was considered statistically significant.

Results

Methylation status of SOCS-1 CpG islands in GC cell lines
Since it was reported that SOCS-1 gene methylation is fre-
quently observed in primary GC.** we initially screened five
GC cell lines for methylation of the SOCS-1 gene. By MSP
analysis using primers selected from the CpG islands inside
exon 1 of the SOCS-1 gene, we detected SOCS-1 methylation
in all five (NUGC3, AGS, MKN45, NUGC4 and MKN7) GC
cell lines (Fig. 1a). By real-time PCR analysis, we also found
that these five GC cell lines, but not human PBMC, failed to
upregulate SOCS-1 expression in response to IFN-y, indicat-
ing that transcription of the SOCS-1 gene is inhibited by
gene methylation (Fig. 1b).
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Figure 1. Methylation of SOCS-1 CpG islands and activation of
STAT3 in GC cells. (@) MSP of SOCS-1 gene CpG islands. A visible
PCR product in lane-M indicates the presence of methylated gene;
the presence of product in lane-U indicates the presence of
unmethylated gene. () Induction of the expression of SOCS-1
gene with or without stimulation with IFN-y was analyzed by
real-time PCR. (¢) The phosphorylation of STAT3 was analyzed by
Western blotting. Cells were stimulated with 20 ng/ml recombinant
IL-6 and 20 pg/ml siL-6R for 10 min, and protein extracts were
subjected to immunoblotting.

Constitutive activation of STAT3 in GC cell lines

We then evaluated the activation status of signal transducer
and activator of transcription 3 (STAT3), since STAT3 acts
as an important transcriptional mediator of proinflammatory
cytokine signaling pathways and contributes to oncogenesis
by both preventing apoptosis and enhancing cell prolifera-
tion."! STAT3 was constitutively phosphorylated in three of
five GC cell lines, NUGC3, AGS and MKN45 cells (Fig. 1c),
raising the possibility that epigenetic silencing of SOCS genes
may lead to the aberrant activation of the JAK/STAT
pathway in these GC cells. In other cell lines, STAT3
phosphorylation was induced strongly in NUGC4 cells after
the stimulation with IL-6, but it was not induced in MKN7
cells (Fig. 1c).
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Figure 2. The role of IL-6 production in STAT3 phosphorylation and cell profiferation of GC cells. (a) ELISA of IL-6, soluble IL-6 receptor
(sIL-6R) protein levels in conditioned media of six GC cell lines. Results are shown as mean = S0 from three independent experiments.
(b) Effect of anti-IL-6R antibody (MRA) treatment on phosphorylation of STAT3 (Tyr705) was examined by Western-blot analysis in NUGC3,
AGS and NUGC4 cell lines, Cell extracts were harvested 15 min after treatment with 20 ng/ml IL-6, 20 pg/ml sIL-6R and 25-50 pg/mi MRA
or control 1gG, and subjected for immunoblotting with phosphospecific STAT3 (Tyr705) antibody. () Cell proliferation curves of NUGC3 and
AGS cells treated with MRA. Cells were cultured in medium containing 2% FCS with 25 and 50 pg/ml MRA or control human IgG. Cell
proliferation was determined by WST-8 assay at 24, 72 and 120 hr after treatment. Percent of cell growth (percent of control) was
expressed as mean * 5D value of percentage of absorbance reading from treated cells vs. control ceils from triplicate wells.

No inhibitory effect of anti-IL-6R antibody on GC

cell growth

Previous studies have revealed that IL-6 levels are elevated in
cancer tissues® and in sera®'" of GC patients. We next
quantitated levels of IL-6 and soluble 1L-6 receptor (sIL-6R)
in 48-hr culture supernatants of GC cell lines by sandwich
ELISA. As shown in Figure 2a, elevated IL-6 levels were
observed in NUGC3 cells (1348.6 * 91.2 pg/ml) and AGS
cells (166.3 = 68.1 pg/ml), while sIL-6R secretion was com-
parable among all the cell lines tested (Fig. 2b). These resulls
suggest that spontaneous production of 1L-6 may be crucial
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for aberrant STAT3 phosphorylation in NUGC3 and AGS
cells.

We then assessed the impact of IL-6 blockade on STAT3
phosphorylation and proliferation of NUGC3 and AGS cells,
which have demonstrated constitutive STAT3 activation con-
comitant with high level of IL-6 production (Figs. lc and 2a).
Western-blot analysis confirmed that humanized anti-IL-6R
monoclonal antibody (MRA), which inhibits IL-6 function by
competing for the membrane bound and the soluble forms of
the human 11L-6 receptor,” effectively inhibited IL6-induced
phosphorylation of STAT3 in NUGC4 cells. However, the
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Figure 3. Antiproliferative effect of SOCS-1 in GC cells. (@) Western-blot analysis of whole cell extracts to confirm SOCS-1 expression in
AdSOCS-1 transfected cells. Cells were infected with AdLacZ, AdSOCS-1 or AddnSTAT3 at an MOI of 10-160. Cell extracts were harvested
24 hr after transfection and subjected for immunoblotting. The expression of SOCS-1 and dnSTAT3 were determined by using anti-S0CS-1
antibody (SOCS-1) and anti-HA antibody (dnSTAT3). (b) Celis were infected with AdSOCS-1, AddnSTAT3 or AdLacZ at an MOI of 10-160.
Cell proliferation was determined by WST-8 assay af 72 hr after treatment. Growth ratio of AdLacZ-, AdSOCS-1- or AddnSTAT3-infected cells
was calculated as the percentage of absorbance reading for infected cells relative to that for nontreated cells. Each value is the average *

SD of triplicate wells.

same treatment could not reduce STAT3 phosphorylation in
NUGC3 and AGS cells (Fig. 2b). In addition, cell prolifera-
tion assay using WST-8 showed that treatment with MRA
did not suppress cell proliferation of IL6-producing GC cell
lines (Fig. 2¢). These in vitro results suggest that cell prolifer-
ation and constitutive STAT3 phosphorylation in NUGC3
and AGS cells occur independently of autocrine IL-6 produc-
tion, and that signaling pathways other than IL-6 signaling
may be involved in cell proliferation of these cells.

Antiproliferative effect of SOCS-1 gene delivery in GC cells

We next investigated the role of SOCS-1 in regulation of in-
tracellular signaling cascades and GC cell proliferation. For
this purpose, we used replication-defective recombinant
adenoviral vectors carrying SOCS-1 in cell proliferation
assays. Given the established role of STAT3 in tumor devel-
opment, we also assessed the effect of the inhibition of
STAT3-depended pathways, using an adenoviral vector
expressing dominant negative STAT3 (dnSTAT3). Immuno-
blotting analysis showed that adenovirus-mediated gene
delivery could induce dose dependent expression of SOCS-1
and dnSTAT3 in both NUGC3 and AGS cells (Fig. 3a). As
shown in Figure 3b, WST-8 assay revealed that adenovirus-

mediated SOCS-1 gene delivery markedly decreased cell pro-
liferation of IL-6 producing NUGC3 and AGS cells. In addi-
tion, the magnitude of antiproliferative effects of AdSOCS-1
on GC cells was higher than that of AddnSTAT3. These
results suggest that both SOCS-1 and dnSTAT3 can suppress
proliferation of NUGC3 and AGS cells, but SOCS-1 is likely
to exert additional effects on these GC cells.

Effect of SOCS-1 gene delivery on JAK/STAT3,

MAPK and PI3K pathways

We next determined the activation status of signaling mole-
cules in GC cells infected with AdLacZ, AdSOCS-1 and
AddnSTAT3. As shown in Figure 44, immunoblotting analy-
sis showed that phosphorylation levels of STAT3 were effec-
tively decreased in NUGC3 and AGS cells treated with either
AdSOCS-1 or AddnSTATS3. Since AdSOCS-1 inhibited GC
cell proliferation more effectively than AddnSTAT3, we next
investigated if AdSOCS-1 also downregulates STAT3-inde-
pendent signaling pathway(s) in these cells. Our screening
analyses indicated that AKT, SAPK/JNK and p44/p42 MAPK
pathways were not affected by AdSOCS-1 infection, although
these molecules were constitutively phosphorylated in
NUGC3 and AGS cell lines (data not shown). We therefore
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Figure 4. SOCS-1 suppressed the activation of STAT3 and p38
MAPK. (a) Cells were infected with AdLacZ, AdSOCS-1 or
AddnSTAT3 at an MO of 40. Cell lysates were prepared at 48 hr
after infection, and immunoblotted with SOCS-1, phosphe-STAT3
{p-STAT3) and STAT3 antibodies. (b} To investigate p38 MAP
kinase activity, p38 MAPK was immunoprecipitated and used in an
in vitro kinase assay with recombinant ATF2 as a substrate.
Phosphorylated-ATF2 was determined by immunoblot analysis.

examined another MAPK pathway, the p38MAPK pathway,
by evaluating kinase assays with ATF-2 as substrate. Interest-
ingly, the activation of ATF2 in NUGC3 and AGS cells was
reduced by AdSOCS-1 infection but not by AddnSTAT3
infection (Fig. 4b). Our results indicate that forced expression
of SOCS-1 suppresses both JAK/STAT3 and p38 MAPK
pathway in NUGC3 and AGS cells.

Inhibition of JAK kinase- and p38 MAP kinase-induced
suppression of cell proliferation in GC cells

To confirm whether the activities of JAK/STAT and p38
MAP kinase signaling pathways regulate proliferation of these
GC cancer cells, cells were treated with the JAK inhibitor
(JAK Inhibitor 1), p38 MAP kinase inhibitor (SB203580) or
both. Cell proliferation assays revealed that JAK inhibitor 1
markedly suppressed proliferation in NUGC3 cells (Fig. 5a),
and moderately suppressed proliferation in AGS cells (Fig.
5b). SB203580 suppressed cell proliferation of both NUGC3
and AGS cells more effectively than JAK inhibitor I (Figs. 5a
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Figure 5. Inhibitors of JAK/STAT and the p38 MAPK signaling
pathways suppressed cell growih in GC cells. {g) NUGC3 cells and
{8} AGS cells were cultured in RPMI 1640 medium containing 5%
FBS with JAK inhibitor JAK inhibitor 1}, with p38 MAPK inhibitor
{58203580) or with JAK inhibitor | and $8203580. Celt
proliferation activity was assessed by WST-8-based assay at 72 hr
after treatment. Growth ralic (mean % SD) was calculated as the
percentage of absorbance reading for treated cells relative to that
for control (DMSQ) cells from three independent experiments.

and 35). In both NUGC3 and AGS cells, combined treatment
with JAK inhibitor T and SB203580 further suppressed the
proliferation of these GC cell lines {Figs. 5a and 5b). Thus,
our results suggest that both JAK/STAT3 and p38 MAPK sig-
naling pathways play crucial roles in the proliferation of
NUGC3 and AGS cells.

50CS-1 exhibits antitumor activity in a GC

xenograft model

We also evaluated the therapeutic effect of AdSOCS-1 injec-
tion on the growth of GC cells in vivo. For this purpose, we
established a xenograft model of ICR nw/nu mice in which
NUGC3 cells were subcutaneously implanted. Injection of
AdSOCS-1 vector (1 % 10° pfu/50 uL) intratumorally twice
per week suppressed tumor growth compared to tumor vol-
umes in control AdLacZ-injected animals (Figs. 6a and 6b).
AdSOCS-1 in vivo could modulate intracellular signaling in
GC cells as in vitro, since Western-blot analysis showed that
phosphorylation levels of STAT3 were decreased in the
NUGC3 tissues from AdSOCS-1 injected animals (Fig. 6¢).

Discussion
Proinflammatory cytokines induced by H. pylori infection are
critical for both chronic inflammation in gastric mucosa and
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Figure 6. SOCS-1 exhibits antitumor activity in a GC xenograft
model. (@) Male ICR nu/nu mice, 1 week after the subcutaneous
implantation of 2 x 10° NUGC3 cells in their flank, were
intratumorally treated with 2 x 10® pfu of AdSOCS1 or AdLacZ
twice per week. Tumor volumes were determined weekly. Figures
show the average (points) = SD (bars) for four animals.

(b) Twenty-eight days after tumor cell inoculation, each tumor
volume was calculated. Figures show the average (columns) = SD
(bars) for four animals. (c) Western-blot analysis of pSTAT3, STAT3
and GAPDH in NUGC3 tissues from AdSOCS1 or AdLacZ injected
animals. NUGC3 tumor-bearing animals were treated once with
AdSOCS1 or AdlacZ on day 7 and sacrificed on day 10. Lysates
from tumors were analyzed by Western blot.

the initiation and progression of GC. It is thus reasonable to
speculate that the changes in sensitivity of gastric epithelial
cells to proinflammatory cytokines greatly contribute to the
development of GC. In our study, we provide evidence that
silencing of SOCS-1, a negative regulator of cytokine signal-
ing, is profoundly involved in the development of GC.

We identified SOCS-1 gene methylation in GC cell lines
(Fig. 1a). This result is consistent with the previous findings

Antiproliferative effect of SOCS-1 in gastric cancer

that hypermethylation of the SOCS-1 gene is detected in GC
cell lines and primary GC tissues.™** To et al. have previ-
ously shown that demethylation treatment can increase
SOCS-1 expression and reduce STAT3 activation in GC cell
lines.*? In our study, we demonstrated that forced SOCS-1
expression can inhibit STAT3 activation in GC cells and sup-
press their proliferation. Our results together with To et al.
suggest that SOCS-1 functions as a tumor suppressor in GC
cells, and its gene silencing should promote GC development
and progression.

In our study, we showed that high levels of IL-6 are spon-
taneously produced in NUGC3 and AGS cell lines. Previous
studies have shown that IL-6 facilitates GC cell invasion
in vitro™ and serum IL-6 levels correlate well with disease
progression and recurrence in GC#%4 Moreover, the
methylation of SOCS-1 gene is associated with lymph node
metastasis and advanced tumor stage in GC.** Thus, NUGC3
and AGS cell lines share two features (IL-6 production and
SOCS-1 methylation) of GC with poor prognosis. While the
frequency of GC that possesses these two features is currently
unknown, future studies on both IL-6-producing capacity
and SOCS-1 gene methylation status in GC may help to pre-
dict the prognosis of GC.

We showed here that STAT3 is persistently activated in
several GC cell lines. Similar activation of STAT3 has been
reported in other cancer cell lines in which SOCS-1 gene
expression is downregulated by DNA methylation.***"* One
possible mechanism for STAT3 activation in these cells is
constitutive production of cytokines such as IL-6. However,
in IL-6-producing NUGC3 and AGS cells, anti-IL-6R anti-
body failed to reduce STAT3 phosphorylation (Fig. 2), sug-
gesting that IL-6 does not act as an autocrine growth factor
in these GC cells. Interestingly, conditioned culture media of
NUGC3 cells could induce STAT3 phosphorylation in anti-
IL-6R antibody-treated human umbilical vein endothelial cells
(Supporting Information Fig. 1), suggesting the presence of
unknown soluble factor(s) contributing to the STAT3 phos-
phorylation in NUGC3 cells. However, IL-11, another mem-
ber of IL-6 family possibly involved in the development of
GC,* was not elevated in conditioned media of NUGC3 cells
(data not shown). These results, nevertheless, suggest that the
blockade of IL-6 may have limited therapeutic effects on the
growth signals in established GC cells.

In contrast to IL-6 blockade, adenovirus-mediated forced
expression of SOCS-1 or dnSTAT3 successfully suppressed
cell proliferation of NUGC3 and AGS cells (Fig. 3). The sup-
pressive effect of STAT3 inhibition on GC cell proliferation
has been reported previously.'> Importantly, however, the
magnitude of antiproliferative effects of AdSOCS-1 was supe-
rior to that of AddnSTAT3, suggesting that AdSOCS-1 has
additional mechanism(s) of action distinct from that of
AddnSTATS3. Indeed, proliferation of MKN7 cells, in which
constitutively phosphorylated STAT3 was not detected (Fig.
Ic), was successively inhibited by AdSOCS-1, but not by
AddnSTAT3 (Supporting Information Fig. 2). Furthermore,

Int, ], Cancer: 131, 1287-1296 (2012) © 2011 UICC

Souma et al.

proliferation of MKN45 cells, which exhibited constitutive
STAT3 phosphorylation (Fig. lc), was also inhibited by
AdSOCS-1 but, surprisingly, not by AddnSTAT3 (Supporting
Information Fig. 2). These results indicate that SOCS-1 inhib-
its not only JAK/STAT3-dependent pathway but also STAT3-
independent growth signal pathways. In accordance with this,
we found that p38MAPK pathway in GC cells is downregu-
lated by SOCS-1. Moreover, inhibition of these two pathways
using JAK inhibitor I and $B203580 had significant antiproli-
ferative effects on GC proliferation. Thus, our results suggest
that the potent antiproliferative effect of SOCS-1 is associated
with combined inhibition of JAK/STAT3 and p38 MAPK
pathways in GC cells.

MAPK family including p38MAPK is activated by a variety
of environmental stresses and inflammatory cytokines, and
traditionally is thought to play a role in differentiation, growth
arrest, inflammation, immune activation and apoptosis.
In vivo, pP38MAPK may function as a tumor suppressor, since
mice lacking p38a are sensitized to lung and liver tumors.”
However, for the development of H. pylori-associated GC, p38
MAPK/ATF-2-mediated COX-2 was reported to be neces-
sary.’ Further studies are needed to elucidate the exact role of
p38 MAPK signaling pathway for the growth of GC cells.

In our study, the mechanism by which SOCS-1 suppress
the activation of p38 MAPK was not determined. One possi-
ble target of SOCS proteins is apoptosis signal-regulating
kinase 1 (ASK1), an upstream activator of both the p38
MAPK and JUN N-terminal kinase (JNK) cascades. Support-
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ing this possibility, it has been reported that SOCS-1 regu-
lates the activation of stress-activated MAPKs by binding to
ASK1."” Moreover, a recent study has shown that ASK1 con-
tributes to tumor growth in GC.*® SOCS-1 may also target
other proteins in GC cells, since SOCS-1 can interact with a
variety of tyrosine-phosphorylated proteins via their SH2 do-
main and promote the degradation of target proteins via the
SOCS box.?! Recently, we showed that adenoviral gene deliv-
ery of SOCS-3, one of the genes of the SOCS family, could
inhibit growth of malignant pleural mesothelioma cells in
vitro and in vivo via the modulation of multiple pathways
involving JAK/STAT3, ERK, FAK and p53.*' Although fur-
ther studies are required, SOCS-1 may also act as an inhibi-
tor of a wide variety of growth signals and may be applicable
to the treatment of various types of GC.

In conclusion, we identified SOCS-1 gene methylation in
GC cell lines and highlighted a potent antiproliferative effect
of SOCS-1 on GC cells both in vitro and in vivo, via the in-
hibition of JAK/STAT3 and p38 MAPK activation. Epigenetic
silencing of SOCS-1 may thus represent a critical step in the
development of human GC and forced expression of SOCS-1
may represent a novel therapeutic approach for various types
of GC through the inhibition of JAK/STAT3 and p38 MAPK
signaling pathways.
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Suppressor of Cytokine Signaling 1 DNA Administration
Inhibits Inflammatory and Pathogenic Responses in

Autoimmune Myocarditis

Kazuko Tajiri,*’% Kyoko Imanaka-Yoshida,”¥ Akihiro Matsubara,* Yusuke T sujimura,*
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Myocarditis and subsequent dilated cardiomyopathy are major causes of heart failure in young adults, Myocarditis in humans is
highly heterogeneous in efiology. Recent studies have indicated that a subgroup of myocarditis patients may benefit from immune-
targeted therapies, because autoimmunity plays an important role in myocarditis as well as contributing to the progression to
cardiomyopathy and heart failure. Suppressor of cytokine signaling (SOCS) 1 plays a key role in the negative regulation of both
TLR- and cytokine receptor-mediated signaling, which is invelved in innate immunity and subsequent adaptive immunity. In this
study, we investigated the therapeutic effect of SOCS1 DNA administration on experimental autoimmune myocarditis (EAM) in
mice. EAM was induced by s.c. immunization with cardiac-specific peptides derived from « myosin H chain in BALB/c mice. In
contrast to control myocarditis mice, SOCS1 DNA-injected mice were protected from development of EAM and heart failure.
SOCS1 DNA administration was effective for reducing the activation of autoreactive CD4* T cells by inhibition of the function of
Ag-presenting dendritic cells. Qur findings suggest that SOCS1 DNA administration has considerable therapeutic potential in
individuals with autoimmune myocarditis and dilated cardiomyopathy. The Journal of Immunology, 2012, 189: 2043-2053.

ilated cardiomyopathy (DCM) is a potentially lethal
disorder of various etiologies for which no treatment is
currently satisfactory (1); it often results from enteroviral
myocarditis (2, 3). Many patients show heart-specific autoanti-
bodies (3, 4), and immunosuppressive therapy can improve car-
diac function in DCM patients who show no evidence of viral or
bacterial genomes in heart biopsy samples (5). These observations
suggest that autoimmunity plays an important role in myocarditis
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as well as contributing to the progression to cardiomyopathy and
heart failure {6).

Experimental autoimmune myocarditis {(EAM) is a model of
postinfectious myocarditis and cardiomyopathy (7). A number of
proinflammatory cytokines, including IL-18, IL-6, 1L-12, TNF-a,
and GM-CSF, have been shown to contribute to the development
of autoimmune myocarditis in animal models and human cases
(S-13). EAM is a CD4* T cell-mediated disease (7, 14), and ac-
tivation of seli~Ag-loaded dendritic cells (DCs) is critical for
expansion of autoreactive CD4” T cells. Activation of TLRs and
IL-1 type | receptor and their common downstream signaling
adaptor molecule, MyD88, in self-Ag-presenting DCs is also
critical for the development of EAM (11, 15, 16). Compared with
inhibition of a single cytokine, a more effective treatment might
be inhibition of various signaling pathways to induce production
of cytokines through both innate and adaptive immupity. One
strategy that could accomplish this would be to target shared cy-
tokine and TLR signal transduction pathways using suppressor of
cytokine signaling (SOCS) molecules.

Recent lines of evidence indicate that SOCS proteins, originally
identified as negative-feedback regulators in cytokine signaling,
are involved in the regulation of TLR-mediated immune responses
(17. 18). The SOCS family is composed of eight members: cyto-
kine-inducible Src¢ homology 2 domain-containing protein and
SOCS! to SOCST (19, 20). SOCS! plays a key role in the negative
regulation of both TLR-mediated signaling and cytokine receptor-
mediated signaling, which are involved in innate immunity and

dendritic cell; dnSOCS 1, dominant-negative of cytokine signaling 15
EAM, itis: FS, fractional shortening; KO, knoc!
out; LV, left ventricular; LVEDJ, left ventricular end-diastolic dimension; LV
left ventricular end-systolic dimension; MyHC-a, cardiac myosin-specific peptid
pduSOCS1, plasinid vector encoding dominant-negative suppressor of cytokine sig-
naling 1; pSOCS1, plasmid vector cncoding suppressor of eytokine signaling 11 QRT-
PCR, quantitative real-time RT-PCR; SOCS, suppressor of cytokine signaling.
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subsequent adaptive immunity (21). The expression of SOCS1
is induced by various cytokines, including IFN-vy, IL-4, and IL-6,
and also by TLR ligands, such as LPS and CpG-DNA (22).
Several studies have demonstrated that SOCS1 is a negative reg-
ulator of LPS-induced macrophage activation and plays an es-
sential role in suppression of systemic autoimmunity mediated by
DCs (23-25). Thus, SOCS| regulates not only adaptive immunity
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but also innate immunity by suppressing hyperactivation of
macrophages and DCs.

In tl tudy, we describe the therapeutic effect of SOCS1 DNA
administration using plasmid DNA encoding SOCSI1 for EAM.
SOCS1 DNA therapy reduces myocarditis by regulating DC
populations during EAM.

Materials and Methods

Animals

BALB/c mice and CB17.SCID mice were purchased [rom CLEA Japan. We
used 5-7- wl\ old male mice All animals were cared for according to
ethical gui i by the Institutional Animal Care and Use
Commmee of the N'monal Institute of Biomedical Innovation.

Immunization protocols

Mice were immunized with 100 pg cardiac myosin-specific peptide
(MyHC-a614.620) Ac-RSLKLMATLFSTYASADR-OH (Toray Research
Center) emulsified 1:1 in PBS/CFA (1 mg/ml; H37Ra; Sigma-Aldrich) on
days 0 and 7 as described previously (12). For DC immunization, bone
marrow-derived DCs (BMDCs) were generated as described (26). BMDCs
were pulsed overnight with 10 pg/ml MyHC-« peptide and stimuated for
another 4 h with 0.1 pwg/ml LPS (Sigma-Aldrich) and 5 pyml anti-CD40
(BD Pharmingen) (15). Recipient mice received 2.5 X 10° pulsed and
activated BMDCs i.p. on days 0, 2, and 4 and were killed 10 d after the first
injection.

Plasmid construction and DNA transfection

Mouse SOCS1 ¢DNA and dominant-negative SOCS1 (dnSOCS1) ¢cDNA
were subcloned into the mammalian vector pcDNA3.1-myc/His(-) using

ligs leotide primers containing restriction sites for Xhol and EchoRI
at \he 5’ and 3’ ends. respectively. MyHC-a/CFA-immunized mice were
injected i.p. with 100 pg of plasmid DNA in 200 ! PBS on days 0, 5, and
10. BMDC-transferred mice and CD4" T cell adoptive-transferred SCID
mice were treated with plasmid DNA on days 0 and 5.

Histopathologic examination

Myocarditis severity was scored on H&E-stained sections using grades
from 0-4: 0. no inflammation; 1, <25% of the heart section involved; 2,
25-50%; 3. 50-75%: and 4, >75%. To quantily the fibrotic area, ven-
tricular sections were stained with Sirius Red. The fibrotic area was cal-
culated as the sum of all areas stained positive for Sirius Red divided by
the sum of all myocardial areas in each mouse. Two independent re-
searchers scored the slides separately in a blinded manner.

Flow cytometry

Heart inflammatory cells were isolated and pr messed as described (15, 27).
Cells were stained using fluorochrome-c mouse-specific Abs
against CD45, CD4, CD3e, CD44, CD62L, and CD4UL (BD Blmclence\)
Samples were analyzed on an FACSCalibur cell sorter (BD Biosciences).

Measurements of cytokines and chemokines

Hearts were homogenized in media containing 2.5% FBS. Supernatants
were collected after centrifugmion and stored at —80°C. For in vitro
stimulation assay of primary CD4" T cells, naive CD4"CD62L" T cells
were isolated {rom the spleens by MACS (CD:!"CD«SZL+ T Cell Isolation
Kit 1I; Miltenyi Biotec). A total of 1.5 X 107 CD4*CD62L"* cells were then
stimulated with recombinant mouse IL-2 (R&D Systems) or recombinant
mouse IL-12 (R&D Systems). Concentrations of cytokines and chemo-
kines in the heart | or culture suf were measured with
Quantikine ELISA kits (R&D Systems).

Proliferative responses of T cells

Proliferation of T cells was assessed as previously described (28). Briefly,
mice were immunized as described above, and the spleens collected on day
14. Celis were cultured with 5 pg/ml MyHC-« for 72 h and pulsed with
0.5 pCi [*HJthymidine 8 h before being measured with a § counter. For
in vitro stimulation assay of primary CD4" T cells, naive CD4*CD62L"

T cells were isolated [rom the spleens by MACS (CD4"CD62L* T Cel
Isolation Kit II: Miltenyi Biotec). A total of 10° CD4*CD62L" cells were
then stimulated with 5 wg/ml anti-CD3e, 5 pg/ml anti-CD3e, 1 pg/ml anti-
CD28. 50 ng/ml PMA, and 500 ng/ml ionomycin or with 1 pg/mt Con A
together with 0.25 X 10° DCs. Proliferative responses were assessed after

Socs!] GENE DELIVERY FOR AUTOIMMUNE MYOCARDITIS

of the [*HJ! idi

48 h in 2.5% RPMI 1640 medium by
incorporation.

Western blot analysis

Total lysates from CD4" T cells or DCs were immunoblotted and probed
with Abs directed agmm( STAT1 (Santa Cruz Bm(echnolngy) and p-
STAT1 protein (Celt ling Technology). HRP- goat anti-
rabbit IgG (Bio-Rad) was used to identify the binding sites of the primary
Ab.

Adoptive transfer of T cells

Splenocytes were collected from dmeased mice and cultured with 5 ug/ml
MyHC-« for 48 h. A total of 5 X 10° CD4* T cells were purified by using
anti-CD4 magnetic beads (Miltenyi Biotec) and injected i.p. into the SCID
mice. The mice were killed 10 d after the injection.

Quantitarive real-time RT-PCR

Total RNA was prepared using TRIzol reagent (Invitrogen) according to the
manulacturer’s instructions. cDNA was synthesized from 1 pg total RNA
by reverse transcriptase (Takara). Quantitative real-time RT-PCR (QRT-
PCR) analysis was performed with LightCycler (Roche Diagnostics).
Primers for mouse Socs! were 5'-GTGGTTGTGGAGGGTGAGAT-3’
(sense) and 5'-CCTGAGAGGTGGGATGAGG-3’ (antisense). Primers for
mouse Hpri were 5'-TCCTCCTCAGACCGCTTTT-3' (sense) and 5'-CC-
TGGTTCATCATCGCTAATC-3’ (antisense). Data were normalized by the
level of Hprt expression in each sample.

Echocardiography

Transthoracic echocardiography was performed on animals on day 35 by
using a Prosound a6 with a 10-MHz transducer (Aloka). The left ven-
u l(.lﬂal (LV) Lhamhm dimensions were me“med from the M»mode Two

fis who conducted the ech liography were un-
aware of the ﬁrealmenl status.

Statistical analysis

All data were expressed as means = SEM. Statistical analyses were per-
formed using the two-tailed 7 test or Mann~Whitney U test for experiments
comparing two groups. The p values <0.05 were considered statistically
significant.

Results
SOCSI] DNA administration inhibits the development of EAM

To examine the effect of in vivo gene delivery of Socs/ on the
pathogenesis of EAM, BALB/c mice were injected with a mam-
malian expression plasmid vector encoding SOCS1 (pSOCS1)
during the course of EAM induction (Fig. 1A). QRT-PCR analysis
revealed elevated expression of Socs/ in the control EAM heart
(Fig. 1B). Importantly, in the SOCS1 DNA-administered mice,
Soes] was strongly expressed in the heart. By day 28, Socs/ gene
expression was significantly elevated in the pSOCS]-treated heart
as compared with the controls (Supplemental Fig. 1). Gross car-
diac enlargement and edema were reduced in mice with EAM that
received pSOCS1 as compared with those in control empty plas-
mid DNA-administered EAM mice (Fig. 1C). The heart-to-body
weight ratio in the pSOCS1-injected mice was significantly de-
creased as compared with that in the control plasmid-administered
mice (Fig. 1D). The pSOCS1-injected EAM mice had a signifi-
cantly lower myocarditis severity score and fewer infiltrating in-
flammatory cells than did the control plasmid-injected mice (Fig.
1E~G). The empty vector [pcDNA3. 1-myc/His(-)] was used as the
control and did not have any effects on EAM in our experiments
{data not shown).

Recently, Hanada et al. (29) demonstrated that dnSOCS1, which
has a point mutation (F59D) in a functionally critical kinase in-
hibitory region of SOCSI, strongly augmented cytokine-depen-
dent JAK-STAT activation both in vivo and in vitro as an antag-
onist of SOCS1. We examined the effect of dnSOCSI on the
clinical course of EAM. Mice administered a plasmid vector
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and BEAM mice with indicated treatment (n = 5 mice/group). (E) Representative H&E-stained s
severity in heart sections
i mice (n = 5-7 mice/gr

Arrowheads indicate infiltrating cells. Scale bar. 50 um. (F) Myocard
cytometry analysis of CD45* heart i of naive and i

tions of hearts from naive and immunized mice.
ined with H&E (0 = 5-7 mice/group). (G) Flow

p). Data are rey ive of al least two independent

experiments. Error bars represent means = SEM. *p < 0.05. **p < 0.01 compared with control.

encoding dnSOCSI (pdnSOCSI) showed augmentation of gross
heart enlargement, edema, and heart-to-body weight ratio (Fig.
IC, 1D). However, the myocardial leukocyte infiltration and
myocarditis scores were not significantly different between the
pdnSOCS1- and control plasmid-administered mice (Fig. 1E-G).

To clarify the adverse effect of dnSOCS1 DNA administration
on the development of EAM, we used mice immunized with a
tithe amount (10 pg) of MyHC-« instead of the usual amount of
peptide for EAM development (Fig. 2A). Those MyHC-a—im-
munized mice injected with the control plasmid or pSOCS1 did
not develop myocarditis (Fig. 2B-F). However, immunized mice
injected with pdnSOCS1 developed myocarditis with inflamma-
tory infiltrates (Fig. 2B~F). Thus, administration of pSOCSI is
effective against the development of EAM, and the inhibition of
SOCSI by use of a SOCS| antagonist adversely affects myocar-
ditis.

SOCS1 DNA administration prevenis progression of heart

failure and fibrosis after myocarditis

Some patients diagnosed with myocarditis after viral, bacterial,
or protozoal infection develop heart failure (2). On day 35 of
the present experiment, mice immunized with MyHC-a showed
increased LV end-diastolic dimensions (LVEDd) and LV end-
systolic dimensions (LVESd) and decreased fractional shorten-
ing (FS); however, pSOCS |-injected mice showed almost normal
chamber size and LV function (Fig. 3A, 3B). In contrast, LV
dysfunction and chamber dilatation in pdnSOCS l-administered
mice were manifested as significant increases in LVEDd and

LVESd and decrease in FS (Fig. 3A, 3B). In these EAM models,
on day 35, hearts from myocarditis mice showed interstitial
fibrosis without active leukocyte infiltration. The fibrotic area
in mice administered pSOCSI was significantly smaller than
that in control plasmid-injected mice (Fig. 3C, 3D). Aithough
pdnSOCSI-injected mice developed severe cardiac fibrosis, the
difference between the fibrotic areas in pdnSOCSI- and control
plasmid-injected mice was not statistically significant (Fig. 3C,

3D). These inhibitory effects of pSOCS1 on the development of

fibrosis and heart failure were considered to be the result of in-
hibition of myocardial inflammation because myocarditis devel-
oped mice injected with pSOCSI on day 14, 21, and 28 did not
show inhibitory effects on fibrosis and heart failure (data not
shown).

Cardiac myosin-specific CD4™ T cell response and cytokine
production

Autoimmune myocarditis is a CD4" T cell-mediated disease (7,
15). Proliferative responses of CD4" T cells after in vitro re-
stimulation with MyHC-a were not clearly seen in pSOCS1-
injected mice; however, the proliferation of CD4* T cells from
pdnSOCS I-injected mice was enhanced (Fig. 4A). Production of
(L-2, IL-6, IL-10, IL-17, IL-22, IFN-y, TNF-a, CCL2, CCL3,
CCL35, CCL17, and CXCL10 by CD4* T cells from EAM mice
was enhanced by in vitro restimulation with the MyHC-a epitope
peptide. This cardiac-Ag—specific cytokine production by CD4*
T cells was decreased in the supernatants of in vitro MyHC-a—
restimulated CD4* T cells from pSOCS1-administered mice but
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FIGURE 2. Increased susceptibility to EAM induced by inhibition of SOCS1. (A) Mice were immunized twice, on days 0 and 7, with 10 pg of MyHC-«
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and 10 pg of MyHC-a—immunized mice treated with the indicated plasmid. (C) Heart-to-body weight ratios of naive and immunized mice (n = 5 to 6 mice/
group). (D) Representative H&E-stained sections of hearts from naive and immunized mice. Arrowheads indicate infiltrating cells. Scale bar, 50 pm. (E)
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immunized mice (# = 5 mice/group). Data are representative of at least two independent experiments. Error bars represent means * SEM. *p < 0.05, *¥p <
0.01 compared with control.

was increased in the supernatants of these cells from pdnSOCSI-
administered mice (Fig. 4B). In contrast, cardiac-Ag-specific
production of IL-1B, IL-10, and CXCL1 was not detected in the

culture supernatants of in vitro-restimulated CD4™ T cells from
control plasmid-, pSOCS1-, or pdnSOCS1-injected mice (data not
shown). Taken together, these results indicate that SOCS1 DNA
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stimulated control, “p << 0.03 compared with OVA-stimulated control.

delivery inhibits the activation of myosin-specific CD4™ T cells
and strongly suggest that impaired CD4”* Th cell function prevents
EAM development in pSOCS1-injected mice after immunization
with cardiac self-Ag.

To evaluate whether pSOCS1 administration affects Ag-specific
CD4* T cell function in other models, we injected plasmid DNA
into an autoimmune gastritis model and an OVA-immunized
model. In the autoimmune gastritis model, gastric-Ag-specific
production of IL-2, IL-6, IL-13, IL-17, IL-22, IFN-y, TNF-a.
CCL2, CCL5, CCL17, and CXCLI10 by CD4* T cells was de-
creased in pSOCS I-administered mice but increased in pdnSOCS1-
administered mice (Supplemental Fig. 2). Lower amounts of
cytokines (including IL-2, IL-6, IL-13, IFN-y, TNF-a, CCL2,
CCL3, CCLS, CCL17, and CXCL10) were also produced in CD4™
T cells from pSOCSI-injected OVA-immunized mice {Supple-
mental Fig. 3). These results suggest that pSOCS1 administration
may suppress Ag-specific CD4* T cell activation in various au-
toimmune diseases and foreign body infections.

SOCS1 DNA administration inhibits the production of
proinflammarory cytokines and CD4™ T cell differentiarion in
the heart

We also examined whether SOCS1 DNA administration has an
effect on cytokine and chemokine milieu in the heart. On day 14
after MyHC-a immunization, heart homogenates from pSOCSI-
injected mice had significantly decreased amounts of proin-
flammatory cytokines, including IL-1f and IL-6, and of myelo-
tropic chemokines, including CCLS, CXCL1, and CXCL10 (Fig.
5A). In contrast, hearts from mice injected with pdnSOCS1

showed greatly increased amounts of proinflammatory cytokines
and chemokines (Fig. SA). SOCSI protein has been shown to
regulate T cell di ntiation (17, 18). To determine the differ-
entiation of CD4"™ T cells during EAM. we examined the heart-
infiltrating CD4™ T cell populations by FACS analysis. Activated
CD4* T cells (CD4YCD40L*) and effector memory CD4" T cells
(CD447CDA2L.7) were reduced in the pSOCSi-injected mice
(Fig. SB). Thus, protection from EAM in pSOCS!-administered
mice is associated with abrogation of proinflammatory cytokines,
chemokines, and CD4™ T cell differentiation in the heart.

SOCST DNA injection does not have a direct suppressive effect
on CDY™ T cell activarion

To gain new insights into the mechanism of protection from
myocarditis, we investigated whether pSOCS1 therapy directly
affects CD4™ T cell activation. Naive T cells (CD4*CD62L” cells)
were isolated from non-EAM mice injected with pSOCSI,
pdnSOCSI, or control plasmid, and their primary responses to
various stimuli were compared (Fig. 6A). As shown in Fig. 6B,
there were no differences in [FN-y~induced STATI activation
among these CD4™ T cells. There were also no differences in
primary responses to stimulation with anti-CD3e, anti-CD3¢/anti-
CD28, PMA/ionomycin, or Con A presented by mitomycin C-
treated wild-type DCs among pSOCSI-, pdnSOCS1-, and con-
trol plasmid-treated CD4* T cells (Fig. 6C). Chong et al. (30)
demonstrated that SOCS1-deficient T cells produced substantially
greater levels of IFN-y in response to IL-2 or IL-12. From these
findings, we assessed the production of IFN-y from CD4* T cells
by using the same experiments. In the culture supernatants of
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FIGURE 5. Cytokine and chemokine responses and CD4"* T cell dif-
ferentiation in the heart. (A) Myocardial tissues were homogenated and
processed by ELISA to detect cytokines and chemaokines on day 14. Bar
graphs show group means = SEM of 8-16 mice/group. Results of one of
three representative experiments are shown. (B) Heart-infiltrating cells
were isolated from EAM mice treated with indicated plasmid DNA.
Cells were stained for CD4, CD40L, CD44, and CD62L. CD44 and
CDG62L expression are based on gates set [rom total CD4* T cells. Bar
graphs show group means = SEM of 5-9 mice/group. Data are repre-
sentative of two independent experiments. *p < 0.05 compared with
control.

CD4" T cells stimulated with IL.-2 or IL-12, there were also no
differences in IFN-y production (Fig. 6D). These results indicate
that in vivo administration of pSOCSI does not directly affect
CD4* T cell activation.

In vivo SOCS! DNA administration inhibits DC function

Although CD4* T cell differentiation was inhibited in pSOCS1-
treated mice (Fig. 5B), our results suggested that in vivo Socs!
gene administration has no direct effect on CD4* T cell activation
(Fig. 6). We therefore investigated whether in vivo pSOCSI1 ad-
ministration inhibits the function of Ag-presenting DCs by stim-
ulation through the TLR pathway. DCs from mice administered
pSOCS1, pdnSOCSI, or control plasmid were stimulated with
LPS for 24 h (Fig. 7A). STAT1 phosphorylation was attenuated in
DCs from pSOCS!-injected mice and enhanced in DCs from
pdnSOCS1-injected mice (Fig. 7B). The production of proin-
flammatory cytokines, including IL-6, TNF-o, and IFN-vy, was
inhibited in DCs from pSOCSI-injected mice and enhanced in
DCs from pdnSOCSI-injected mice (Fig. 7C). These results in-
dicate that in vivo administration of Socs/ affects DC function. In
the current study, the cardiac-Ag-specific proliferative response
and cytokine production of CD4" T cells were inhibited in
pSOCSI-injected EAM mice (Fig. 4). We next assessed the
functional capability of DCs to prime and expand autoreactive
CD4* T cells from mice injected with each plasmid as a measure
of Ag-specific proliferative responses of CD4" T cells from
MyHC-a~immunized mice. Myosin-specific CD4" T celis were
cocultured with MyHC-o—pulsed DCs from pSOCS |-, pdnSOCS1-,

Socs] GENE DELIVERY FOR AUTOIMMUNE MYOCARDITIS

and contro] plasmid-treated mice (Fig. 7D). Interestingly, the
proliferative responses of CD4* T cells cocultured with DCs from
pSOCS 1-treated mice were much weaker than those of cells cul-
tured with DCs from control plasmid-treated mice, and these
proliferative responses of CD4" T cells were enhanced by cocul-
turing with DCs from pdnSOCS1-administered mice (Fig. 7E).
These results suggest that in vivo gene delivery of Socs/ sup-
presses the functional capability of DCs to prime and expand
autoreactive CD4* T cells.

SOCSI DNA administration inhibits the development of
myocarditis induced by cardiac myosin peptide-loaded BMDC
transfer but not by CD4* T cell transfer

Functionally interposed SOCS1 is induced in various cell pop-
ulations, including leukocytes, vascular cells, and cardiomyocytes
(18, 31, 32). A mouse model of EAM was established by cell
transfer using peptide-pulsed DCs or cardiac epitope-specific
CD4" T cells (7, 14). The effects of pSOCSI administration in
mice transferred with CD4* T cells from mice with EAM were
assessed. pSOCS1, pdnSOCSI, or control plasmid was injected
into mice transferred with cardiac myosin-specific CD4* T cells
(Fig. 8A). All mice transferred with CD4* T cells developed
myocarditis, and no therapeutic effects were seen in pSOCS1-
injected mice (Fig. 8B-D). Furthermore, pdnSOCS! administra-
tion showed no adverse effect on the status of myocarditis induced
by CD4* T cell transfer (Fig. 8B-D). These findings suggest that
systemic injection of pSOCSI is not effective for inhibition of
autoreactive CD4" T cell activation and recruitment to the heart
during myocarditis development. Next, we administered pSOCS1,
pdnSOCS|1, or control plasmid into mice transferred with MyHC-
a-loaded BMDCs (Fig. 8E). Interestingly, pSOCS! injection
inhibited the development of myocarditis after MyHC-a—loaded
BMDC transfer, and myocarditis deteriorated after administration
of pdnSOCS]1 (Fig. 8F-H). These results indicate that the thera-
peutic effects of SOCS1 DNA administration on EAM contribute
to professional APCs such as DCs and also provide evidence for
the potential utility of SOCS1 DNA inoculation as an approach to
gene therapy for myocarditis.

Discussion

There have been no effective fundamental therapies for acute
myocarditis; therefore, supportive care for LV dysfunction is the
first line of treatment. Because patients generally present days to
weeks after the initial viral infection, antiviral therapy has limited
applicability in patients with acute viral myocarditis. The long-term
sequelae of viral myocarditis appear to be related to abnormal
cellular and humoral immunity; therefore, many clinicians believe
that immunosuppression is beneficial for myocarditis treatment
(2). In this study, we showed that administration of SOCSI DNA
is effective for inhibiting the development of EAM in BALB/c
mice, suggesting a novel immunotherapy for myocarditis. To our
knowledge, this is the first report showing that gene delivery of
Socs! prevents autoimmune disease.

Animal models have greatly advanced our knowledge of the
pathogenesis of myocarditis and inflammatory cardiomyopathy.
Infection of BALB/c mice with either Coxsackievirus or murine
CMYV results in the development of acute myocarditis from days
7-14 postinfection that is characterized by myocyte damage due
to viral cytotoxicity, and the infectious virus cannot be detected
past day 14 of the infection (7). After elimination of viruses,
mice showed autoimmune myocarditis, which is associated with
mononuclear infiltration of the myocardium and production of
autoantibodies to cardiac myosin (7), similar to the pathogenesis
of autoimmune myocarditis in humans (3, 4, 33). These autoim-

o
:
o
1
o
@
a
é‘)
3

A0 JORTHA

€10 ‘0€ Arenuep uo oysnAyuayf ueqry nxedy je ;

The Journal of Immunology

A psocst, pansocst
or contro! plasmid

—>
48h ®
CD4*CD62L*
Teells

BALB/c

C wGD3k @-CDA/0-CD28

Stimulation Index

{FN-y (pg/ml)

L2 (Uimi)

@ Stimulation

Analysis

=)
=1
=3

@
=3
3

@
=1
3

2049

PMAjicnomycin ConA

BControl
OpS0OCS1
BpdnSOCS1

0 005 05 5
IL-12 (ng/ml)

FIGURE 6. Primary responses of CD4" T cells from pSOCS1-, pdnSOCS1-. and control plasmid-treated mice. (A) CD4*CD62L* T cells from mice
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presence of wild-type DCs, IL-2, or IL-12. (B) STAT1 phosphorylation of CD4* T cells after IFN~y treatment (10 ng/ml) was assessed by Western blotling.
(€) T cell proliferation was measured after 48 h of culture. (D) IFN-y in the culture supernatants was measured by ELISA. Values are expressed as means =
SEM of triplicate culture wells. Results of one of at least two representative experiments are shown.

mune responses are thought to be elicited by two mechanisms.
One is molecular mimicry: responses to microbial Ags could re-
sult in the activation of T cells that are cr active with self-
Ags. Another possibility is bystander activation of autoreactive
cells. APCs that have become activated in the inflammatory milieu
of a pathogenic infection can stimulate the activation and prolif-
eration of autoreactive T or B cells in a process known as by-
stander activation (reviewed in Ref. 34). Thus, immune responses
to myocytes involving various innate and adaptive immune path-
ways were recognized during myocarditis development. The car-
diac myosin peptide-immunized mouse EAM model reflects hu-
man autoimmune myocarditis and heart failure after elimination
of infectious pathogens.

Recent studies have indicated that various microbes use the
host’s SOCS proteins for manipulating cytokine receptor signaling
as one of the strategies to evade immune responses (35, 36).
Coxsackievirus usually infects cardiomyocytes and induces the
expression of SOCS1 and SOCS3 in cardiomyocytes, which can
result in evasion of inumune responses and facilitation of virus
replication by inhibition of JAK-STAT signaling (32, 37). These
findings indicate that it may be harmful to administer SOCS1
DNA in the acute phase of infectious myocarditis because it may
augment viral replication by inhibition of IFN signaling. The ef-
fect of SOCS1 transduction on viral myocarditis has been ex-
amined by Yasukawa et al. (32). The SOCSI-transgenic mice

infected with CVB3 showed increased myocardial injury, virus
replication, and mortality. In contrast, they also showed that
SOCSTI inhibition in the heart through adeno-associated virus-
mediated expression of dnSOCS] increased resistance to the
acute cardiac injury caused by CVB3 infection. These results were
acceptable because SOCS proteins have emerged as frequent
targets of viral exploitation. Furthermore, when administrating
JAK inhibitors, such as SOCS, active serious infections should
have been resolved before the start of treatment. It is considered
to be inappropriate to use JAK inhibitors for a person with infec-
tious disease or their possibility with consideration for compli-
cation of infection (38-40). In contrast, the overactive autoim-
mune responses triggered by microbial pathogens can persist after
elimination of infectious pathogens (7). Therefore, we examined
the efficacy of SOCSI transtection by using EAM induced by
cardiac autoantigen immunization in the absence of viral infec-
tion. In the current study, we clearly showed the efficacy of Socs/!
gene fransfer i immunosuppressive therapy for myocarditis
under infectious pathogen-free conditions in an EAM mice model.
The results of a recent randomized, double-blind, placebo-con-
trolled study showed that immunosuppressive therapy, includ-
ing prednisone and azathioprine, was effective in patients with
myocarditis and inflammatory cardiomyopathy and without evi-
dence of the myocardial viral genome (41). These findings indi-
cate that Socs/ gene transfer can be effective to treat some clinical
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cases of myocarditis and inflammatory cardiomyopathy associated
with autoimmunity and without the virus genome in the myocar-
dium, as well as EAM in mice,

In the current study, we demonstrated that the administration
of plasmid DNA encoding SOCS1 did not affect autoreactive
CD4* T cell function (Fig. 6) and adoptive transfer of autoreactive
CD4* T cells was able to induce myocarditis in SOCS1 DNA-
administered SCID mice (Fig. 8A-D), suggesting that SOCS1
DNA does not suppress either CD4™ T cell recruitment or accu-
mulation of other inflammatory cells in the heart. In contrast, the
introduced SOCS1 DNA inhibited the activation of DCs producing
proinflammatory cytokines (Fig. 7C). In fact, inhibition of the
phosphorylation of STAT1 molecules was observed in DCs from
mice injected with SOCS1 DNA (Fig. 7B). In addition, the pro-
liferative responses of CD4* T cells cocultured with DCs from
pSOCS |-treated mice were much weaker than those of cells cul-
tured with DCs from control plasmid-injected mice (Fig. 7E).
These results suggest that the inoculated SOCS1 DNA may have
been transfected into DCs and impaired DC function in vivo.
Contrary to expectations, we could not find evidence of direct
transfection of inoculated DNA into DCs in the heart, spleen,
peritoneal cavity, or lymph nodes. Although the introduced DNA
is expressed predominantly by somatic cells (e.g., cardiomyo-
cytes, keratinocytes, and fibroblasts), it is known that relatively
small but biologically significant numbers of DCs are transfected
with the inoculated DNA (42-44), Based on this fact, the inocu-
tated SOCS1 DNA may have inhibited DC activation through the

direct transfection into DCs; however, our data do not exclude the
possibility of another indirect mechanisms.

In the EAM model, activation of TLRs on self-Ag-presenting
DCs is essential for the expansion of autoreactive CD4™ T cells to
induce myocarditis and heart failure (15). We previously reported
that T/r4 mutant C3H/HeJ mice are resistant to development of
EAM (45). Furthermore, IL-1 type 1 receptor signaling on DCs is
critical for antoimmune myocarditis development (11). MyDS88 is
a crucial common adaptor molecule that mediates both TLRs and
IL-1 type 1 receptor activation (46, 47), and MyD88 signaling in
DCs is critical for the induction of EAM (16). SOCSI negatively
regulates the MyD88-dependent pathway by interacting with both
IL-1R~associated kinase and NF-xB (17), which results in a de-
crease in the induction of inflammatory cytokines such as TNF-o
and IL-6. In fact, production of these inflammatory cytokines was
inhibited by the administration of SOCS1 DNA in the current
study (Fig. 7C). Although nearly all TLRs recruit MyD88, other
specific adaptor proteins function downstream of particular TLRs.
One such adaptor molecule is Toll/IL-1R domain-containing adap-
tor protein/Mal, SOCS1 also binds to tyrosine-phosphorylated
Mal through its interaction with Bruton’s tyrosine Kinase, leading
to the suppression of Mal-dependent p65 phosphorylation and
transactivation of NF-kB (48). Another important mechanism of
the suppression of APC activation by SOCS1 is inhibition of the
secondary activated JAK-STAT pathway (49, 50). The Tol/IL-1R
domain-containing adaptor protein-inducing IFN-B-IFN-regula-
tory factor 3 pathway rapidly induces IFN-B, which in tum acti-
vates JAK~-STAT! and contributes to the expression of IFN-
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inducible genes (51). Moreover, Kimura et al. (52) showed that
LPS can activate JAK2 and STATS5, which are involved in IL-6
induction, and that SOCS] selectively inhibits this process. Thus,
SOCS! negatively regulates several activation pathways in DCs.
The present study indicates that pSOCS1 administration is a pos-
sible therapy against various diseases caused by overshooting of
DCs.

IFN-y has been shown to be a downregulatory cytokine, as
evidenced by exacerbated myocarditis in IFN-yR knockout (KO),
IFN-vy KO, and T-bet KO mice (9, 53, 54). In contrast, Th17 cells
have recently been implicated in the pathogenesis of various types
of autoimmune diseases (reviewed in Ref. 55); however, IL-17
deficiency did not significantly impact the severity of EAM
(56). Though these gene-ablated mice provided us with much
important information, these studies do not necessarily lead to an
effective therapy. In this study, we showed that SOCSI DNA

administration inhibited « broad array of cytokine production from
CD4* T cells (Fig. 4B) and effectively reduced myocardial in-
flammation (Fig. 1). Compared with inhibition of a single cy-
tokine, SOCS1 DNA therapy could be a more useful therapy that
inhibits various signaling pathways to induce production of cyto-
kines.

In the current study. SOCS T DNA administration was efficacious
against EAM development, and inhibition of SOCS1 molecules by
SOCS! antagonist DNA administration enhanced the severity of
myocarditis. We demonstrated that SOCS1 DNA administration
inhibits the stimulation of self-Ag—presenting DCs inducing car-
diac myosin-specific CD4™ T cell responses in peripheral com-
partments in vivo. Given the availability of clinically effective
drugs targeting SOCS1, our findings show new therapeutic per-
spectives for the treamment of autoimmune myocarditis and car-
diomyopathy.
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Supplementary Figure 1. SocsI gene expression in the heart. RNA samples were
obtained from EAM hearts on days 0, 14, 21, 28 and 35, and used as a template for
QRT-PCR. Results represent the average gene induction in five to six independent
heart samples. Results of one of two representative experiments are shown. *P < 0.05
compared to control.
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Supplementary Figure 2. Impaired cytokine production by H*/K* ATPase o (H/
Ka)-specific CD4* T cells in pSOCSI-treated mice. BALB/c mice were
immunized twice, on days 0 and 7, with 100 pg of H/Ka p253-277 in an emulsion
with CFA and treated with pSOCSI, pdnSOCS]I or control plasmid on days 0, 5 and
10. Splenocytes were isolated from mice on day 14 and cultured in the absence or
presence of H/Ka peptide (1 pg/ml) for 72 h. Cytokines and chemokines in the
culture supernatants were measured by ELISA. Data are expressed as mean = SEM
from triplicate culture wells. Results of one of two representative experiments are
shown. *P < 0.05 compared to H/Ka stimulated control and #P < 0.05 compared to
unstimulated control.

o
-]
g
I3
B
o
8
1%
=
2

2
=
=
H
=
=
s
-
g
o
]
£
g
°
-
B
g
=]
w
=)
12
1=
=



60¢

Concentration (pg/mi)

-2 IL-6 1L-13 IFN-y
2000 180 900 700
1800 160 800 600
1600 140 700
1400 120 600 500
:ﬁgg 100 500 400
800 80 400 300
600 60 300 200
400 40 200
200 20 100 100
0
Medium OVA
TNF-a cecL2 ccLs ccLs
1400 1000 1800
900 1600
1200
800 1400
1000 ;gg 1200
800
500 1:33
600 400
400 300 600
200 400
200 100 200
R | o
Medium OVA Medium OVA Medium  OVA
ceLi7 CXCL10
600
500
400
300 Control
200 [] psocst
B ponsocst

100

Medium OvVA

Supplementary Figure 3. Impaired cytokine production by OVA-specific CD4*
T cells in pSOCS1-treated mice. BALB/c mice were immunized twice, on days 0
and 7, with 100 pg of OVA p323-339 in an emulsion with alum and treated with
pSOCS1, pdnSOCS! or control plasmid on days 0, 5 and 10. Splenocytes were
isolated from mice on day 14 and cultured in the absence or presence of OVA peptide
(5 pg/ml) for 72 h. Cytokines and chemokines in the culture supernatants were
measured by ELISA. Data are expressed as mean = SEM from triplicate culture
wells. Results of one of two representative experiments are shown. *P < 0.05
compared to OVA stimulated control and #P < 0.05 compared to unstimulated
control.
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Abstract

Salt-inducible kinase 3 (SIK3), an AMP-activated protein kinase-related kinase, is induced in the murine liver after the
consumption of a diet rich in_fat, sucrose, and cholesterol. To examine whether SIK3 can modulate glucose and lipid
metabolism in the liver, we analyzed phenotypes of SIK3-deficent mice. Sik3 /" mice have a malnourished the phenotype
(i.e., - lipodystrophy, hypolipidemia, hypoglycemia, and hyper-insulin sensitivity) accompanied by cholestasis and
cholelithiasis. The hypoglycemic and hyper-insulin-sensitive phenotypes may be due to reduced energy storage, which is
represented by the low expression levels of mRNA for components of the fatty acid synthesis pathways in the liver. The
biliary ‘disorders:in Sik3™/" mice are-associated with the dysregulation of gene expression programs that respond to
nutritional stresses and are probably regulated by nuclear receptors. Retinoic acid plays a role in cholesterol and bile acid
homeostasis, wheras ALDH1a which' produces retinoic acid, is expressed at low levels in Sik3™/~ mice. Lipid metabolism
disorders in Sik3”/™ mice are ameliorated by the treatment with 9-cis-retinoic acid. In conclusion, SIK3 is a novel energy
regulator that modulates cholesterol and bile acid metabolism by coupling with retinoid metabolism, and may alter the size
of energy storage in mice.
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introduction catabolic enzymes {e.g, cytochrome P150 family 7A [CYP7A],
which catabolizes cholesterol 10 BA i the liver) and cholesterol
Cholesterol has diverse functions in cukaryotes, eg., as a ccll wransporter ATP-cassette G5 (ABCGS) and G8 in the liver
membrane component and a source of hormones and hile acid 4 ABCAL in the peripheral tissues. LXR also up-regulates
(BA). Dysregulation of cholesterol metabolism is involved in a hepatic futy acid (FA) synthesis by inducing the expression of
varicty of discase, such as dyslipidemia, cardiovascular discase, sterol regulatory clement-hinding protein Ie (SREBP1¢) [4].
and obesity [1]. The liver X receptor (LXR) s a nuclear receptor BA is also multifunctional molecules with a role in the digestive
that binds to target DNA clements by forming a heterodimer 0 Fhe impairment of bile flow by hile duct lesions and
complex with the retinoid X receptor (RXR) [2,3]. Excess cholclithiasis causes the retention of ex amounts of BA

cholesterol is sensed by LXRs as their ligands, and active LXR- (cholestasis) and leads 10 chronic hepatit
RXR complexes promote the gene expression of cholesterol-

he farnesoid X
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receptor (FXR) senses BA as its ligand, forms a complex with
RXR, and up-regulates gene expression o lower the level of BA in
the liver [5] by inducing the bile salt export pump (BSEP) and
small heterodimer partner (SHP), which suppresses Cypa expres-
ston {6]. Excess levels of the BA pool also enhance energy
expenditure and suppression of FA synthesis {7]. Meanwhile, a
reduction of the BA pool by the activation of FXR induces obesity
and hyperglycemia {8], suggesting that cholesterol-BA homeostasis
is important for lipid and glucose metabolism.

9-Cis retinoic acid (9-cis-RA), an endogenous RXR ligand, is
synthesized from vitamin A [9]. Vitamin A deficiency or RXR
inhibition results in reduced LXR and FXR activity, which can
lead to hepatic cholestasis {1]. Conversely, dysregulation of the
metabolism of vitamin A to 9-cis-RA induces ance to diet-
induced obesity and type 2 diabetes in mice [10]. Because vitamin
A absorption by enterocytes requires BA, BA homeostasis is tightly
coupled with vitamin A metabolism [11].

Salt-inducible kinase (SIK), a member of the 5'-AMP-activated
protein kinase (AMPK)-related kinase family, has 3 isolorms and
regulates gene expression in various cells {12]. For example, SIK1
inhibits steroidogenic gene expression in the adrenal glan
gluconeogenic gene expression programs in the liver by reps
the ¢AMP response clement (CRE)-binding protwin (CREB)
transeription factor [13,14] [15-16]. Mcanwhile, STK2 suppresses
insulin-dependent thermogenic gene expression in brown adipose
tissue [17]. In addition, in mice with a disrupted Sik2 gene,
downregulation of SIK2 expression confers resistance to oxidative
stresses after brain ischemia [18] and enhances melanogenesis in
melanocytes alter uliraviolet irradiation {19,20]. These SIK2-
dependent  physiological cevents are also  explained by the
modulation of CREB activity.

When CREB is phosphorylated at Serl33 in its kinase-inducible
domain by upstream activating kinases, such as protein kinase A
(PKA) and (1a2+/c;\lm0(l\xlin-dcpcndcm kinase 1/IV (CaMK1/
V), it recruits coactivators, e,g., CREB-binding protein and p300
and induces CRE-dependent transcription {21]. The other CREB-
specific coactivator, ze., CREB tlated transcription coactivator
(CRTC or TORC), also activates CREB in response to PKA and
CaMKI/TV [22,23]. In contrast to CREB, CRTC is inactivated
by phosphorylation and is sequestered in the cytoplasm of
unstimulated cells [24]. SIK1 and SIK2 are among the CRTC
kinases that arc involved in SIK-mediated inhibition of CREB
[25]. Recently, p300 was also reported to be a mediator of
signaling in hepatocytes [26]. SIK2 inhibits the coactivation
activity of p300 by phosphorylating Ser89, which prevents
carbohydrate response element-binding protein-dependent hepat-
ic steatosis in mice.

In addition to CREB and p300 repression, SIKI induces
hypertrophic action in the muscles by inhibiting class 2a histone
deacetylase (HDAC) and then upregulating MEF2C transcription
activity {27]. Recendy, SIK2 was also found to inactivate 2a
HDAC in Drosophila, which results in the accumulation of FA in
the fat body of insects and confers resistance to starvation [28).
These observations suggest that like AMPK, SIK1 and SIK2 may
play important roles in the regulation of metabolic or stress
TeSponses.

SIK3 is also capable of regulating CREB activity in cultured
cells under overexpression [29) or i wie conditions [30].
Recentdy, we found that mice with a disrupted i3 gene showed
dwarfism because of the impairment of chondrocyte hypertrophy
during skeletal development, which was accompanied by disin-
activation of class 2a HDAC in the cartilage [31]. However, SIK3
phenotypes in adult mice, especially those related to energy
metabolism, have not yet been elucidated.

@ PLoS ONE | www.plosone.org
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Here, we report the induction of $i£3 mRNA in the mousce liver
alter the consumption of a high-fat dict supplemented with excess
cholesterol. Phenotyping of adult Sik3° 7 mice suggested that
SIK3 is a novel regulator of glucose-lipid metabolism in the liver
that maintains cholesterol-BA homeostasis along with the regula-
tion of lipid storage size.

Results

Sik3™/" Mice Exhibit a Lipodystrophic Phenotype
Factors allecting body size and longevity in model organisms,
such as Caenorhabditis elegans and Drosophila, often play important
roles in the regulation of energy metabolism in mammals. The
same may hold true for SIK. The C. elegans kin-29 (ortholog of SIK)
mutant shows increased longevity and small body size [32], while
Drosophila expressing reduced levels of SIK2 acquired resistance to
oxidative stress and starvation [33]. We also found that $ik2” 7"

mice show resistance o brain ischemia [18]; however, Sik2™/~
mice are apparently normal in terms of body weight regulation
{19].

To reevaluate individual SIK isoforms in the regulation of
nutrient metabolism, normal C37BL/6] mice were fed with a
variety ol dicts, and we examined their mRNA levels were
examined. Interestingly, Sik3 mRNA was strongly induced in the
livers of the mice fed a high-fat/high-sucrose/high-cholesterol
(HF/HS/HChol) dict. This up-regulation was accompanied by
the induction of mRNA for metabolic enzymes such as £ spnthase
{(Fasny and Cyp7a (Figure 1A). These results led us to investigate of’
the metabolic profiles of $ik3 knockout mice [31].

Although S35/ mice were indistinguishable from wild-type
mice just after birth, most of the knockout (KO} mice died on the
first day (Figure S1A). Cacsarean delivery failed to prevent the
carly death of $i£377 " mice. Because 837 mice had skeletal
abnormalitics, their carly death was probably due to respiratory
failure caused by thoracic dystrophy [31]. However, the transgenic
expression of SIK3 in the cartlage of S#3 ™" mice failed 1o
prevent their early death despite correction of the skeletal
abnormalities (no $i%3 /"~ mouse survived out of seventeen
weanling mice derived from the matings between $ik3 ™7™ females
and Sik3 ' = Coll 1a2-hSik3 males).

The Sik3 mice that survived the first day could be weaned
(Figure S1B), but their body weight was obviously less than that of
the wild-type mice (male; Figure 1B). This was also the case with
the females. We dissected 1 n
phenotype of $ik3 ™ mice was attributed to the liver and adipose
tissues, especially mesenteric and perirenal fat (Figure [C and D).
Small but substantial amounts of gonadal and subcutancous fat
and brown adipose tissuc were observed in $ik3T7T mice.
Hematoxylin and cosin (HE) staining suggested that the small fat
pads were probably due to the small size of the adipocytes
(Figure 1E and S1C). The low levels of liver TG in Sk mice
might have prevented the development of fatty liver (Figure 1E
and F), while total cholestero! levels were low in the serum of
Stk3™ " mice. Fast protein liquid chromatography (FPLC) analysis
of serum lipids indicated that $ik3™/" mice exhibited hypo-high
density lipoprotein (HDL) cholesterolemia (Figure 1G).

To elucidate the causes of the lipodystrophic phenotype of
Sik3 7 mice, w compared the energy balanee between wild-type
and $ik37/" mice. $ik3™" mice consumed more food than the
wild-type mice (Figure 1H), while the rate of digestion and
absorption in the intestine appeared normal (Figure S1D). The
rectal temperature of 37" mice was higher than that of the
wild-type mice (Figure 1), which might correlate with the high
levels of the Oy consumption (VO,: voluntary O, consumption)

ar-old mice and found that the |
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Figure 1. 5ik3""" mice are lean, hypolipidemic, and hypoglycemic. (A} (57BL/6 mice {male: n =4} were fed varlous diets (HF, high fat; HS,
high sucrose; HChol, high cholesterol) for 2 weeks, and liver mRNA was examined by guantitative PCR. *, **, and *** indicate p=<0.05, <0.01, and
<0.001, respectively. Means and SEM are shown. (B) The body weight of male mice (n=6) was monitored. All data points show p<<0.001. {C) One-
year-old male mice (n=5) were sacrificed (scale: 1 mm), and the indicated tissues were weighed (D). (E} Histology of liver and mesenteric fatty tissue
is shown. Each magnification is the same. {F) Cholesterol (Chol) and triglycerides (TG} in the liver and serum were measured (n=5). (G) Serum
cholesterol and TG were separated using FPLC. (H) The food consumption of each group (n=12). {I} Rectal temperature {n=12). (J) Oxygen
consumption (VO,, voluntarily O, consumption)} and (K) average respiratory quotient (RQ) during the day and night {n=5). (L) Mice (n=5) were fasted
and their blood glucose levels were monitored at the indicated time points. All data points show p<0.001. (M} After 4-h fasting, the serum levels of
insulin, leptin, free fatty acid (FFA), and B-hydroxybutyrate were measured. (N} After 4-h fasting, glucose (1.5 g/kg) was intraperitoneally injected
(GTT, glucose tolerance test) and blood glucose levels were monitored (n=5}. (O} After 24-h fasting, factate (1.5 g/kg) was injected intraperitoneafly
{LTT, lactate tolerance test; n=35).

doi:10.137/journal.pone.0037803.9001

observed in S#3™/" mice (Figure 1J). The high respiratory lipodystrophic phenotype ol Sik3 /" mice might be a result of
quoticnt (RQ) value of the S5~ mice was well explained by the their high rates of energy consumption.
insufficient fat storage followed by reduced fat utilization observed We also examined secondary parameters such as blood glucose

in these mice (Figure [K). These results suggested that the levels. In the fed condition, the $ik3 7 mice had s ghitly lower
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blood glucose levels than the wild-type mice, and the levels
decreased after fasting (Figure 1L). Afier a 4-h [ast, the
mice had significantly lower serum insulin and leptin levels than
the wild-type mice (Figure 1M), while no obvious diflerences were
observed in free FA or ketone body (B-hydroxybutyrate) levels.
Given the enhanced  food-consumption of S$ik3 ™"~ mice, the
apparently enhanced insulin- and leptin-action may be restricted
(o the anphLml tissues. Although we suspected thyrotoxicosis, the
levels of circulating thyroid hormones did not difler between the 2
genotypes (Figure S1E).

Sik3™" mice exhibited enhanced glucose tolerance (GTT)
(Figure IN). When i3~/ mice were treated widh insulin (Irre),
their blood glucose levels decreased like those of the wild-type mice
(Figure $1F). Once the $4377 mice were supplied exogenously
with an energy source, such as lactate (lactate tolerance test), they
were able to produce glucose dhuuuly (Figure 10), suggesting
that the hypoglycemia of §ik3
energy storage followed by an enhanced insulin response. This was
also th under the high-fat diet feeding condition (Figure 2A-

J). Of particular note is that accumulation of cholesterol was

suppressed in the livers of $%3 ™™ mice (Figure 2I), and the ratio
of LDL-cholesterol to HDL-cholesterol was decreased in - the
serum of Sik3 ™" mice with a reduction of TG content in the very
low-density lipoprotein (VLDL) fraction (Figure 2).

Which tissue is responsible for the phenotypes of the Sik3 ™/
mice? To address this question, we measured the body weight of
I\dcruz)gous ($ik3* ) mice. The body weight curve of the
Sik3* ™ mice over lapped with that of the wild-type mice (Figure
S2A). Ll:rlouslv, the mRNA and protein levels of SIKS in the
livers of k3"~ mice were as high as those in wild-type mice
(Figure $2B), though the specific levels of i3 mRNA did not
differ between parenchymal and non-parenchymal cells (Figure

$2C). Given that parenchymal cells arce the major population of

the liver, we surmised that the liver, prabably parenchymal cells,
may be OHL ol \hL responsible tissues/cells for the phenotypes of
the Sik3™/

Mice with ((ISI'UI)K(I genes for Mak2 [34] or Mark3 [35], which
are olhu members of the AMPK family, have been found to be
nt to dict-induced obesity due to enhanced  glucose-
tion in the brown adipose tissue. However, the mRNA
expression levels of genes related to energy expenditure, such as
Ppagela and Ucpl, in brown adipose tissue were not different
between wild-type and $i43™7" mice.

Morcover, an i vitro adipocyte differentiation experiment using
gonadal fat indicated that the preadipocytes of 83" mice
possessed a higher capability to dilferentiate into adipocytes than
those from wild-type mice (Figure $2D), which might co
with the high serum level of adiponectin in 8377 mice (& igure
S2E). Given the expression level of Si3 mRNA (I‘u;-mc S2B), we
surmised that the hpodystmphu phenotype of Sk mice might
ed by the impairments of the liver rather than the adipose

tssues.

Signaling States in the Livers of Sik3™/~ Mice

The gene expression profile of the liver (Figure $A) indicated
that the pathway from glycolysis o FA synthesis was down-
regulated in Sik37" mice, while the glyconeogenic pathway was
up-regulated. Sik3 7 mice expressed high levels of Fgf2/ mRNA,
suggesting  an .\daplivt response to starvation; however, its
promoting pathway, e, the peroxisome proliferator-activated
receptar alpha (PPAR0) pathway, was down-regulated. Lack of FA
stor: fng and the uncoupling of FGF21 from the PPARa pathway in
Sik3™7 mice may result in the failure to induce B-oxidation
followed by ketogenesis [36].

. PLoS ONE | www.plosone.org
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We also examined the state of signaling molecules. The high
level of I’(x(;-la plO\Lln in the liver of $#377" micc was
accompanied by the dephosphorylation of CRTC2 (Figure 3B)
despite there being no significant difference in the status of CREB.
Interestingly, the level of another CRTC2 kinase, AMPK [15),
and of'its activated phosphorylated form (pThr172) were also high
in the livers of 3™ mice. Immunohistochemical analyses

mice hepatocytes (Figure 3C). In addition, HDACS
another SIK/AMPK substrate [37,38], also accumulated in the
nuclei of liver cells in k3™~ mice, suggesting that AMPK is
unable to compensate for the deficiency of SIK3 in hepatocytes.

Sik3™/" Mice are Unable to Adapt to Cholesterol
Adiponectin had been found to promote fat accumulation in
adipose tissues and to improve insulin sensitivity in leptin-resistant

mice [39], which could explain the hypoglycemic phenotype of

Sik37/7 mice, but not their lipodystrophy. What are the unknown
tactors? Interestingly, litle, il any, changes were found in the mRNA
levels of the cholesterol and BA metabolic genes in i3~/ mice
(Figure 3A) and irregular expression patterns were observed, 7.,
Apodl and Abegd were up-regulated, while Cup8b was strongly
suppressed. Moreover, hepatic Sik3 mRNA expression is induced by
a high-fat dict supplemented with high-cholesterol (Figure 1A).
Therefore, we decided to examine eflects of cholesterol (with fat) on
Sik3™"" mice by challenging the mice with a high-cholesterol dict
(HF/HS/HChol).

Alier 4 months, the wild-type mice developed fatty liver, while
the fivers of $#3” 2 mice had surface asperity and turned yellow
(Figure 4A). HE staining revealed the enhanced formation of a
dilated canalicular structure in the livers of $i#3™/" mice (Fig 4B,
upper and lower lefl), and these structures were highly positive for
BSEP-immunoreactive signals (green signals in Figure 4B loer right).
Liver and serum lipid levels were increased afier feeding with the
HE/HS/HChol diet; however, they were not siqni!icantly
diflerent from the levels observed when wild-type and S8/~
mice were fed a chow diet (compare Figure 1F to Figure 4C). The
ratio of LDL-cholesterol to HDL-cholesterol in 8i£3™7 mice was
reversed after feeding with the cholesterol-containing diet (com-
pare Figure 1G to Figure 4D), and was accompanied by an
increase in TG content in the LDL fraction in S8~/ mice.

The flucwations in serum alanine amino transferase (ALT)
levels suggested that the livers of $i£3™/™ mice were damaged soon
afier feeding and lost their normal function, eg., ALT production,
aller 5 weeks (Figure 4E). While liver injury in the wild-type mice

progressed gradually, probably duc to fatty liver, the degree of

4-month ol receiving the high-cholesterol
" mice, possibly because of the higher

latent liver injury alte
diet was higher in S

mRNA cxprcswm levels of inflammatory [actors in the livers of

Sik37" mice (Figure 4F).

To focus on eflects of cholesterol alone, Si3™7" mice were
challenged with a high-cholesterol (2%) dict according to the
same schedule as the HF/HS/HChol diet. The liver abnormal-
ities of S#k3™/7 mice were barely ble on the surface
(Figure 5A); however, a number of foci that were negative for

mice. These foci might be enriched in cholesterol
derivatives, because we observed strong autofluorescence in the
frozen sections (Figure 5B (awrr nght), and the level of hepatic
cholesterol was higher in $%3™/" mice than in wild-type mice
(Figure 5C). A small numbers of dilated canalicular structures
were again observed in the $i#3™7 mice liver (Figure 5B fower

.
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]

SIK3, a New Metabolic Regulator

+

A

BAT Pancreas Testis Kidney

w

Weight (g}
- N
A S U S

=]

B
i -+ 504 +e
vwv High Fat %
\J
E 4 ol
g 0y -
52047 R
E g
Q l’
010
0 Ay v —
10 15 20 25 30
Week
WAT
Liver  Mesenleric Peritenal  Gonadal Subcutanieous
1. 20 .
1.2 I
1.0 &0
0.8
1.0
06
e | D4 05
024 |~
B 0.0 L8] 0.0 i} 0.0 |
e - e oS- + - He o e o)
Glucose Insulin Leptin
g 120 _ 50 1
3 0] £ 1
£ WOJ 40 104
0 £
i ol 3307 o
8 60 4 6.
5 | ]
= i - 20
© 40| I3 44
2 ol 210
3 2D-i @ 2
& @ ** Aok
0 e 0. i) 0 e
+/+ -

mg/g-dry weight
(=] -I-b N w £ o

0.5-

e Ty
15 30 45 B0
Time after treatment (min)

Average RQ

YIRS

4 -l o/

e -

Dark Light

J
250

mg/g

. PLoS ONE | www.plosone.org

Dark Light

Chol
HDL
2
A
el
§
i{
LDL /
oL /7
1 H H t
15 20 25 15 20 25
Time (min} Time {min)
5 May 2012 | Volume 7 | Issue 5 | e37803



g1e

@ PLoS ONE | www.plosone.org 6

SIK3, a New Metabolic Regulator

Figure 2. 5/k3~'~ mice are resistant to a high-fat diet. (A) A representative image of male mice after high-fat {60% of calories) feeding. Mice
(n=6) were fed with a high-fat diet for 12-30 weeks and their body weights were monitored every week (B). Means and SEM are shown. All data
points indicate p<0.001. {C) Representative photos of tissues (scale, 1 mm). (D) Tissue weights are shown. *, **, and *** indicate p<<0.05, <0.01, and
<0.001, respectively. (E} Levels of blood glucose, insulin, and leptin measured after 4-h fasting. (F) Glucose tolerance test (1.5 g/kg) performed after 4-
h fasting. (G} Cholesterol and triglyceride content in feces (n=3 cages). (H) Oxygen consumption (VO,, voluntarily O, consumption) of each group
(n=6) was monitored. Respiration quotient {RQ) during the day and night. (1) Cholesterol (Chot) and triglycerides (TG) in the liver and serum were
measured (n=6). (J) Serum Chol and TG were separated using FPLC.

doi:10.1371/journal.pone.0037803.g002

The patterns ol serum lipids in S8~ mice fed with the high- In addition, to test whether high levels of BA could suppress
cholesterol diet were almost the same as those of $i£3™7 ™ mice fed body weight gain, the mice were fed a high-cholic acid (GA) diet
with the HF/HS/HChol diet. Liver injury in &3/ mice for I month. As shown in Figure 6C, the high-CA diet completely
progressed gradually (Figure 5E), and we observed high mRNA suppressed the weight gain of wild-type mice and reduced the
expression levels of inflammatory factors in the liver of k3™ body weight of Sik3™/" mice, suggesting that dysregulation of BA
mice (Figure 5F). metabolism might be one of the causes of the lipodystrophic

Why were the livers of k37" mice injured after the phenotype of $ik3™/" mice.

consumption of the high-cholesterol diet? Are there any hints to
explain the lipodystrophic phenotype of these mice? To address Sik3™/~ Mice are Unable to Adapt to CA

these questions, we reevaluated blood biochem Al markers for the To examine the details of the dysregulation of BA metabolism in
liver and biliary duct systems. Even when k3™ mice were fed a Sik3™!7 mice, we dissceted these mice. Their gallbladders of
chow diet, their serum ALT levels gradually increased with age Sik3™/ mice were enlarged, and their livers had become yellow-
(Figure 6A). However, the high-fat diet (as evidenced by the brown (Figure 7A). HE staining identified hypertrophic Iupdlo—
dissection of a 30-week-old mouse) protected the livers of Sik3™/ ™ cytes with lipid droplets (Figure 7B). The gallbladders of Sik3 ™"
mice from the injurics caused by aging as well as by fatty liver. mice (Figure 7C) were accompanied by hyperplastic mucosal
Conversely, once cholesterol is added to the diet, this protection epithelia (Figure 7E).

may become invalid. As the serum alkaline phosphatase (ALP) and The volume of bile in the gallbladders of Sik8™ mice was
BA levels were continuously high in $#3™/™ mice, except when large, but its color was light (Figure 7D). A good amount of bile
under the high-fat diet, we hypothesized that the dysregulation of sand was also found in the gallbladders of Sik3™ /7 mice

BA mcmholismﬁ followed f)y'h.cp’(.ltic cholestasis (Figure 6B) might (Figure 7D, righ). Like FXR-KO mice [40], the deposition of
be the cause of the hepatic injuries. bile sand might be a result of the presence of cholesterol erystals
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Figure 3. Gene expression profile in the liver. (A) One-year-old male mice (n =5) were fasted for 4 h, and the liver mRNA levels were measured
using quantitative polymerase chain reaction (qPCR). Red and blue indicate the up- and down-regulated genes in Sik3 ™/~ mice, respectively. +, fold
increase; -, fold decrease. The threshold is set at p=0.1. The values marked with an asterisk (*) were obtained using PCR-array kits (n=3). The
abbreviations for the genes and the PCR primers used are fisted in Table 52. Mit, mitochondria; TCA, tricarboxylic acid cycle. (B} intraceffular signaling
molecules and their activation status in the liver were examined by western blot analysis. (C) Immunohistochemical analysis of SIK3 substrates (CRTC2
and HDACS) in the liver.

doi:10.1371/journal pone.0037803.9003
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Figure 4. Sik3™ '~ mice are less toa ol-containing high-fat diet. (4) Male mice were fed a high-fat and high-sucrose diet

uppl d with 2% chols 1 {(HF/HS/HChol) for 4 months (12-30 weeks) and then sacrificed {n=6). {B) HE staining of the liver (sets at the upper
and fower left), BSEP-staining (fower right: BSEP is green and nuclei are blue (DAPI). The magnification is the same in each set. {C) Chalesterol and TG
fevels in the fiver and serum were measured (n=6). *** indicates p<-0.007. Means and SEM are shown. (D} FPLC analysis of serum lipids. {E} Serum
levels of alanine aminotransferase (ALT) were monitored at the indicated time points. ** indicates p</0.01. {F) Quantitative polymerase chain reaction

analysis of inflammatory molecules (tumor necrosis factor-x and STAT3) in the liver.

doi:10.1371/journal.pone.0037803.9004

because cholesterol was depleted from the bile of SikZ 7 mice
(Figure 7F); this could have been caused by the dec
of phospholipids followed by the reduced solubitity of bile [41].

High serum BA and ALT levels were observed in S5 /
mice on the high-CA diet (Figure 7G). The levels of ALP and
total bilirubin were also high in Sik3 7 mi gure 7H). The
lipid droplets observed in the livers of $%3™7" mice (Figare 7B)
might be composed of cholesterol because cholesterol, and not
TG, had accumulated in their livers (Figure 7L The le and
patierns of serum cholesterol and TG in $#3 ™7 mice v 1
abnormal {Figure 7J); notably, the levels of cholesterol in the
VLDL-LDL fraction of the wild-type mice was enhanced by CA
feeding, which was more obvious in SES T mice. Given the
severe phcnot)pL caused by CA feeding, we surmised that
cholestasis might be the primary phenotype of S8~ mice, and
this may then lead to or enhance the other phenotypes
lipodystrophy and dyslipidemia.

Because most of the Sik3 ™™ mice were dead on the day of birth
(Figure S1A), we examined the livers of embryos. As shown in
Figure S3A, hepatocytes in Sik3 /" embryos (E18.5) were not

50

L

. PLoS ONE | www.plosone.org

notably, the hepato were of a v
significant number of multinudeated hepatocy
suggesting liver damages due 1o embryonic chol

when the mice were born, the BA content in ol the wild-

type mi ached e quivalent 1o that of $i45 77 mice and
decreased thereafier, s sting that hepatic cholestasis might

but it cannot ¢

plain the
we suppose that $ik3
may unable o adapt their mewabolism 1w the m\umun(m.d
changes at birth.

oceur in S5 eml

Sk

mice. Alermaty

Gene Expression Profile in the Livers of Sik3™/~ Mice Fed
with Special Diets

We examined mRNA expression in the liver to clucidate the
mechanisms involved in the | phenotypes. As shown in
Table $1, the resistance to dict-induced obesity in Sik3™ " mice
might be explained by the low fevels of lipogenic mRNA,
Fasn and Sedi. Amelioration of hepatic injury in S8 7 mice

May 2012 | Volume 7 | Issue 5 | e37803
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Figure 5. Cholesterol accumulation in the livers of 5ik3 /'~ mice after feeding with a high-cholesterol diet. (A) Male mice were fed a 2%
cholesterol diet for 4 months (12-30 weeks) and then sacrificed (n=5). (B) HE staining of the liver (sets at the upper and lower left). The arrows
indicate eosin-negative foci which with autofluorescence (fower right: red, and nuclei are blue (DAPI)). The magnification is the same in each set. (C)
Cholesterol and TG levels in the liver and serum were measured (n =5). *** indicates p<<0.001. Means and SEM are shown. (D) FPLC analysis of serum
lipids. (E) Serum levels of alanine aminotransferase (ALT) were monitored at the indicated time points. * and ** indicate p<0.05 and p<0.01,
respectively. (F) Quantitative polymerase chain reaction analysis of inflammatory molecules in the Jiver.

doi:10.1371/journal.pone.0037803.9005

by the high-fat diet was probably due to the down-regulation of
cholesteral (HmgCodr) and BA (Gyp7q) synth

However, the mRNA expression patterns of mice fed on the
high-cholesterol  or  high-CA  diet  could not explain  the
pathogen of Sik3™”" mice, and some discrepancies remained.
When mice were fed with the  high-cholesterol  diet, no
significant  difference  in the mRNA  levels of genes  for
cholesterol  syntl ., [ImgCodr, was observed between
wild-type and  Sik3
synth mRNA was also the same, despite the high expra
level of its repressor ($4p). Meanwhile, when the mice were fed
with the high-CA diet, 537" mice expressed lower levels of
C(yp7a mRNA than the wild-type mice, despite no changes in
the levels of Shp.

Here, we have to mention some of the problems associated with
these gene expression analyses. For example, the mice that were
fed the different diets were of different ages. In addition, the
special diets were suspected to produce secondary eflects, such as
hepatic injury. Therelore, we decided to examine gene expression
during the acute phase.

&4

mice. The level of CypZa (bile aci

5
/e

. PLoS ONE | www.plosone.org

Adaptive Gene Expression is Dysregulated in Sik3™/~
Mice

To examine gene expression during the acute phase with a
biased diet, 12-weck-old mice werc fed cither a high-cholesterol or
high-CA dict for 2 days or a high-fat dict for 2 wecks. As shown in
Figure 8A and S3A, the gene expression profile in the livers of
young mice under chow-diet feeding was different [rom that of
aged mice (Figure 3A), probably due to differences in the degree of
hepatic injury (Figure 6A). Under the acute phase condition, the
genes were categorized into 2 groups: (1) mRNA levels not affected
by the dicts in S#3 ™7 mice (e, Skp, Bsep, AbcG5, Abedl, and
Fasn), and (2) mRNA levels that were irregularly aflected (eg.,
CypZa, Crp8h, and Cyp27a) (Figure 8A and S4A). Strangely, GipZa
gene expression was lower in $#3 ™7™ mice than in wild-type mice,
despite the low expra n levels of Shp.

The litle or no ex| ion of (yp7a observed under the high-
cholesterol diet in Sik3777 mice could be explained by LXR
dysfunction [3], while the low expression of S or Bsep [6] and
hyperwophic galibladder [10] suggested FXR dysfunction. RXR is
activated by s-RA, which is synthesized from vitamin A [9],
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Figure 6. Excess bile acids in the serum and liver of 5ik3"/"~ mice. (A) The serum levels of ALT, alkaline phosphatase, and bile acids are shown.
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a chow diet.
doi:10.1371/journal. pone.0037803.g006

and the impairment of RXR  function affects vitamin A
metabolism  [42], resulting in the prolileration of bile duct
cpithelial cells (Figure 48) (43]. Morcover, the livers of Sit3 7
mice expressed lower levels of RvomRNA than the livers of wild-
type mice, when the mice were fed with diets rich in cholesterol or
A (Figure S$4B). Therefore, we decided to examine vitamin A
metabolism in the livers of Sik3 7 mice by quantifying mRNA
and protein levels.

The mRNA and protein levels of cellular retingid-binding protein 1
(Crbpi) and retinal aldehyde dehydrogenase la (Aldhla) were up- and
down-regulated, respectively, in $#377 mice (Figure $4C and
8B). Aldhia mRNA levels in the livers of $ik377" mice were also
unaffected by the diet (Figure 8C). In addition, the livers of Sik3”
"~ mice contained higher levels of free retinol (vitamin A) than the
livers of wild-type mice (Figure 8D). Morcover, (reatment with 9-

Sik3™/" mice compared to the wild-type mice,
vitamin A metabolism might be impaired in

To further characterize these findings, the mice were treated
with 9-cis-RA for 7 days, and several phenotypic parameters were

ng that

e
@ PLoS ONE | www.plosone.org

A rapidly reduced the levels of free retinol in the livers of

then examined. Because 9-cis-RA is a pleiotropic compound, we
first  determined  the  minimum  dose  of  9-cis-RA as
4 mg kg -day ' by monitoring the body weight and blood
glucose levels of wild-type mice (Figure S5A and B). Treaiment
with 9-cis-RA induced weight gaim in Sk mi
and cnabled them o maintain their blood gluco:
fasting (Figure 8F). In addition, 9-cis-RA substantially d
the levels of serum ALP and bile acid in $i#3™7" mice (Figure
S503).
respond to nuritional str
metabolic markers (compare
The:

be a cause of the phenotypes of 837 mice.

377 mice treated with 9-cis-RA were also able o

s by inducing the expression of
igure 8G to 8A and Figure $5D).
se results suggest that impaired vitamin A metabolism might

Discussion

Here, we bave shown that SIK3 is induced in the liv
mice a and cholesterol.
mice present with a malnourished phenotype due to their reduced
adaptation o excess nutrition, especially to cholesterol and CA,

when
P

ed a diet vich in fat, sucr
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Figure 7. 5ik3"'" mice are less tolerant to a cholic acid (CA)-containing diet. (A) Mice (n=6, but Sik3™’" mouse died before 1 month) were
fed a diet supplemented with 0.25% cholic acid for 1 month (12-16 weeks) and then sacrificed. (B) HE staining of the liver {leff), BSEP staining (right:
BSEP is green and nuclei are blue (DAPI). The magnification is the same in each set. (C) Photographs of gallbladders (scale, 1 mm). (D) The color of
bile juice and bile sand in the gallbladder. (E) HE staining of the gallbladder. The magnification is the same in both panels. (F) The levels of bile acid
(BA), cholesterol {Chol), and phospholipids (PL) in bile juice from the gallbladder were measured. * and ** indicate p<<0.05 and <0.01, respectively.
Means and SEM are shown. (G) Serum BA and alanine aminotransferase (ALT) Jevels were monitored at the indicated periods. All ALT data points are
p<0.001, except day 0. (H) Serum alkaline phosphatase (ALP) and total bilirubin (T-Bil) levels were measured. (1) Cholesterol and TG levels in the liver
and serum were measured. *** indicates p<<0.001. (J) FPLC analysis of serum lipids.

doi:10.1371/journal. pone.0037803.g007

which eventually leads to severe cholestasis. These phenotypes are with vitamin A metabolism, is a novel regulator of cholesterol-BA

continuously observed even after 10 generations of cross-breeding homeostasis and lipid-storage size (Figure 9).
with normal G57BL/6] mice, and we observed no substantial Previous studices suggested a direct contribution of RXR to
difference between males and females in their response to biased cholesterol-BA homeostasis. Because the RXR ligand 9-¢

diets. Given these results, we propose that SIK3, in combination synthesized from vitamin A, which is absorbed from enterocytes

@ PLOS ONE | www.plosone.org 10 May 2012 | Volume 7 | Issue 5 | e37803
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The expression of genes for cholesterol and BA metabolism in the liver was exammed using gPCR ized by glyceraldehyde 3 S
dehydrogenase IGapdh} levels). Significant differences between wild-type and Sik3 ’ mice are shown by * *%, and *** for p<0.05, .01, and
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Significant differences between the chow and special diet groups are indicated.

doi:10.1371/journal.pone.0037803.g008

5. Meanwhile,
mice.

with the assistance of BA, its metabolism is tghtly coupled 1w BA insufficient to explain wll of the S ’ phenotyp:
homeostasis [44]. A lack of vitamin A stimulates BA synthesis and free retinol \\n.mun accumulated o the B

its transport {from hqmtm\(u‘ 1o the bile duct da Cyp7o and
Buep gene expression {45, while excess @-eis-RA - inhibits their
npru\mn ‘The reduced expression of ALI)HI a, an RA synthase,
in the livers of $i3™"~ mice might be one of the causes of the
Sik37/ phenotype. All-trans-RA suppr the e
clidhlavia an RAR-dependent mechanis
not, suggesting a distinet action for
Because physiological/endogenous 9
only in the pancreas [47,48], an
also its related substances in the
characierize the S5/ phenotype.

The administration of 9-cis-RA to 83 ™" mice recovered the
expression of (yp7a and Bsep (Figure 7A and 7G), suggesting that
the dose used {4 mg kg ™'-d”") may not be excessive for 2 4
mice. However, we have to mention that the wild-type mice that
were fed with a vitamin A-deficient diet for 6 months from
weaning did not develop cholestasis (unpublished observation),
indicating that the levels of vitamin A and its metabolites may be

s-RA does
{.\ from All -trans-RA.
5-RA has been identified
of not only 9-cis-RA, but
er are required 1o precisely

@ PLoS ONE | www.plosone.org

ression of

1 in hqmm cholestasis [19],
suggesting that iner of free retinol may also contribute
w the dysregulation of cholesterol-BA homeostasis in S5 !
mice. In addition, retinol aldehvde, a substrate of ALDHIa and a
precursor of RA, & found 10 pe actions in
mice {10}

Meanwhile, the bigh-fat dict ameliorated cholestasis in Sk ’
mice (Figure 6A) without FA storage (in the liver and adipose
tissues) or restoring the mRNA fevels of genes involved in FA
D igure 2 and Table ST). Interestingly, the
high- Lu dict up-regulated the L\prnwon of thivlase, a PPAR%
target, in the livers of S5 7 mice. PPARa is known 1o enhance
bile flow [30] and some transcriptional pathways, such as Sip {51}
{and also compare Table to Figure 3A). Given that RXR is
required for PPARo activation, its signaling may also be impaired
n profile

Vitamtin A toxicity s

sed fo

ss strong anti-obes

xpected from the gene expr
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the gap downstream [rom PPARe that is
" mice), which can improve BA homeostasis,

pathway (or ¢
impaired in Sk
probably in an SIK3-independent manner.

AMPK-rclated kinases are activated by the upstream kinase
LKBI [29,52] SIK3 or AMPK~-which kinase is important for the
LKBI-mediated suppression of gluconcogenesis in the liver? Loss
of LKBI in the liver enhances the gluconcogenic program {53].
Since the gluconcogenic program in LKB-de ice i
resistant to the AMPK activator medormin, AMPK is proposed

(o be the kinase responsible for the LKB1-mediated regulation of

gluconcogenesis. However, the livers of i3 /" mice possessed
activated AMPK and an enhanced  gluconcogenic  program

(Figure 3B), suggesting that loss of LKB1 causes a deficiency of

). PLoS ONE | www.plosone.org
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SIK3 and subsequent AMPK resistance. In addition 1o gluconeo-
genesis, livel ific: LKB-defective mice present with severe
cholestasis due to a lack of BSEP membrane-localization in the
liver [54], while the apical side of the dxl.\lcd canalicular structure
was positive for BSLP in the livers of $#3 ™/ mice, suggesting that
the cause of cholestasis in these mice may not be identical to that
in LKB-defective mice. We would again emphasize that the high-
fat dict amcliorated cholestasis in $ik3™/~ mice, indicating the
importance of the process for nutrients rather than developmental
defects in BA transportation.

Two rceent reports have provided an argument against
mechanisms by which SIK3 regulates energy balance. Mihalova
et al. found that class 2a HDACGs activated the FOXO
transeription  factor via deacetylation, thereby up-regulating
gluconeogenesis in the liver [37]. Conversely, Wang et al. reported
that loss of SIK2 in Drosophila (by disrupting the fly's $i3 genc)
resulted in the dephosphorylation of HDAC4 and the subsequent
activation of FOXO [28]. Activated FOXO induces the lipolytic
programs that reduce the lipid levels in body fat, thereby rendering
the fly vulnerable (o starvation. These data suggest that
disinactivation ol class 2a HDACs followed by the constitutive
activation of FOXO may be a cause of the phenotypes of Sik3™" ™
mice,

Gonversely, Crebbp™™ mice, with a mutant allele of the histone
acetylase CREB-binding protein, displayed a phenotypes similar
to that of Si#3™7" mice, c.g., lipodystrophy, increased glucose
tolerance, resistance to diet-induced obesity, and hyperadiponec-
tinemia [55], suggesting that SIK3 may regulate energy balance by
regulating acetylation states. The levels of adipose tissue and
circulating blood lipids may be important for buffering cholesterol
and protecting the liver from cholesterol toxicity, which in tam,
increases the risk of obesity and hyperlipidemia (Figure 9).

In the present study, profiling the metabolic changes in Sikg~
mice represents a new start to the study SIK and may also provide
novel insights into the metabolic discases caused by Western diets.
Another remarkable phenotype of i3/~ mice is found in the
differentiation of chondrocytes [31], and 2 number of interactions
Dbetween energy metabolism and skeletal development have been
reported, g, insulin [56], leptin [57], adiponcectin [58], ostcocal-

cin [59,60], and inflammatory cytokines [61]. Further analyses of

the cell autonomous functions of SIK3 and of systemic or
duxlopmv.nml abnormalities in the organs {or energy metabolicsm
in §ik3 7" mice are needed.

Materials and Methods
Sik3™/" Mice

Embryonic stem cells derived from a C57BL/6N  strain
(RENKA) were used with the S8/ mice. After mating the
mice with C57BL/G] mice (CLEA Japan, Tokyo, Japan) for 3
generations, mouse colonics were expanded for experiments under
chow and high-fat-dict feeding, After 7 generations of cross
breeding, mice colonies were used for cholesterol and cholic acid
experiments. $#3"” mice are now supplied by JCRB Laboratory
Animal Resource Bank at the National Institute of Biomedical
Innovation (No. nbiol57). The experimental mouse protocols

were approved by the ethics committee at the National Institute of

Biomedical Innovation gned No. DS-20-56). The animals
were maintained under standard conditions of light (0800-2000)
and temperature (23°C, 50% humidity).

For tissue isolation, all mice were fasted for 4 h and then
sacrificed within %1 h of lights out. The chow diet, MF, was
purchased from Oriental Yeast (Tokyo, Japan). The high-sucrose
(20% cal), high-fat (60% cal), and high-fat (15% cal)/high-sucrose

May 2012 | Volume 7 | Issue 5 | e37803

(20% cal) diets were obtained from Rescarch DIET Inc. (N,
USA). We supplemented 2% cholesterol in the high-fat and high-
fat/high-sucrose dicts. To prepare the high-cholesterol and high-
cholic acid (CA) diets, the chow diet was supplemented with 2%
cholesterol or 0.25% CA, respectively. Oy consumption was
monitored using the Oxymax system (Columbus Instruments,
Columbus, OH, USA).

The pre-fasting periods for the glucose tolerance test (GT71),
insulin tolerance test ITT), and lactate tolerance test (LTT) were
4, 2, and 24 h, respectively. We administered 1.5 g/kg glucose,
36 pg/kg insulin, and 1.5 g/kg lactate intraperitoncally for these
tests, respectively.

Fractionation of Hepatic Parenchymal Cells and Non-
parenchymal Cells

Under anesthesia by isoflurane, female C57BL/6) mice (12-
week-old) were perfused with Hank’s balanced salt solution
containing 0.5 mM EGTA via inferior vena cava [ollowed by
perfusion with Liver Digestion Medium (Invitorgen). Alfter the
digestion, hepatic cells were suspended in Dulbeceo’s Modified
Eagle Medium (DMEM) supplemented with 10% fetal bovine
serum and centrifuged at 40 xg for 2 minutes. The pellet was used
for the parenchymal-cell fraction, and the supermatant was
recovered by further centriluged at 800xg for 5 min and used
[or non-parenchymal-cell fraction.

Reagents

Blood glucose and B-hydroxybutyrate were measured using a
G-meter (Arkray, Kyoto, Japan) and Precision Xceed (Abbou,
Abbott Park, IL, USA), respectively. Total cholesterol and
triglyceride (T'G) in sera were measured using a DryChem7000
(Fujifilm, Tokyo, Japan). Lipids in the liver or feces were
extracted in 10 volumes of methanokchloroform (1:2), dried
under Ny gas, suspended in 300 pL t-butyl alcohol:methanol:-
Triton-X 100 , v/v), and quantifiecd using kits (WAKO,
Osaka, Japan). Serum insulin, leptin and adiponcctin levels were
measured using enzyme-linked immunosorbent assay kits from
Shibayagi (Gunma, Japan), and low levels of insulin were
measured with a low range kit from Morinaga (Tokyo
while free FA and BA levels were measured using kit
WAKO. Serum lipid separation by fast protein liquid chroma-
tography (FPLC) was contracted to LipiSEARCH (Skylight
Biotech, Akita, Japan). The anti-AMPK, anti-phospho-AMPK,
and anti-HDACS antibodies were purchased from Cell Signal-
ing (Boston, MA, USA), ant-BSEP amibody were from
ABGENT (San Diego, CA, USA), while the anti-ALDHIa
and anti-CRBPI  antibodics were obtained  from  Epitomics
(Burlingame, CA, USA). The anti-CRTC2 amibody was
described previously [29].

Quantitative Real-time PCR

Total RNA was extracted using an EZ1 RNA Universal Tissue
(Qiagen, Venlo Park, Netherlands), and ¢cDNA was s
sized using a Transcriptor ¢cDNA First Strand Synthesis
(Roche, Branford, CT, USA). PCR amplilication was performed
using Platinum Quantitative PCR SuperMix (Invitrogen). Since

the level of the internal standard RNA, 6B+, was induced by the
SA-rich diet, the expression levels of mRNA in the liver of mice

fed with diets supplemented with CA or Chol were normalized
using glyceraldehyde 3-phosphate dehydrogenase levels. Gene
names, abbreviations and primer sequence used in the quantitics
PCR analysis arc listed in Table $2.
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Statistical Analysis

Student’s ftest was used 10 assess all experimental data in
Microsoft Excel. The mean and standard error of the mean (SEM)
are shown.

Supporting Information

Figure S1 (A} Most S5/ mice died on the first day alier
birth. The mating system and time of genotyping are indicated.
The percentage and number of mice in the first column indicate
the sum of nconates at day 1 and embryos at E17.5-E18.5.
Neonates prepared by in wifro fertlization were delivered by
cesarean section and living mice were counted without genotyping.
~50% ol the mi appeared by the second day,

Howev

probably hecause th en by the foster mice. (B) The
difference in the body size of mice became obvious after 2
weeks. (C) HE staining of gonadal fat of [-ycar-old mice. (D)
Cholestero) (C ride (T'G), and carbohydrate (Carbo}

s were
terials

content in fe ges). Cholesterol and wiglyce
acted with methanol/chloroform as described in the M
and Methods. To extract undigested carbohydrates, the e

re-digested with amylase at 37°C for 12 h, and the debris was
remaoved by centrifugation. Carbohydrates were stained with a
solution of 1 volume of 5% phenol and 5 volumes of sulluric acid
and then detected at 190 nm. () Alter fasting for 4-h fasting, the
serum levels of free dhyroid hormones (FI'3 and were
measured with an awtomated system for clinical as Serum

exi

). Mice (male n=35) were fasted for 2 b and then treated
intraperitoneally with 36 pg/kg insulin. All data points arce
7<0.001.

[G15)

Figure $2 (\) Body weight curves of wild-type and  Sik?

heterozygous mice are also shown (n =12). (B) Levels of Sik5

mR'\A in the livers, brown adipose tissues (BAT), and muscles of

“77 mice (n=3). The error bars
evels ol \II\S protein in the livers 0[' wil(l npc

gous, and S35~ mice. (C) Hepatic p:

non-, mruu hymal cells were separated by Lm(n(u;alnon, and Sik3

mRNA levels were examined by quantitative PCR. CypZa, 11/80,

cells (non-pa 3
mal), respe (n=3: means and SEM are shown). (D) In #itro
¢ dilferentiation assay. Preadipocytes were prepared from

adipoc;
gonadal fat pads using collagenase and then plated. When the cells
reached <0nllm nce, the culture medium  was  changed  to
's Medium (high glucose) supplemented
£ indicated  concentration), and insulin
(1 pg/mL). After 8 (ln)» (with changes of medium every 2 days),
the cells were fixed with 4% paraformaldehyde and stained with
QOil Red O. The high magnification images show cells that were
differentiated using 3 UM rosiglitazone. (F) Serum adiponectin
levels of the mice examined in Figure 3E. Means and SEM are
shown. ### indicates p<0.001.

(T11)

Figure 83 (A) HL staining of embryo livers. The sets in the left
and right pancls are the same magnilication. The Jower panels are
a higher magnification of the upper panels. (B) Bile acid was
extracted with 95% ethanol/0.5% NHz-water. The numbers of
mice (wild-type and Sik3 /7Y used for the assay were: BIG.S, 11
and G; 16 and 3; P0, 9 and 5; and 12 weeks, 8 .md 5,
respectively, Means mul \lw\l are shown. Significant diferences
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between wild-type and Sik3” /" mice are shown by * for p<0.05.
#4# indicates significant differences between PO and E18.5 or 12
weeks in wild-type mice (p<0.01).

(TIF)

Figure 854 (A) Male mice (12 weeks of age, n=3) were fed diets
supplemented with Chol (2%) and cholic acid (0.25%) for 2 days
or with fat (60% of calories) for 2 wecks and then sacrificed. The
expression of genes for Chol and BA metabolism in the liver we
examined using quantitative polymerase chain reaction (normal-
ized by glyceraldehyde 3-phosphate dehydrogenase [GAPDH]
fevels). Significant differences between wild-type and 83" mice
are shown by *, ** and ** for p<0.05, <0.01, and <0.001,
respectively. # indicates a significant difference between the chow
and special dict groups. Means and SEM are shown. (B)

Expression levels of nuclear receptors. (G} The expression of

genes involved in vitamin A metabolism was examined using the
liver cDNA in Figure 3A (1-ycar-old mice, n=5).

(T

Figure S5 (A) Ellect of 9-cis-RA trc'\lmcn\ (0—16 mg kg’l'd”‘)
on the weight gain of wild-type mice (n=6). (B) Blood glucosce
levels before and after reatment are xndxca(ul by labels as B and
A, respectively. (C) The levels of serum ALP and bile acids were
measured before (labeled as B) and after (labcled as A) RA
wreatment (for 9 days: after the analysis shown in Figure 8E).
Ethanol (EtOH, 1%) was used as a solvent. Significant differences
before and after treatment in the same group {n = 4) arc indlicated.
Although there were no su,mll ant fluctuations in the levels of bile
acids, their levels decreased in all Sk~ mice alter treatment.
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Periostin Facilitates Skin Sclerosis via PI3K/Akt
Dependent Mechanism in a Mouse Model of Scleroderma
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Objective: Periostin, a novel matricellular protein, is recently reported to play a crucial role in tissue remodeling and is
highly expressed under fibrotic conditions. This study was undertaken to assess the role of periostin in scleroderma:

Methods: Using skin from patients and healthy donors, the expression of periostin was assessed by immunohistochemistry
and immunoblotting analyses. Furthermore, we investigated peviostin'“’“ (PN/")and wild-type (WT) mice to elucidate the
role of periostin inscleroderma. To induce murine cutaneous sclerosis, mice were subcutaneously injected with bleomycin,
while untreated control groups were injected with phosphate-buffered saline. Bleomycin-induced fibrotic changes were
compared in PN"/7 and WT mice by histological -analysis as well as by measurements of profibrotic. cytokine and
extracellular matrix protein expression - levels in vivo and .in vitro. To determine the downstream pathway involved in
periostin signaling, receptor neutralizing antibody and signal transduction inhibitors were used in vitro.

Results: Elevated expression of periostin was observed in the lesional skin of patients with scleroderma compared- with
healthy donors. Although WT mice showed marked cutaneous sclerosis with increased expression of periostin and increased
numbers of myofibroblasts after bleomycin treatment, PN/~ mice showed resistance to these changes. In vitro, dermal
fibroblasts from PN™/~ mice showed reduced transcript expression of alpha smooth actin and procollagen type-| alpha 1
{Coltal) induced by transforming growth factor :beta 1. (TGFP1).- Furthermore, recombinant mouse ‘periostin- directly
induced Collol expression in vitro, and this effect was inhibited by blocking the. av integrin-mediated PI3K/Akt signaling
either with anti-av functional blocking antibody or with the PI3K/Akt kinase inhibitor LY294002,

Conclusion: Periostin plays an essential role in the pathogenesis of Bleomycin-induced scleroderma in mice. Periostin may
represent a potential therapeutic target for human scleroderma.
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Introduction

Scleroderma is a connective ussue disorder with unknown
ctiology. The discase is characterized by exc
collagen and other extracellular matrix (ECM) proteins, resulting
in fibrosis of skin and other visceral organs [1]. To date, despite
much effort, there is still no established treatment for fibrosis in
roderma,

The ECM of the skin is composed not only of structural proteins
such as collagen type-I but of many diflerent proteins that
modulate cellular behavior. The interactions among various EGM
proteins provide molecular signals to resident cells including
dermal fibroblasts and play essential roles in the maintenance and
turnover of the EGM. At present, EGM proteins are considered as
key players in the pathogen scleroderma.

Among ECM proteins, the cytokine transforming growth factor
Bl (TGFpBI) is regarded as a master regulator of the disease

PLOS ONE | www.plosone.org

sive deposition off

process in scleroderma, since it potently accelerates fibrosis in skin
by inducing collagen production; various pro-librotic ECM
proteins such as CCN2 (also known as a connective tissue growth
factor or C'TGF) are known to induce the transdiflerentiation of
fibroblasts to myofibroblasts [2,3]. Recently, a class of ECM
proteins called matricellular proteins has auracted increasing
attention in the ficld of scleroderma rescarch. These proteins
specifically regulate cell-matrix interactions and play critical roles
in embryonic development as well as in tissue repair and fibrosis,
Indeed, several matricellufar proteins, including CCN2 [4], CCN1
{cysteine-rich protein 61) [5], and their cell-adhesive receptor,
integrin B1 [6], have been shown to play roles in scleroderma, and
such studics are still ongoing. Thus, investigations of the functions
of ECM proteins and their signaling networks are urgently needed
to clucidate the pathogencsis of scleroderma and develop new
therapies.
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Role of Periostin in Scleroderma
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Figure 1. Periostin is P in I skin

d from

with ic sclerod (SSc). A, Western blotting

analysis for periostin using protein extracts from the skin of SSc patients and healthy donors. B, Representative immunohistochemistry of skin
sections of SSc patients, healthy donors, hypertrophic scar and keloid patients. Slides were stained with anti-periostin antibodies (original

magnification, x100).
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To investigate the involvement of matricellular proteins in the
pathogenesis of scleroderma, we focused on a novel matricellular
protein, periostin, a 90-kDa, sccreted, homophilic cell adhesion
protein. Despite being first identified 15 years ago as osteoblast-
specific factor-2 7], periostin is now classified as a matricellular
protein, because it is expressed in many collagen-rich tissues and
possesses important biological functions in the ECM [8]. Periostin
can bind to collagen during fibrillogenesis, thus allecting the
diameter of collagen fibers and the nt of cross-linking [9,10].
Periostin also binds to other ECM prote ncluding fibrone
and tenascin-C, thereby organizing the ECM architecture. Like
other matricellular proteins, such as CCN1, CCN2, and CCN3
{capable of interacting with ov, B3, and Bl integrins} [I1],
periostin serves as a ligand lor integrins o, B1, f3, B4, and p5
[12-14]. Such signals can mediate cell adhesion to the ECM and
may regulate certain cellular behaviors, including inracellular
signaling, proliferation, and differentiation [15].
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Analysis on periostin ’ (I’N'/") mice revealed that this
protein plays a pivotal role in the development of heart, bones, and
teeth [16]. Approximatcly 14% of PN~ mice dic posmatally
prior to weaning [17], suggesting a role of periostin in the
development of these tissues. Tn adults, periostin is prominently
upregulated during EGM remodeling and fibrosis. The major
producers of periostin are fibroblasts [18,19], and its expression is
induced by various factors, including TGFB1, interleukin (IL) 4,
and ILI3 {19,20]. The prominent expression of periostin has been
detected during a number ol remodeling prog s, including
myacardial infarction (21], wound repair [8,22- iratic scar
formation [25], sub-cpithelial fibr i bronchial asthma {20],
is [26]. Studics of PN /7 mice with
ses have further confirmed that
periosting in many ¢ profoundly involved in the progr
[17,27-29]. However, in a model of bronchial
asthma, PN/ mice developed peribronehial fibros

and bone marrow [ibrosi

experimentally induced  d

of tissue fibrosis

equivalent

2 July 2012 | Volume 7 | Issue 7 | e41994



