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(Bacl(ground: The JAK-STATS3 signaling pathway is one of the critical pathways regulating cell proliferation and
Results: Knockdown of endogenous STAT3 enhances VSMC contractile phenotype by promoting the association of the

Conclusion: The JAK-STAT3 signaling pathway is a central regulator of the phenotypic switch of VSMCs.
Significance: The phenotypic switch of VSMCs can be controlled by modulation of JAK-STAT3 signaling.
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The JAK-STAT3 signaling pathway is one of the critical path-
ways regulating cell proliferation, differentiation, and apopto-
sis. Myocardin is regarded as a key mediator for the change of
smooth muscle phenotypes. However, the relationship between
STAT3 and myocardin in the vascular smooth muscle cell
(VSMC) phenotypic switch has not been investigated. The goal
of this study was to investigate the molecular mechanism by
which STATS3 affects the myocardin-regulated VSMC pheno-
typic switch. Data presented in this study demonstrated that
STAT3 was rapidly up-regulated after stimulation with VEGF.
Inhibition of the STAT3 activation process impaired VSMC
proliferation and enhanced the expression of VSMC contractile
genes by increasing serum-response factor binding to the
CArG-containing regions of VSMC-specific contractile genes.
In contrast, the interaction between serum-response factor and
its co-activator myocardin was reduced by overexpression of
STATS3. In addition, treated VEGF inhibited the transcription
activity of myocardin, and overexpression of STAT3 inhibited
myocardin-induced up-regulation of VSMC contractile pheno-
type-specific genes. Although myocardin and STAT3 are nega-
tively correlated, interestingly, both of them can enhance the
expression of VEGF, suggesting a feedback loop to regulate the
VSMC phenotypic switch. Taken together, these results indicate
that the JAK-STAT3 signaling pathway plays a key role in con-
trolling the phenotypic switch of VSMCs through the interac-
tions between STAT3 and myocardin by various coordinated
gene regulation pathways and feedback loops.
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Vascular smooth muscle cells (VSMCs)?2 are characterized in
part by the ability to modulate their phenotypes in response to
the environmental stimuli through a process characterized by
decreased gene expression of VSMC contractile markers,
increased proliferation, migration, and matrix synthesis (1).
Phenotypic switch is one of the major cellular events underlying
many VSMC-related pathological conditions, such as athero-
sclerosis, postangioplasty restenosis, hypertension, and tumor
angiogenesis (1). Unraveling the mechanisms involved in
VSMC phenotypic switch is an important step toward a bet-
ter understanding of the pathology of these diseases as well
as in designing therapeutic agents for their treatment and
prevention.

The switch between the contractile and synthetic VSMC
phenotypes is tightly controlled through a synergistic and coor-
dinated molecular regulatory network (2—4). Nearly all of the
VSMC-specific contractile protein genes and many other
genes, which contain CArG boxes within their promoters, are
involved in cellular migration, proliferation, and extracellular
matrix production during the process of VSMC phenotypic
switch (1, 5, 6). Myocardin is regarded as a key mediator in
smooth muscle phenotype change (4). The cellular mecha-
nisms that drive SMC plasticity (e.g. the switch between con-
tractile and synthetic phenotypes) are partially dependent on
the interactions between myocardin and SRF (7). The myocar-
din-SRF complex, through its interaction with the promoters
containing multiple CArG boxes (CC(A/T).GG), can directly
activate a battery of contractile smooth muscle genes, including
h1 calponin (CNNI), transgelin (SM22 or TAGLN), a-smooth
muscle actin (ACTA2), and smooth muscle myosin heavy chain
(MYH11) (11-13). In addition, myocardin/SRF decreases
SMC proliferation by increasing the expression of the cell
cycle inhibiting gene cyclin-dependent kinase inhibitor 1A

3The abbreviations used are: VSMC, vascular smooth muscle cell; SMC,
smooth muscle cell; EC, endothelial cell; SRF, serum-response factor; F,
forward; R, reverse; OPN, osteopontin; PCNA, proliferating cell nuclear anti-
gen; TRITC, tetramethylrhodamine isothiocyanate; VEGFR, VEGF receptor;
MSC, mesenchymal stem cell.
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(CDKN1A) (14) and inhibiting NF«kB-dependent cell cycle pro-
gression (15), thus indirectly promoting the contractile pheno-
type. Although myocardin is considered as a critical component
of the contractile “switch” in SMC, the signals that regulate
myocardin are only partially understood. Extracellular signals
can mediate this molecular switch through alterations in effec-
tor pathways, and indeed myocardin-mediated gene activation
is regulated by ligands such as TGF 1 and angiotensin I (16), as
well as intracellular signal transduction mediators such as
YAP1, glycogen synthase kinase 3 (GSK3), and extracellular
signal-regulated kinase (ERK) and the C terminus of Hsc70-
interacting protein (ChIP) (17-20). Although the regulation of
myocardin gene expression has been widely explored, there are
few studies that address the cellular signal pathways underlying
the regulation of myocardin-mediated SMC phenotypic
changes.

Activation of the signal transducer and activator of transcrip-
tion-3 (STAT3) by the Janus kinase-2 (JAK2) affects various
biological processes, such as proliferation, cell survival, and
inflammation (21). JAK2-dependent phosphorylation of
STATS3 is induced in SMCs in response to various growth fac-
tors and cytokines, including platelet-derived growth factor
(PDGF)-BB, angiotensin II, or interleukin (IL)-6 or vascular
endothelial growth factor (VEGF) (22-24). STAT3 has been
implicated as a central regulator of tumor progression through
its transcriptional up-regulation of VEGF, MCL-1, and survivin,
etc. (25). It has been suggested that STAT3 is critically involved
in vascular injury, but the details of how STAT3-dependent
genes are regulated as well as the functional significance of sup-
pressing this pathway during the development of vascular pro-
liferative diseases remain elusive. Previous studies, both in vitro
and in vivo (in neointimal cells), have shown that phosphoryla-
tion of STAT3 induces trans-activation of cyclin D1 and sur-
vivin in SMCs, which therefore promotes proliferation and
migration of SMCs as well as reducing apoptotic cell death (26).
More recent evidence also suggest that STAT3 could be
involved in VEGF-induced endothelial cell (EC) signaling and
activation (27, 28). STAT3 is activated upon VEGF stimulation
in EC by a VEGFR2-dependent and SRC-dependent mecha-
nism, and this activation also mediates the induction of BCL2
by VEGF (29).

Although the JAK-STAT pathway has received extensive
study, its role in the VSMC phenotypic switch is still poorly
understood, In particular, the links between STAT3 and myo-
cardin, as well as their interaction and coordination on how to
control VSMC phenotypic switch under the situation of VEGF
stimulation, have not been developed. Here, we reveal for the
first time the role of STAT3 and myocardin in the VSMC phe-
notypic switch. We found that VEGF activates STAT3 but
inhibits the transcription activity of myocardin during the
VSMC phenotypic switch. Activated STAT3 not only led to
enhanced proliferation of VSMCs but also suppressed the
expression of VSMC-specific contractile protein genes. Fur-
thermore, STAT3 affects VSMC phenotypic switch via inter-
ference with the myocardin-SRF-CArG box tertiary complex
formation. Importantly, both myocardin and STAT3 can
enhance the expression of VEGF, which leads to a feedback
loop to regulate the VSMC phenotypic switch. Our study pro-

19642 JOURNAL OF BIOLOGICAL CHEMISTRY

vides new insights into the mechanisms controlling the pheno-
typic switch of VSMC and identifies a potential therapeutic
target for ameliorating VSMC-related diseases, and it might
facilitate the development of novel approaches in vascular
engineering.

Experimental Procedures

Cell Lines—T/G HA-VSMC cell lines (ATCC) were grown in
Dulbecco’s modified Eagle’s medium (DMEM) (Gibco) supple-
mented with 10% fetal bovine serum at 37 °C in a 5% CO,
incubator.

Plasmids—The vector pcDNA3.1 (Promega) alone was used
as a negative control. The promoter regions of ACTA-2
(—3270/+295) and SM22« (—234/+246) were amplified by
PCR followed by cloning into pGL3 luciferase reporter vector,
respectively. The primers used to create ACTA2-luc and
SM22a-luc were as follows: ACTA-2, F-5" GGGGGTAC-
CGTCTGTCTCACCTCTAGAACTAACT 3’ and R-5
CCCCTCGAGCATACCAAACTACATATTAGCCCTG 3
SM22a, F-5'" CCGGTACCTAAAAGGCTTTTCCCGGGCC
3’ and R-5' CCCTCGAGGACTGAGAGGGTGGGTTTCC 3';
the vector pGL-3(Promega) was used as a control.

VSMC Proliferation Assays—Cell proliferation was deter-
mined by the growth curves of VSMCs; cell counting was per-
formed as described previously (30). Briefly, VSMCs treated
with VEGF or LIF or AG490 were seeded at a density of 6 X 10°
cells/ml, respectively. Cell numbers were counted with a hemo-
cytometer for the indicated periods. Each count was an average
of three repeats, and each data point in the curve was the aver-
age of four experiments.

Enzyme-linked Immunosorbent Assay (ELISA)—The concen-
tration of VEGF in the conditioned media derived from treated
and untreated cells was measured using human VEGF Quan-
tikine ELISA kit (R&D Systems) according to the manufactu-
rer’s instructions. The experiment was repeated in triplicate.

siRNA Gene Silencing—For functional studies of myocardin
and STAT3, an siRNA-based silencing approach was used.
Customized siRNA myocardin (sense, ACACCGAUUCAGC-
UACCUAJTAT, and antisense, dTdATUGUGGCUAAGUCG-
AUGGAU) and siRNA-STAT3 (sense, AGUCAGGUUGCUG-
GUCAAAATAT, and antisense, dTdTUCAGUCCAAC-
GACCAGUUU) were purchased from RIBOBIO. HA-VSMCs
were transfected using Lipofectamine® 2000 reagent (Life
Technologies, Inc.) according to the manufacturer’s instruc-
tions. Transfected cells were preincubated for 48 h before fur-
ther use. The efficiency of the siRNA-mediated myocardin and
STAT3 knockdown was verified by Western blot.

Reverse Transcription-PCR (RT-PCR) and Quantitative Real
Time RT-PCR—RT-PCR and quantitative RT-PCR analyses
were carried out as described previously (31). Briefly, total cel-
lular RNA was extracted from cultured cells with TRIzol re-
agent (Invitrogen), and 2 ug of total RNA was reverse-
transcribed using Moloney murine leukemia virus reverse tran-
scriptase (Promega) according to the manufacturer’s instruc-
tions. The thermal cycle profile was as follows: denaturation for
30 s at 95 °C, annealing for 45 s at 52-58 °C depending on the
primers used, and extension for 45 s at 72 °C. Each PCR was
carried out for 28 -32 cycles. PCR products were visualized on
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2% agarose gels stained with ethidium bromide under UV
trans-illumination. Quantitative RT-PCR was performed in
Applied Biosystems StepOne™ real time PCR system. Fast
SYBR® Green master mix was obtained from Applied Biosys-
tems. Data were presented as the relative level normalized to
glyceraldehyde-3-phosphate dehydrogenase (GAPDH).

The PCR primer sequences are as follows: GAPDH,
F-5° ATTCAACGGCACAGTCAAGG 3’, and R-5'GCA-
GAAGGGGCGGAGATGA 3'; cyclin D1, F-5' GCGAGGAA-
CAGAAGTGC 3, and R-5" GAGTTGTCGGTGTAGATGC
3’; osteopontin (OPN), F-5° CTGCCAGCAACCGAAGTTT
3’,and R-5" ACCATTCAACTCCTCGCTTTC 3'; PCNA, E-5'
ATGAAATGAAGTTGATGGAT 3’, and R-5" TTGAA-
GAGAGTGGAGTGGCT 3'; ACTA2,F-5' TTGAGAAGAGT-
TACGAGTTG 3', and R-5" AGGACATTGTTAGCATAGAG
3", SM22a, F-5" ACCCACCCTCCATGGTCTTC 3/, and R-5’
CTTATGCTCCTGCGCTTTCT 3'; SMMHC, F-5' AAGAAA-
CACAGACCAGGCGT 3', and R-5° GGGTGAGTATC-
CAGCGGAAA 3'; VEGF, F-5" GAGGGCAGAATCATCAC-
GAA 3/, and R-5 GGCTCCAGGGCATTAGACA 3’
myocardin, F-5' GAACCAAATGAACAGATGGT 3',and R-5’
GGTGTGACAGGAAAAGTGAC3';and STAT3,F-5' GTCA-
GATGCCAAATGC 3, and R-5" ACCAGGTCCCAAGAGT
3.

Western Blotting—Western blotting was performed as
described previously (31). The total proteins of treated and
mock-treated cells were immunoblotted and hybridized with
specific antibodies overnight at 4 °C and then incubated with IR
dye-conjugated secondary antibodies for 30 min at room tem-
perature. The membranes were visualized by Odyssey ™ infra-
red imaging system (Gene Co.). B-Actin expression was used as
an internal control to show equal loading of the protein sam-
ples. The following antibodies were used: rabbit STAT3
(Abcam); rabbit p-STAT3(705) (Abcam); rabbit ACTA2
(Abcam); rabbit SM22a (Abcam); rabbit SMMHC (Abcam);
rabbit cyclin D1 (Abcam); mouse PCNA (Abcam); mouse myo-
cardin (Sigma); goat OPN (Santa Cruz Biotechnology); mouse
ERK1/2 (Santa Cruz Biotechnology); mouse p-ERK1/2 (Santa
Cruz Biotechnology); mouse SRF (Santa Cruz Biotechnology);
and mouse B-actin (Santa Cruz Biotechnology). The following
secondary antibodies were used: Dye™™-800-conjugated anti-
rabbit antibodies; IR Dye™™-680-conjugated anti-mouse anti-
bodies; and IR Dye™-680-conjugated anti-goat antibodies
(Li-COR).

Immunofluoresence Staining—Immunocytochemistry assays
were performed as described previously (31). The cells after
treatment were fixed in 4% paraformaldehyde for 15 min,
blocked with normal goat serum for 20 min at room tempera-
ture, and then incubated with specific antibodies in a humid
chamber overnight. The following antibodies used: rabbit
ACTA2 (Abcam): rabbit SM22« (Abcam); rabbit FLAG (Pro-
teintech); and mouse Myc (Proteintech). After incubating and
washing with PBS twice, the cells were incubated with appro-
priate secondary antibodies (fluorescein isothiocyanate (FITC)
goat anti-rabbit, FITC goat anti-mouse, or TRITC goat anti-
rabbit) for 30 min at 37 °C followed by washing with PBS. The
samples were then visualized using laser scanning confocal
microscope (Olympus).
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Luciferase Reporter Assays—Luciferase assays were per-
formed as described previously (32). 24 hours after transfection,
luciferase activity was measured with Synergy™ 4 (Biotek).
Transfection efficiencies were normalized to the total protein
concentrations in each luciferase assay. Data were collected
based on three or more independent experiments, presented as
the mean = S.D. of triplicates from representative repeats.

ChiP Assay—ChIP analysis was performed using a commer-
cially available kit, enzymatic ChIP (magnetic beads) (Cell Sig-
naling Technology). Proteins bound to DNA were cross-linked
using formaldehyde at a final concentration of 1% for 20 min at
room temperature. Protein-DNA complexes were immunopre-
cipitated using primary antibodies for Myc-myocardin (Pro-
teintech). Myocardin and ACTA-2 or myocardin and SM22«
promoter complexes were measured by PCR. The primers used
for the amplification of the human ACTA2 promoter region
between —3237 and —3122 bp were as follows: ACTA2-GArG,
F-5° ATGGAGCATCCGACAAT 3', and R-5' TATCA-
CAAGGTGGCAAT 3'; human SM22a promoter region
between —132 and +13 bp were as follows: SM22a-GArG, F-5'
TGCTCCAACTTGGTGTCTTTC 3’, and R-5" TGCCGC-
CGTGGTGATGT 3'. The samples were electrophoresed using
a 2% agarose gel and visualized by ethidium bromide staining.

Co-immunoprecipitation—For the co-immunoprecipitation
assay, Myc-myocardin/FLAG-STAT3 or Myc-myocardin/
FLAG-STAT3/SRF (Addgene) were co-transfected into
HEK293 cells with pcDNA3.1 vehicle. The co-immunoprecipi-
tation assay was performed as described previously (33). Briefly,
cells were lysed in lysis buffer (50 mm Tris-HCI, pH 7.8, 137 mm
NaCl, 1 mm EDTA, 0.1% Triton X-100) with protease inhibitor
(Roche Applied Science). The supernatants were collected after
centrifugation and precleared with protein G-agarose for 1 h at
4 °C and then incubated with antibodies as indicated overnight
at4 °C. Normal IgG was used as a negative control. Immunore-
activity and band density were visualized by the Odyssey system
(LI-COR Biosciences, Lincoln, NE), according to the manufa-
cturer’s instructions.

Statistical Analysis—Data were expressed as mean * S.E.
accompanied by the number of independent experiments per-
formed and analyzed by ¢ test. Differences at p < 0.05 were
considered statistically significant.

Results

Activated STAT3 Correlates with VSMC Synthetic Pheno-
type—Previous studies have shown that VEGF is a key regulator
of physiological and pathological angiogenesis, which inhibits
VSMC apoptosis and promotes VSMC proliferation by sup-
pressing the expression of VSMC marker genes (34, 35). Our
data revealed that although the STAT3 mRNA level in HA-
VSMCs was not significantly changed after incubating with 50
ng/ml VEGF for different time periods (12, 24, and 48 h), the
phosphorylated (p)-STAT3 protein expression was signifi-
cantly elevated to 3— 6-fold compared with control levels (Fig. 1,
A and C). The activated STAT3 correlates with the down-reg-
ulation of VSMC-specific genes (including myocardin, SMA,
SMMHC, and SM22a) in either the mRNA or protein levels. It
also enhance the expression of pro-proliferation genes, such as
cyclin D1, OPN, and PCNA, in their mRNA or protein levels
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(Fig. 1, A-D). These observations are consistent with the effects
of VEGF on the VSMC phenotypic switch and proliferation
(34), suggesting that activated STAT3 signaling pathway is pos-
itively correlated with the synthetic VSMC phenotype.

Activated STAT3 Promotes SMC Proliferation—It has been
shown that activated STAT3 can enhance cell proliferation in
other systems (36). We then tested whether inhibiting STAT3
is also able to impair VSMC proliferation. After inhibiting
STAT3 with AG490 in HA-VSMC:s cells, cell proliferation was
evidently reduced compared with controls as shown in Fig. 24.
However, activating STAT3 with LIF enhanced cell prolifera-
tion compared with controls (Fig. 2A). Consistent with
impaired HA-VSMC proliferation, the mRNA levels of the pro-
liferative markers cyclin D1, OPN, and PCNA were all
decreased in HA-VSMCs after treatment with AG490 and
increased after treatment with LIF and VEGF (Fig. 2B). Simi-
larly, the protein level of cyclin D1, OPN, and PCNA was down-
regulated when treated with AG490 and up-regulated when
treated with LIF and VEGF (Fig. 2C). Collectively, these data
indicate that the expression of STAT3 can control the prolifer-
ation of HA-VSMC:s.

STAT3 Suppresses the Expression of VSMC-specific Contract-
ile Protein Genes—To investigate the effect of STAT3 on VSMC
contractile phenotype-specific gene expression, HA-VSMCs
were incubated in growth medium with or without AG490 and
LIF. SMC gene expressions were measured by quantitative RT-

PCR or Western blot (Fig. 3, A and C). After treatment with
AG490 in HA-VSMCs, STAT3-mediated inhibition of the
ACTA2 and SM22a promoters was attenuated based on lucif-
erase assay (Fig. 3G). These results indicate that both VSMC-
specific genes associated with a contractile phenotype (ACTA2
and SM22a) were significantly up-regulated after inhibiting
STAT3 (Fig. 3, A and C). To further confirm the results,
myocardin and myocardin/STAT3 were overexpressed in HA-
VSMC:s cells for 24 h, and then ACTA2 and SM22a were exam-
ined by quantitative PCR, Western blotting, and immunofluo-
rescence staining (Fig. 3, B, D and E). Our data showed that
myocardin remarkably increased the mRNA and protein level
of VSMC contractile phenotype-specific genes (Fig. 3, Band D),
whereas overexpression of STAT3 abrogated the effects of
myocardin on both its up-regulation (Fig. 3, B and D) and acti-
vation of the downstream genes ACTA2 and SM22« (Fig. 3H).
The above data were further confirmed by the siRNA approach,
and the protein levels of VSMC-specific contractile genes
(SM22a and ACTA2) were markedly decreased in HA-VSMCs
when transfected with si-myocardin. Overexpression of
STATS3 further decreased the expression of the VSMC-specific
contractile genes in myocardin-knockdown HA-VSMCs (Fig.
3]). Similarly, the protein levels of the pro-proliferation genes
(cyclin D1, OPN, and PCNA) in HA-VSMCs were decreased
after transfection with si-STAT3 and further decreased with
overexpression of myocardin (Fig. 3]). Taken together, these

FIGURE 1. STAT3 is activated during VSMC phenotypic switch induced by VEGF. T/G HA-VSMCs after serum starvation (DMEM + 0.5% FBS) for 48 h were
stimulated with 50 ng/ml VEGF for the indicated periods (12, 24, and 48 h). A and B, expression of STAT3, myocardin, markers of VSMC proliferation, and
contractile phenotypes were analyzed by quantitative RT-PCR. GAPDH served as an internal control. n = 3. Data are expressed as mean * S.D. (#, p > 0.05; *,
p < 0.05; **, p < 0.01.. Cand D, representative Western blot.

SASBMB

AUGUST 7,2015+«VOLUME 290-NUMBER 32 JOURNAL OF BIOLOGICAL CHEMISTRY 19645



STAT3 and Myocardin Regulate VSMC Phenotypic Switch

data demonstrated that activated STATS3 is a repressor of the
CArG-dependent VSMC contractile phenotype-specific genes

by antagonizing myocardin-mediated activation.

STAT3 Modulates SMC Phenotype through Interaction with
Myocardin-SRF Complex—To address the underlying mecha-
nism on how STAT3 interacts with myocardin to modulate
SMC phenotype, a series of co-immunoprecipitation assays
were performed. Our results showed that STAT3 interacted
specifically with myocardin as evidenced in Fig. 4A4. Immuno-
precipitation of myocardin with anti-Myc pulls down STAT3 as
determined by Western blot with anti-FLAG in HA-VSMCs
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dose-dependent manner (Fig. 4B) as evidenced by the reduced
SRF in the complexes that were pulled down with anti-Myc.
These results demonstrated a direct interaction between myo-
cardin and STAT3. We not only determined the interaction
between myocardin and STAT3 by the co-immunoprecipita-
tion assays, but immunostaining was also performed and dem-
onstrated that STAT3 was co-localized with myocardin in the
nucleus of HA-VSMC:s (Fig. 4C). These results strongly suggest
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FIGURE 4. Interaction between STAT3 and myocardin in vivo. A, HEK293 cells were transfected with pcDNA3.1-myocardin-Myc and/or
pcDNA3.1-STAT3-FLAG expression plasmids. The specificity of binding between STAT3 and myocardin was confirmed by precipitation with Myc antibody
followed by immunoblotting (/B) with anti-FLAG antibody. /P, immunoprecipitation. B, HEK293 cells were transfected with pcDNA-myocardin-Myc and SRF.
pcDNA3.1-STAT3-FLAG expression plasmid was introduced with increased dosage. Total cell lysates were precipitated with Myc antibody followed by immu-
noblotting with anti-SRF antibodies, FLAG, and Myc as indicated. /B, immunoblot. C, after co-transfection with Myc-myocardin and FLAG-STAT3 to T/G
HA-VSMCs for 24 h,immunostaining was used to identify the interaction of myocardin and STAT3. The Tst panel (green) shows STAT3; the 2nd panel (red) shows
myocardin, and the last panel shows double immunostaining for myocardin and STAT3. Nuclei were stained with DAPI (blue). Scale, 50 um.

soum

that myocardin and STAT3 are physically interacted in vivo and
form a complex in HA-VSMCs.

To address the functional relevance of these interactions,
ChIP assays were performed in HA-VSMCs transfected with
myocardin, myocardin/STAT3, or vector. Cross-linked chro-
matin was immunoprecipitated with specific anti-myocardin
antibody or mock-treated control (no antibody). The precipi-
tated chromatin DNA was then purified and amplified by PCR
with specific primers targeting CArG boxes in ACTA2 and
SM22a promoters. As shown in Fig. 5, A and B, compared with

the zero PCR signal in IgG control and the mock-treated con-
trols (No Ab), there were significant PCR signals from the myo-
cardin precipitation, suggesting that myocardin binds to the
CArG boxes of the ACTA2 and SM22a promoter. More impor-
tantly, the ChIP assays showed that overexpression of STAT3 in
HA-VSMCs attenuated the myocardin-driven activation of the
ACTA2 promoter and SM22«a promoter (Fig. 5, A and B).
Taken together, these data indicate that STAT3 interacts with
myocardin to mediate the down-regulation of contractile phe-
notype-specific genes in VSMC and promotes proliferation.

FIGURE 3. STAT3 regulated contractile phenotype-specific gene expression in VSMCs. A, T/G HA-VSMCs were treated with 50 ng/ml VEGF for 48 h or 2
ng/ml LIF for 30 min or 50 wmol/ml AG490 for 24 h, respectively. The expression of VSMC contractile phenotype genes was analyzed by quantitative RT-PCR.
GAPDH served as internal control. n = 3. Data are expressed as mean = S.D. (¥, p < 0.05; **, p < 0.01.) B, T/G HA-VSMCs were co-transfected with myocardin
and/or STAT3 expression plasmids for 24 h and then using quantitative RT-PCR to detect gene expression as indicated. C, T/G HA-VSMCs were treated the same
as described in A. The expression of VSMC contractile phenotype genes was analyzed by Western blotting. B-Actin served as internal control. D, T/G HA-VSMCs
were co-transfected with myocardin and/or STAT3 expression plasmids and then using Western blotting to detect gene expression as indicated. £ and F,
representative image showing ACTA2 or SM22« expression in T/G HA-VSMCs cells co-transfected with myocardin and/or STAT3 expression plasmids for 24 h.
The left panels (green) show anti-ACTA2 or SM22« antibody reactivity to demonstrate gross morphology. The middle panels (blue) show the DAPI staining for
nuclei. The right panels show double immunostaining for ACTA2 or SM22« and nuclei. Scale, 50 wm. G, luciferase reporter for the ACTA2 and SM22« promoter
was transfected into T/G HA-VSMCs for 24 h. Cells were treated the same as described in A. The luciferase activity was measured as described under “Experi-
mental Procedures.” The basal activity of DMSO on ACTA2 and SM22« promoter activity was normalized to 1. Data are expressed as mean = S.D. (*, p < 0.05.)
n = 3. H, luciferase reporter for the ACTA2 and SM22« promoter was co-transfected with myocardin and/or STAT3 expression plasmids in T/G HA-VSMCs, and
the luciferase activity was measured 48 h after transfection as described under “Experimental Procedures.” The basal activity of pcDNA3.1 empty vector on
ACTA2 and SM22« promoter activity was normalized to 1. Data are expressed as mean = S.D. (**, p < 0.01.) n = 3./, T/G HA-VSMCs were transfected with
si-STAT3 for 48 h or overexpression of myocardin in STAT3 knockdown HA-VSMCs for 24 h, respectively. The expression of the pro-proliferation genes was
analyzed by Western blotting. -Actin served as internal control. J, T/G HA-VSMCs were transfected with si-myocardin 48 h or overexpression of STAT3 in
myocardin knockdown HA-VSMCs for 24 h, respectively. The expression of the VSMC contractile phenotype genes was analyzed by Western blotting. B-Actin
served as internal control.
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FIGURE 5. STAT3 attenuates the SRF-dependent transcriptional activa-
tion of CArG box containing contractile VSMC-specific genes. Aand B, T/G
HA-VSMCs were transiently transfected with myocardin, myocardin/STAT3,
or a control vector (pcDNA3.1) for 24 h, and ChIP assays were performed by
PCR with primers targeting ACTA2 and SM22« as described under “Experi-
mental Procedures.” Sheared DNA-protein complexes were immunoprecipi-
tated by using an anti-Myc-myocardin antibody followed by PCR to detect
the endogenous CArG regions. The amount of DNA in each sample (2% input)
is shown in the 2nd lane.Immunoprecipitations without primary antibody (No
Ab) serve as a mock-treated control and IgG as a negative control.

STAT3 and Mpyocardin Can Regulate the Expression of
VEGF—It is a well known fact that VEGF is a crucial regulatory
molecule during angiogenesis (37, 38), which regulates the key
steps of the angiogenic process, particularly cell proliferation
and migration (39, 40). Previous studies demonstrated that
VEGF-mediated STATS3 activation inhibits retinal vasculariza-
tion by down-regulating local erythropoietin expression (24).
STATS3 is activated upon VEGF stimulation of endothelial cells
(EC) in vitro and in vivo by a VEGFR2 and Src-dependent
mechanism, and this activation mediates BCL2 induction (29).

Recent studies reported that VEGF is directly regulated by
constitutive STAT3 activity, which is associated with meningi-
oma differentiation (41). STAT3 has an important role during
the occurrence and development of human meningioma by
regulating VEGF expression (41). In addition, STAT3 has been
implicated as being a central regulator of tumor progression
through its transcriptional up-regulation of VEGF, MCL-1, and
survivin, among others (25). TNF-activated STAT3 was
involved in regulating MSC production of VEGF, and ablation
of the STAT3 gene partly blocked TNF-stimulated release of
VEGF (42). Our results also show that VEGF production in
HA-VSMCs is mediated by STAT3 (Fig. 6E), and overexpres-
sion of STAT3 can promote the transcriptional activation and
expression of VEGF (Fig. 6, C and D). So VEGF-STAT3-VEGF
forms a positive feedback regulation to regulate smooth muscle
phenotype conversion.

In this study, we found that VEGF can weaken myocardin-
driven activation of the ACTA2 promoter and SM22« pro-
moter in HA-VSMCs (Fig. 6A). VEGF can also increase phos-
pho-ERK and stimulate the ERK1/2 signaling pathway (43, 44).
A recent study reported that a single treatment of VEGF acti-
vated ERK1/2 and AKT signaling pathways in the adult rat hip-
pocampus and in cultured hippocampal neuronal progenitor
cells (45). Consistent with these observations, our results

19648 JOURNAL OF BIOLOGICAL CHEMISTRY

showed that VEGF could phosphorylate ERK1/2 to activate it in
HA-VSMC:s (Fig. 6B). It has been shown that phosphorylation
of myocardin by ERK1/2 reduced its induction of the transcrip-
tion of smooth muscle genes (19). Therefore, the negative reg-
ulation of myocardin by VEGF appears to be mediated by
ERK1/2. Interestingly, results in this study also showed that
myocardin promoted the transcription activation and expres-
sion of VEGF in a dose-dependent manner in HA-VSMCs (Fig.
6, C-E). Thus, VEGF-ERK1/2-myocardin-VEGF forms a nega-
tive feedback loop regulating smooth muscle phenotype
conversion.

In summary, the above studies support a functional positive
role of the JAK-STAT3 pathway in coordinating a VSMC pro-
liferative phenotype switch upon VEGF activation, which is
through direct interaction with myocardin. Most importantly,
this study reveals feedback loops between VEGF and myocar-
din or STAT3 (Fig. 7).

Discussion

Previous studies demonstrated that the Janus kinase (JAK)/
STAT signaling pathway plays a significant role in various phys-
iological processes, including immune function, cell growth,
differentiation, and hematopoiesis (46). Besides being activated
by a cytokine or interferon, JAK/STAT signaling can be trig-
gered by hypoxia and reactive oxygen species. Downstream
effects include regulation of angiogenic genes such as VEGF
and hypoxia inducible factor-1 (47). Recent studies reported
that the downstream targets of STAT3 are important in pre-
venting apoptosis and enhancing invasion (BCLxI and cyclin
D1) as well as promoting metastasis and angiogenesis (VEGF)
(48). Previous studies showed that VEGF could activate
VEGFR? in cultured EC, which rapidly induce the associated
molecules SRC and STAT3. STAT3 is phosphorylated by a
VEGFR2 and SRC-dependent mechanism. Therefore, VEGF is
a primary activator of endothelial STAT3 (29). It was also
reported that VEGF induced STAT3 phosphorylation and
nuclear localization in MS1, human umbilical vein endothelial
cells, and rat Miiller cells (24, 29). In contrast, VEGF could also
be regulated by constitutive STAT3 activity, which was
observed during the development and differentiation of human
meningioma (41). VEGF released in MSCs under normoxia was
associated with constitutive STAT3 activity as well, where
STATS3 deficiency led to the decreased production of VEGF in
MSCs (42). Recently, it was reported that activated STAT3
mediates VEGF’s induction of EC BCL2 and contributes to the
protection of EC from apoptosis (29). Phospho-STAT3 induces
overexpression of VEGF, which is decreased during angiogen-
esis by inhibition with antagonists of VEGF-VEGER signaling
(29). Our results also show that VEGF production in
HA-VSMCs is mediated by STAT3 (Fig. 6E), and overexpres-
sion of STAT3 can promote the transcriptional activation and
expression of VEGF (Fig. 6, C and D). So VEGF-STAT3-VEGF
forms a positive feedback loop to regulate smooth muscle phe-
notype conversion.

VEGF is the key regulator of physiological and pathological
angiogenesis (49). VEGF activates signaling in ECs after binding
cognate receptors on the cell surface. Its two best characterized
receptors are the tyrosine kinases, VEGF receptor 1 (VEGFR1)
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FIGURE 7. Proposed model on how STAT3 and myocardin regulate VSMC
phenotypicswitch stimulated by VEGF.VEGF activates STAT3 viaphosphor-
ylation. The activated STAT3 then suppresses myocardin activity, which
results in reduced expression of contractile genes through an as yet unde-
fined mechanism and increased proliferation markers in the VSMCs. Both
myocardin and STAT3 can enhance the expression of VEGF, thus creating a
feedback loop to regulate VSMC phenotypic switch.

and VEGF receptor 2 (VEGFR2) (29). VEGFR?2 signaling acti-
vates a variety of downstream mediators in ECs, including SRC,
RAS, and members of the PI3K-AKT and RAF MEK-ERK path-
ways (46) and is responsible for many of the characteristic
effects of VEGF on EC, including cell proliferation, survival,
chemotaxis, and increased vascular permeability (50-53). In
vitro cultured ECs revealed a role for SRF in VEGF-mediated
angiogenesis, actin polymerization, and EC migration (54). The
effects of VEGF on SRF activity have been suggested to require
both MAPK/ERK and RhoA signaling. In vivo EC SRF loss-of-
function studies have only been performed during embryogen-
esis so far (55). The genes encoding VEGF-R2 (Kdr; also known
as Vegfr2 or Flk1) and VE-cadherin (Cdh5), among others, were
identified as SRF target genes that could be stimulated upon
VEGF signaling (55). VEGF-induced myocardin-related tran-
scription factor translocation from the cytoplasm to the
nucleus activates the expression of SRF target genes with cyto-
skeletal functions in ECs, which is essential for motile activities
of tip cells to ensure appropriate vascularization of the postna-
tal retina (56).

The cellular mechanisms that drive SMC plasticity (e.g. the
switch between contractile and synthetic phenotypes) are par-
tially dependent on myocardin interaction with SRF (7). Myo-
cardin binds CArG boxes to regulate growth-responsive genes
such as c-fos and multiple SMC marker genes (57). Differenti-
ated SMCs express a number of proteins that are part of the
cytoskeleton and/or are believed to be involved in the regula-
tion of contraction such as CNNI, SM22/TAGLN, SMA/
ACTA2, and MYH11 (8-13). It is known that the phenotypic

switch is caused by coordinated repression/activation of SMC-
specific genes, such as SMA, SM22«, and SM-MHC. However,
the mechanisms that regulate this process are not well under-
stood. We speculate that myocardin-mediated induction of
SMC genes plays an important role in switching vascular SM
precursor cells from a “synthetic” to a “contractile” state during
vascular injury and repair.

Myocardin activity is also regulated by post-translational
modifications, such as phosphorylating myocardin at four sites
(Ser-812, Ser-859, Ser-866, and Thr-893) in its transcriptional
activation domain. Phosphorylation of myocardin by ERK1/2
reduces its induction of SM gene transcription (19). Myocardin,
when phosphorylated by GSK-38, can be ubiquitinated by the
C terminus of ChIP, a cytosolic E3 ligase, resulting in protea-
somal degradation and reduction of myocardin transcriptional
activity (20). In addition, ERK1/2 signaling is activated via
VEGF and plays a role in cell death by oxygen glucose depriva-
tion (44). A single treatment of VEGF activated ERK1/2 and
AKT signaling pathways in the adult rat hippocampus and in
cultured hippocampal neuronal progenitor cells (45). VEGF
increases phospho-ERK and phospho-AKT in phrenic motor
neurons. VEGFA-165 increased phosphorylation of signaling
molecules downstream from VEGFR-2 within the phrenic
motor nucleus, including ERK (43). ERK can phosphorylate and
activate HIF-1a thereby increasing VEGF expression (58). Con-
sistent with the above findings, our results showed that VEGF
could phosphorylate ERK1/2 to activate ERK1/2 in HA-VSMCs
(Fig. 6B). By ERK1/2 phosphorylation that attenuates myocar-
din transcriptional activity, VEGF weakens the myocardin-
driven activation of the ACTA2 promoter and SM22« pro-
moter in HA-VSMCs. Interestingly, in this study we revealed
that myocardin also promotes the transcriptional activation,
and expression of VEGF and VEGF-ERK1/2-myocardin-VEGF
forms a negative feedback loop regulating smooth muscle phe-
notype conversion.

In summary, VSMC phenotypic switch from contractile to
synthetic upon VEGF stimuli is related to STAT3’s controlling
of myocardin activity, which regulates VSMC contractile gene
expression and, through an as yet undefined mechanism,
increased proliferation markers. The interaction between myo-
cardin and STATS3 is likely to be a primary and essential com-
ponent to regulate VSMC proliferation by facilitating the phe-
notypic switch from contractile to synthetic phenotypes.
Collectively, the present findings provide new insight into the
molecular mechanism of smooth muscle phenotype conver-
sion. These data suggest that STAT3 and myocardin might be
novel targets for both the diagnosis and treatment of human
vascular diseases.

FIGURE 6. STAT3 and myocardin regulated the expression and activity of VEGF. A, luciferase reporter for the ACTA2 and SM22« promoter and myocardin
was transfected into T/G HA-VSMCs for 24 h. Cells were treated with 50 ng/ml VEGF 48 h, and the luciferase activity was measured as described under
“Experimental Procedures.” The basal activity of DMSO on ACTA2 and SM22a promoter activity was normalized to 1. Data are expressed as mean = S.D. (¥, p <
0.05.) n = 3. B, T/G HA-VSMCs were treated with different concentrations (25, 50, and 100 ng/ml) of VEGF for 48 h and then used Western blotting to detect
ERK1/2 and the phosphorylation of ERK1/2. C, T/G HA-VSMCs were transfected with different concentrations of myocardin (100, 200, 300, 400, and 500 ng) and
STAT3 (100, 200, 300, 400, and 500 ng) for 24 h. The expression of VEGF was analyzed by quantitative RT-PCR. GAPDH served as internal control. n = 3. Data are
expressed as mean * S.D. (¥, p < 0.05.) D, luciferase reporter for the VEGF promoter and myocardin or STAT3 was transfected into T/G HA-VSMCs for 24 h, and
the luciferase activity was measured as described under “Experimental Procedures.” The basal activity of DMSO on VEGF promoter activity was normalized to
1. Data are expressed as mean = S.D. (¥, p < 0.05; **, p < 0.01.) n = 3. £, T/G HA-VSMCs were transfected with different concentrations of myocardin (100, 200,
300, 400, and 500 ng) and STAT3 (100, 200, 300, 400, and 500 ng) for 24 h. The concentration of VEGF was measured using human VEGF Quantikine ELISA k it
(R&D Systems) according to the manufacturer’s instructions. (#, p > 0.05; ¥, p < 0.05.)
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