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Background: MEF2C is essential for vascular smooth muscle development, yet the signaling pathways that regulate its
function in this cell type remain largely unknown.
Results:We identify a novel regulator of MEF2C in vascular smooth muscle, called CPI-17.
Conclusion:Our data identify a genetic pathway involving CPI-17, MEF2C, and myocardin.
Significance: These findings have important ramifications during vascular development and for stem cell programming.

Differentiation of vascular smooth muscle cells (VSMC) is a
fundamental aspect of normal development and vascular dis-
ease. During contraction, VSMCs modulate calcium sensitivity
through RhoA/ROCK-mediated inhibition of the myosin light
chain phosphatase complex (MLCP). Previous studies have
demonstrated that this signaling pathway functions in parallel
to increase the expression of smooth muscle genes through the
myocardin-family of co-activators. MEF2C fulfills a critical role
in VSMC differentiation and regulates myocardin expression,
leading us to investigate whether the RhoA/ROCK signaling
cascade might regulate MEF2 activity. Depolarization-induced
calcium signaling increased the expression ofmyocardin, which
was sensitive to ROCK and p38 MAPK inhibition. We previ-
ously identified protein phosphatase 1� (PP1�), a known cata-
lytic subunit of the MLCP in VSMCs, as a potent repressor of
MEF2 activity. PP1� inhibition resulted in increased expression
of myocardin, while ectopic expression of PP1� inhibited the
induction of myocardin by MEF2C. Consistent with these data,
shRNA-mediated suppression of a PP1� inhibitor, CPI-17,
reduced myocardin expression and inhibited VSMC differenti-
ation, suggesting a pivotal role for CPI-17 in regulating MEF2
activity. These data constitute evidence of a novel signaling cas-
cade that links RhoA-mediated calcium sensitivity toMEF2-de-
pendentmyocardin expression inVSMCs through amechanism
involving p38 MAPK, PP1�, and CPI-17.

During development, vascular smooth muscle cells
(VSMCs)3 migrate to primitive endothelial tubes while simul-
taneously executing a program of differentiation to contribute

to the vascular architecture (1). Upon incorporation into the
vasculature, VSMCs become quiescent and primarily regulate
vascular tone (2). However, unlike terminally differentiated
striated muscle cell types, VSMCs retain a capacity, referred to
as the activated or synthetic phenotype, to proliferate postna-
tally in response to vascular injury. This activated phenotype is
of particular clinical interest, since it plays an important role in
most stenotic vascular diseases described to date (3). The
MADS-box (MCM-1, Agamous, Deficiens, Serum Response
Factor) transcriptional regulators, serum response factor (SRF)
andmyocyte enhancer factor 2 (MEF2) play critical roles in the
phenotypic modulation of VSMCs, as these transcription fac-
tors are known to regulate both immediate early genes involved
in proliferation and migration, and, somewhat paradoxically,
smooth muscle marker genes involved in the contractile phe-
notype (4–6). The cellular signals that direct SRF to these dis-
tinct sets of genes have been intensively studied, where SRF
physically interacts with the myocardin family of co-activators
in contractile VSMCs to induce smooth muscle marker gene
expression (7). However, in response to proliferative growth
factor stimulation, myocardin is displaced from SRF, in favor of
an Elk-1 interaction, to target immediate early gene expression,
such as c-fos (8). Recently, calcium signaling induced by depo-
larization has been shown to increase the expression of both
SRF-dependent immediate early genes and smooth muscle
marker genes (9). Interestingly, the induction of c-fos in this
model was prevented by calcium/calmodulin-dependent
kinase (CaMK) inhibition, and the induction of VSMC marker
genes was attenuated by RhoA-associated kinase (ROCK) inhi-
bition (9). These results suggest that distinct calcium-mediated
signaling pathways regulate these seemingly opposing SRF-de-
pendent genes.
Much less is known regarding the regulation of MEF2-de-

pendent gene expression in VSMCs. Like SRF, MEF2 regulates
the expression of immediate early genes, such as c-jun, and
recent studies have suggested that c-jun expression in VSMCs
is CaMK-dependent (6). However,MEF2Chas also been shown
to be genetically upstream of myocardin and of critical impor-
tance to VSMC differentiation (5, 10). Yet, the signaling path-
ways that regulate MEF2-dependent myocardin expression in
VSMCs remain unknown; however, recent studies suggest that
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RhoA signalingmay be involved (11, 12).We recently identified
protein phosphatase 1� (PP1�) as a potent trans-dominant
repressor of MEF2 activity (13). Interestingly, in VSMCs PP1�
serves as the catalytic subunit of the myosin light chain phos-
phatase complex (MLCP) and is regulated by RhoA signaling to
control calcium sensitivity during contraction (14). In addition,
signals emanating from RhoA in VSMCs have been previously
shown to activate p38 MAP kinase (MAPK) signaling (15), a
known activator of MEF2 transcriptional activity in multiple
cell types (16–18). In this report we document for the first time,
a novel signaling pathway in VSMCs that links RhoA-mediated
regulation of calcium sensitivity to MEF2-dependent expres-
sion of myocardin. This pathway involves the de-repression of
MEF2 from PP1� inhibition by a two-step mechanism involv-
ing p38 MAPK and ROCK-mediated activation of the PP1�
inhibitor, CPI-17 (PKC-potentiated protein phosphatase inhib-
itor of 17 kDa). Thus, this is the first report to identify a domi-
nant signaling cascade that regulates myocardin expression in
VSMCs, which may prove critical to our understanding of vas-
cular development and stenotic vascular disease.

EXPERIMENTAL PROCEDURES

Plasmids—MEF2, PP1�, p38MAPK (p38MAPK),MKK6EE,
and luciferase constructs were described previously (6, 13). The
RhoA L63 and C3 transferase expression vectors were kindly
provided by A. Hall, while the CPI-17 expression vector was a
generous gift from A. Aitken. The activated ROCK and PKN
constructs were generous gifts from M. Scheid and Y. Ono,
respectively. Thr-38 mutations in CPI-17 were generated by
site-directly mutagenesis. The shRNAs targeting MEF2C and
CPI-17 were generated by ligating annealed oligonucleotides
into the pSilencer 3.0 H1 vector, per the manufacturer’s
instructions, where the target sequence for theMEF2C 3�-UTR
was 5�-AACAGAAATGCTGAGATACGC-3� and the target
sequence for CPI-17 was 5�-AAAGCCCAGATTGTT-
TCTAAG-3�.
Primary VSMC and Immortalized Cell Cultures—Primary

rat aortic smooth muscle cells were isolated by enzymatic cell
dispersion, as described in Hou et al. (19). Rat A10 myoblasts
(ATCC; CRL-1476) were maintained in growth media consis-
ting of 10% fetal bovine serum (FBS). Quiescence was obtained
by re-feeding the cells with serum-free DMEM overnight.
C3H10T1/2 mouse embryonic fibroblasts (ATCC; CCL-226)
and COS7 cells were maintained in standard DMEM with 10%
FBS.
shRNA Transfections—The shRNAs targeting MEF2C, CPI-

17, or a nonspecific scrambled control, were transfected into
A10 cells with Lipofectamine reagent (Invitrogen) according to
the manufacturer’s protocol. Transfected cells were enriched
by puromycin selection (0.5 �g/ml) for 3 days prior to harvest-
ing for protein extracts.
Luciferase and �-Galactosidase Assays—Transient transfec-

tions of A10, C3H10T1/2 and COS7 cells were performed by a
modified calcium phosphate-DNA precipitation with pCMV-
�-galactosidase serving as an internal control for transfection
efficiency. Luciferase and �-galactosidase activityies were
measured as described previously (6).

Immunoblot Analysis—Protein extractions were achieved
using an Nonidet P-40 lysis buffer described previously (13).
Protein concentrations were determined by Bradford assay,
and 15�gwere resolved using SDS-PAGE and transferred to an
Immobilon-P membrane (Millipore, Inc.). Immunoblotting
was carried out using appropriate primary antibody in 5% pow-
dered milk in PBS. Appropriate horseradish peroxidase-conju-
gated secondary antibody (Bio-Rad, 1:2000) was used in com-
bination with chemiluminescence to visualize bands. Primary
antibodies included, rabbit myocardin (Santa Cruz Biotechnol-
ogy), c-Jun and c-Fos (Santa Cruz Biotechnology), p38 and
p-p38 MAPK (NEB), and CPI-17 and p-CPI-17 (Santa Cruz
Biotechnology), and smooth muscle �-actin (Sigma).
Co-immunoprecipitation—COS7 cells were transfected

using calcium phosphate method and protein extracts were
harvested, as described above. Immunoprecipitation was per-
formedusing the ExactaCruz kit (SantaCruzBiotechnology), as
per manufacturer’s instructions. Elusions were analyzed by
immunoblot, as described above.
Immunofluorescence—Primary VSMCs were fixed in 4%

paraformaldehyde, permeabilized in ice-cold methanol, and
incubated with a primary smooth muscle �-actin antibody
(Sigma), CPI-17 antibody (Santa Cruz Biotechnology) with
FITC- andTRITC-conjugated secondary antibodies. Cells were
visualized using fluorescence microscopy.
Quantitative RT-PCR—Total RNA was isolated from pri-

mary VSMCs using a Cell-to-cDNA kit (Ambion), and quanti-
tative PCR was performed using SYBR green (Applied Biosys-
tems), and analyzed using the ��CT method, as described
previously (6).

RESULTS

Depolarization Enhances MEF2-dependent Gene Expression
through Distinct Calcium-mediated Signaling Pathways in
VSMCs—To determine the effect of depolarization-induced
calcium signaling on VSMC marker gene expression, cultured
VSMCs were treated with 60mM potassium chloride (KCl) and
nifedipine, an L-type calcium channel blocker. Depolarization,
in both primary cultures and the A10 VSMC cell line, resulted
in a nifedipine-sensitive increase in the expression of myocar-
din, the MEF2-dependent immediate early gene, c-jun; as well
as SRF-dependent genes (Fig. 1). In addition, the induction of
myocardin and c-Jun was found to be dependent on the MEF2
cis elements found within the proximal promoter regions of
these genes (Fig. 1, B andD). Endothelin-1 (ET-1) has also been
implicated in regulating calcium sensitivity in VSMCs during
contraction through RhoA-dependent signaling, and our evi-
dence suggests that ET-1 induces myocardin expression
through the MEF2 cis element in a manner similar to depolar-
ization (Fig. 1E) (20). Finally, to evaluate whetherMEF2C could
activate endogenousmyocardin expression,we transfectedA10
cells with MEF2C and observed an increase in myocardin
expression determined by qPCR (Fig. 1F).
To dissect the calcium-dependent signaling pathways

responsible for the induction of MEF2-dependent smooth
muscle genes at the protein level, we utilizedwell-characterized
pharmacological inhibitors in our culture model, after testing
the specificity of myocardin antibodies to detect exogenous
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myocardin in COS7 cells (Fig. 2A). Interestingly, the depolar-
ization-induced expression of c-Jun was attenuated by the
CaMK inhibitor, KN-62; whereas, myocardin expression was
not attenuated by this inhibitor (Fig. 2B). We have previously
demonstrated that c-Jun expression in VSMCs is regulated by a
MEF2-HDAC4 repressor complex (6). Consistent with our pre-
vious results, the c-jun promoter was repressed by ectopic
expression of HDAC4; however, we now demonstrate that this
repression can be counteracted by co-expression of an acti-
vated CaMKII�. Surprisingly, the HDAC4 repression of c-jun
could not be overcome by other CaMKs, such as CaMKI or
CaMKIV (Fig. 2C). In addition, depolarization resulted in a
reduced nuclear content of HDAC4, suggesting that CaMKII
promotes nuclear export ofHDAC4 to de-repress c-jun expres-
sion (not shown).
Intriguingly, depolarization-induced expression of myocar-

din was attenuated by the p38 MAPK inhibitor, SB203580;
whereas, the induction of c-Jun is unaffected by this inhibitor
(Fig. 2D). In addition, depolarization resulted in a nifedipine-
sensitive increase in p38 MAPK activity, as indicated by an
increase in phosphorylated p38 MAPK in response to KCl
treatment (Fig. 2E). These results, and the work of others, indi-

cate that distinct calcium-mediated signaling pathways regu-
late c-Jun andmyocardin expression in VSMCs (Fig. 2F). Inter-
estingly, the ROCK inhibitor, Y27632, could attenuate both
myocardin and c-Jun expression induced by depolarization,
which indicates some degree of cross-talk between these two
pathways.
To further evaluate the role of RhoA/ROCK signaling in the

regulation of myocardin expression, we utilized a myocardin-
enhancer reporter gene that contains a MEF2 cis element
(MyE). As shown in Fig. 2H, the ROCK inhibitor, Y27632,
inhibited the myocardin enhancer, but not when the MEF2 cis
element was mutated such that MEF2 can no longer bind (5).
Additionally, the induction of this reporter-gene by MEF2C
was prevented by co-expression of C3, a RhoA inhibitor (not
shown). Congruently, forced expression ofMEF2C and an acti-
vated RhoA (RhoA L63) cooperatively activate the myocardin
enhancer, but again not when theMEF2 cis element is mutated
(Fig. 2G).
To evaluate the necessity of MEF2C for myocardin expres-

sion and VSMC differentiation, we engineered a short-hairpin
RNA to reduce MEF2C expression (shMEF2C). As shown in
Fig. 2I, the shMEF2C reduced endogenous MEF2C expression

FIGURE 1. Depolarization-induced expression of MEF2-target genes in VSMCs. A, primary VSMCs were depolarized with 60 mM KCl, following pretreatment
with 1 �M of nifedipine (Nif), as indicated. Myocardin expression was evaluated by qPCR, corrected for GAPDH using the ��CT method. B, A10 cells were
transfected with a myocardin-enhancer reporter gene (MyE-luc) or with a reporter gene with the MEF2 cis element mutated (MyE-mut). Following recovery, cell
were depolarized with 60 mM KCl and subjected to luciferase assay. C, quiescent A10 cells were treated with 60 mM KCl following a 15 min treatment of 5 �M

Nifedipine (L-type calcium channel blocker). Immunoblotting was performed on protein extracts using c-Jun, c-Fos, and actin antibodies, and RT-PCR was
performed on total RNA for c-Jun and SM22 and GAPDH. D, A10 cells were transfected with the c-jun promoter (c-Jun-luc) or with a reporter gene with the MEF2
cis element mutated (c-Jun mut). Following recovery, cells were depolarized with 60 mM KCl and subjected to luciferase assay. E, A10 cells were transfected with
the myocardin enhancer and smooth muscle �-actin promoter, as indicated. Cells were treated overnight with endothelin-1 (10 nM), and extracts were
subjected to luciferase assay. F, A10 cells were transfected with MEF2C (as indicated). Myocardin expression was evaluated by qPCR and corrected for GAPDH
using the ��CT method. Error bars indicate S.E.

RhoA Activates MEF2C through CPI-17

MARCH 9, 2012 • VOLUME 287 • NUMBER 11 JOURNAL OF BIOLOGICAL CHEMISTRY 8363

 at Y
ork U

niversity - O
C

U
L, on July 3, 2012

w
w

w
.jbc.org

D
ow

nloaded from
 

http://www.jbc.org/


RhoA Activates MEF2C through CPI-17

8364 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 287 • NUMBER 11 • MARCH 9, 2012

 at Y
ork U

niversity - O
C

U
L, on July 3, 2012

w
w

w
.jbc.org

D
ow

nloaded from
 

http://www.jbc.org/


in cultured A10 cells, which resulted in a corresponding reduc-
tion in the expression of myocardin and its down-stream
VSMC target gene, smooth muscle �-actin (SMA). Further-
more, the shMEF2C-mediated reduction in myocardin expres-
sion and VSMC differentiation could be overcome by ectopic
expression of human MEF2C, which is not suppressed by the
shRNA, validating the specificity of the shMEF2C effect.
Finally, the reduction in SMA induced by the shMEF2C could
be by-passed by exogenous expression of myocardin (Fig. 2I).
These results are consistent with our hypothesis that MEF2C
regulates VSMC differentiation through myocardin (5), yet to
our knowledge, this is the first report to evaluate this notion
through both gain- and loss-of-function experiments. Collec-
tively, these data indicate that the RhoA/ROCK signaling path-
way provides an important activating stimulus forMEF2C-me-
diated induction of myocardin expression in VSMCs.
PP1�RegulatesMEF2-dependentGene Expression inVSMCs—

We have recently identified PP1� as a dominant repressor of
MEF2 transcriptional activity (13). In smooth muscle, PP1� is
the catalytic subunit of the myosin light chain phosphatase
complex (MLCP) (21). Exogenous expression of PP1� inhibits
endogenous myocardin expression and powerfully attenuates
the induction of myocardin by ectopic expression of activated
RhoA in cultured A10 cells (Fig. 3, A and B). In addition, exog-
enous expression of PP1� completely prevented the induction
of endogenousmyocardin expression byMEF2C (Fig. 3D). Fur-
thermore, we utilized the PP1� inhibitor, calyculin A, to
address the role of PP1� in MEF2-dependent gene expression
in VSMCs. Calyculin A treatment increased the expression of
both myocardin and c-Jun (Fig. 3C). Thus, ROCK regulation of
PP1� might be an important mechanism for the attenuated
expression ofmyocardin and c-Junwith Y27632 treatment (Fig.
2D). MEF2C has previously been shown to interact with the
bHLH transcription factors of the Hand (heart and neural crest
derived) family (22). In addition, genetic ablation of MEF2C,
dHand (Hand2), and myocardin all result in some degree of
neural crest-derived vascular defect (23–25). Therefore, we
chose to evaluate whether PP1� could inhibit a functional
cooperation between MEF2C and dHand. As shown in Fig. 3E,
MEF2C and dHand cooperatively activated the myocardin
enhancer, yet exogenous expression of PP1� attenuated this
effect. To evaluate whether PP1� could block smooth muscle
gene expression directly (i.e. downstream of MEF2C), we uti-
lized a SM22-dependent reporter gene. As shown in Fig. 3, F
and G, forced expression of PP1� could not overcome the
induction of this promoter by myocardin or Smad3. These
results indicate that PP1� regulates smooth muscle gene

expression throughMEF2C and not through genetically down-
stream transcription factors, such as SRF.
To further evaluate the role of PP1� in c-Jun expression, we

performed a titration of calyculin A in A10 cells and observed
an increase in phosphorylated c-Jun at higher concentrations of
calyculin A (Fig. 3H). Previous studies in lung epithelial cells
have shown that calyculin A can activate JNK signaling to
induce c-Jun phosphorylation (26). This appears to be consis-
tent in VSMCs, as phosphorylation of c-Jun by calyculin A
treatment is attenuated by pre-treatment with the JNK inhibi-
tor, SP600125 (Fig. 3I). In addition, our previous work has
shown that PP1� helps recruit HDAC4 to MEF2 proteins, and
that HDAC4 acts to repress c-Jun expression, but not myocar-
din expression, in VSMCs (6, 13). Thus, it appears that PP1�
acts to repress c-Jun expression, in part, by inactivating JNK
activity and recruiting HDAC4 to MEF2 proteins; however,
myocardin expression appears to be regulated in a different
manner.
CPI-17 Rescues MEF2 Repression by PP1�—Next, we evalu-

ated whether exogenous expression of activated p38 MAPK or
RhoAmight be able to overcome PP1� repression ofMEF2C to
induce myocardin expression. However, as shown in Fig. 4A,
once repressed by PP1�, MEF2C is unresponsive to activated
MKK6/p38MAPKor RhoA signaling in COS7 cells. In VSMCs,
the MLCP is regulated by a smooth muscle-enriched phospha-
tase inhibitor called CPI-17, which is not expressed in COS7
cells (not shown). Consistent with previously published struc-
tural data, Fig. 4C demonstrates that CPI-17 physically inter-
acts with PP1�, evaluated by co-immunoprecipitation, which
leads to inhibition of phosphatase activity (27). In addition to
being potentiated by PKC, CPI-17 has also been shown to be
activated by ROCK and PKN (28, 29). Therefore, we deter-
mined if exogenous expression of CPI-17 in COS7 cells could
inhibit PP1� repression of MEF2 activity. As shown in Fig. 4B,
CPI-17 can antagonize PP1� repression of the myocardin
enhancer and restore the activation induced by MEF2C. In
addition, Fig. 4D demonstrates that CPI-17 can compete away
the physical interaction between MEF2C and PP1�, deter-
mined by co-immunoprecipitation. To indicate whether
CPI-17 could perform a nuclear role in transcriptional regula-
tion, we investigated the cellular localization of CPI-17 by
immunofluorescence microscopy in primary VSMCs (Fig. 4E).
Given that previous studies have defined a role for CPI-17 in
regulating calcium sensitivity, we anticipated an abundance of
CPI-17 to co-localize with the actin cytoskeleton. Surprisingly,
much of the cellular CPI-17 was confined to the nuclear com-
partment inVSMCs, suggesting a potentially important role for

FIGURE 2. Distinct calcium-mediated signaling pathways regulate myocardin and c-Jun expression in VSMCs. A, COS7 cells were transfected with
Myocardin-856 and subjected to immunoblotting with myocardin antibody (SC-33766, Santa Cruz Biotechnology). B, A10 cells were treated with 60 mM KCl for
2 h following 15 min pretreatment with 5 �M KN-62 (CaM kinase inhibitor) or DMSO as a vehicle control. Protein extracts were immunoblotted with c-Jun,
myocardin, and actin antibodies. C, A10 cells were transfected with a c-jun reporter-gene (c-Jun-luc), MEF2A, HDAC4, and activated CaMKI, CaMKII or CaMKIV,
as indicated. D, A10 cells were pretreated with either Y27632 (Y27, 5 �M) or SB203580 (SB, 5 �M), or DMSO as a vehicle control for 15 min, then depolarized for
two hours. Extracts were subjected to immunoblotting as indicated. E, A10 cells were pretreated with nifedipine, depolarized, and subjected to immunoblot-
ting. F, model of the distinct signaling pathways that regulate MEF2-dependent myocardin and c-jun expression in VSMCs. G, A10 cells were transfected with
MyE or the enhancer with the MEF2 site mutated (MyE mut) along with a MEF2C, and/or an active RhoA (RhoA L63) expression vectors. Extracts were subjected
to luciferase assays. H, A10 cells were transfected as described in G, treated with Y27632 (Y27, 5 �M), and harvested for luciferase assay. I, cells were transfected
with a plasmid encoding a short-hairpin RNA targeting MEF2C (shMEF2C), and expression vectors for human MEF2C or myocardin, as indicated. Cultures were
enriched for expression of the shRNA by puromycin selection, and extracts were subjected to immunoblotting. Error bars indicate S.E.
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CPI-17 in the nucleus. These results were confirmed biochem-
ically using nuclear and cytosolic fractionation, which demon-
strated that CPI-17 is expressed in both the nuclear and cyto-
solic compartments (Fig. 4F).
CPI-17 is activated by phosphorylation at Thr-38, and struc-

tural analysis predicts that phospho-Thr-38 serves to anchor
the interaction with PP1�, resulting in maximal phosphatase
inhibition (30, 31). Therefore, we utilized a Thr-38 phospho-
specific antibody to evaluate the role of RhoA-dependent sig-
naling onCPI-17 phosphorylation. As shown in Fig. 5A, expres-
sion of activated RhoA, ROCKII, and PKN, increased Thr38
phosphorylation of CPI-17 in A10 cells. Furthermore, these
kinases also increased the expression of total CPI-17, which is
consistent with a recent report that demonstrated CPI-17
expression was regulated in a manner similar to other smooth

muscle marker genes (32). Next, we introduced both a neutral-
izing alanine mutation (T38A), and a phospho-mimetic gluta-
mate mutation (T38E) at the Thr-38 residue to determine
whether this site could regulateMEF2 activity. As shown in Fig.
5B, the T38E mutation was equally as effective as the wild-type
CPI-17 at disrupting the MEF2C-PP1� interaction. However,
as predicted, the T38Amutation was less efficient at disrupting
the PP1� interaction with MEF2C indicating that phosphory-
lation of CPI-17 is necessary for MEF2 de-repression.
Finally, to evaluate the endogenous role of CPI-17 inmyocar-

din expression, we engineered a short-hairpin RNA to reduce
CPI-17 expression (shCPI-17). Shown in Fig. 5C, shCPI-17
attenuated the induction of myocardin by activated RhoA,
determined by qPCR. Furthermore, shown in Fig. 5D, the
shCPI-17 reduced endogenous CPI-17 expression and attenu-

FIGURE 3. Myocardin expression is opposed by PP1�. A, A10 cells were transfected with HA-PP1� (PP1) and activated myc-RhoA (Myc-RhoA L63) using
Lipofectamine reagent and puromycin-selected overnight. Myocardin expression was evaluated by qPCR and corrected for GAPDH using the ��CT method.
B, A10 cells were transfected as described in A. Protein extracts were subjected to immunoblotting as indicated. C, A10 cells were treated with Calyculin A (0.5
ng/ml) or DMSO as a vehicle control for 2 h. Protein extracts were immunoblotted as indicated. D, A10 cells were transfected with HA-PP1� and MEF2C as
described in A. Protein extracts were subjected to immunoblotting as indicated. E, COS7 cells were transfected with the myocardin enhancer, MEF2C, dHand,
and/or PP1� (PP1) as indicated. Luciferase assays were performed on the cells extracts. F and G, A10 cells were transfected with the SM22 promoter, myocardin,
an activated type I TGF-� receptor (TBRI), Smad3, or PP1�, as indicated. Extracts were harvested for luciferase. H, A10s were treated with increasing amounts of
calyculin A (Cal A; 0.25 ng/ml, 0.5 ng/ml, 1 ng/ml, 2 ng/ml), and I, A10 cells were treated with 0.5 ng/ml of calyculin A and 5 �M of SP600125 for 2 h and harvested
for immunoblotting. Error bars indicate S.E.

FIGURE 4. PP1�-induced repression of myocardin is attenuated by CPI-17. A, COS7 cells were transfected with the myocardin enhancer (MyE), MEF2C, PP1�
(PP1), activated RhoA (RhoA L63), or activated MKK6 and p38 (MKK6EE/p38), as indicated. Extracts were subjected to lucifierase assay. B, cells were transfected
with the myocardin enhancer, and MEF2C, PP1, or CPI-17 as indicated, followed by luciferase assay. C, COS7 cells were transfected with HA-CPI-17 and HA-PP1�.
Protein extracts were immunoprecipitated with PP1� antibody and immunoblotted, as indicated. D, COS7 cells were transfected with MEF2C, HA-PP1, or
HA-CPI-17 as indicated. Extracts were immunoprecipitated with MEF2C antibody and immunoblotted for antibodies to HA. Protein extracts were immuno-
blotted, as indicated, to demonstrate equal loading and transfection efficiency. E, primary VSMCs were fixed, permeabilized, and subjected to immunofluo-
rescence for CPI-17, smooth muscle actin (SMA), and the DAPI nuclear stain. Cells were visualized by standard fluorescence techniques. Relative fluorescence
of a representative cell was graphed with ImageJ. F, A10 cells were transfected with HA-CPI-17 and subjected to nuclear/cytosolic fractionation. Lysates were
immunoblotted as indicated. Error bars indicate S.E.
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ated its induction following exogenous expression of RhoA.
Interestingly, reduced CPI-17 expression was accompanied by
a corresponding decrease in myocardin and SMA protein
expression, implicating CPI-17 as a critical regulator of VSMC
differentiation. Titration of the shCPI-17 on the myocardin
enhancer (MyE-luc) resulted in a dose-dependent decrease in
myocardin expression that could be rescued with forced
expression of humanCPI-17, which is resistant to the shCPI-17
and validates the specificity of the shRNA. Finally, we deter-
mined if MEF2C and CPI-17 could convert a pluripotent cell-
line toward a VSMC phenotype. Utilizing C3H10T1/2 mouse
embryonic fibroblasts, we exogenously expressed CPI-17 and
MEF2C, alone and in combination and determined the effect
on SMA expression. As shown in Fig. 5F, neither CPI-17 nor
MEF2C expression had an impact on basal levels of SMA
expression in this cell-line. However, when combined, CPI-17

andMEF2Cmarkedly induced SMAexpression, indicating that
MEF2C requires derepression by CPI-17 to activate a VSMC
phenotype.

DISCUSSION

MEF2Cplays an essential role inVSMCdifferentiation and is
genetically upstream of the SRF-coactivator, myocardin (5, 10).
MEF2 proteins are integrators of a number of cellular signaling
pathways, and are also regulated by several interacting co-fac-
tors that either enhance or repress transcriptional activity. We
document in this report that cellular signals emanating from
RhoA serve to relieve MEF2C from the repressive effects of
PP1� to increasemyocardin expression in VSMCs (Fig. 6). Fur-
thermore, we demonstrate, for the first time, that this genetic
pathway connecting CPI-17, MEF2C, and myocardin is critical
for VSMC differentiation (Figs. 1 and 5). In addition, PP1�

FIGURE 5. Phosphorylation of CPI-17 at threonine 38 regulates MEF2-dependent VSMC differentiation. A, A10 cells were transfected with activated RhoA,
ROCKII, or PKN using Lipofectamine reagent and puromycin-selected overnight. Protein extracts were subjected to immunoblotting as indicated. B, COS7 cells
were transfected, as described in 4D) with the addition of Thr-38 mutants of CPI-17. Protein extracts were immunoprecipitated and immunoblotted as
previously described. C, A10 cells were transfected as described in A with a plasmid encoding a short hairpin RNA targeting CPI-17 (shCPI-17) and an expression
vector for active RhoA. Following puromycin selection, myocardin expression was evaluated by qPCR, corrected for GAPDH using the ��CT method. D, A10
were transfected as described in C. Following puromycin selection, extracts were subjected to immunoblotting. E, rat primary VSMCs were transfected by
Lipofectamine reagent with the myocardin reporter gene (MyE-luc), increasing amounts of shCPI-17, and an expression plasmid for human CPI-17. Extracts
were subjected to luciferase assay. F, 10T1/2 mouse embryonic fibroblast cells were transfected with MEF2C or HA-CPI-17 as indicate. Cells were placed in low
serum conditions (5% horse serum) for 96 h and subjected to immunoblotting as indicated. Error bars indicate S.E.
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serves to modulate c-Jun expression through an entirely differ-
entmechanism involving recruitment of HDAC4 toMEF2 pro-
teins and phosphatase-dependent regulation of JNK signaling.
Signal-dependent Control of PP1�—The cellular distribution

and substrate specificity of PP1� is regulated by physical inter-
action with regulatory subunits, that typically contain a con-
served RVXF domain (21). In VSMCs, PP1� is targeted to the
myosin light chains by physical interaction with MYPT1; how-
ever, this RVXF domain is also conserved among MADS-box
proteins, such as MEF2A-D and may serve to target PP1� to
nuclearMEF2 proteins (13, 14). Interestingly, SRF also contains
a conserved RVXF domain within its MADS-box, yet our data
suggest that PP1� cannot overcome myocardin or TGF-�
induction of SRF-target genes (Fig. 3F). In addition, the phos-
phatase activity of PP1� is regulated through interaction with
specific inhibitor proteins like Inhibitor 1 and 2 (I1 and I2), and
CPI-17. The potency of these inhibitor proteins is regulated by
phosphorylation and dephosphorylation by cellular kinases and
phosphatases, such as PKA, calcineurin, ROCK, and PKN (14,
21, 33). Our data demonstrates that phosphorylation of CPI-17
at Thr-38 by ROCK and/or PKN regulates PP1� ability tomod-
ulate gene expression; whereas, I1 and I2 have no effect on
MEF2 transcriptional activity (13). The reason for this specific-
ity is not known; however, it may be related to the proposed
cytosolic distribution of I1 and I2 compared with the relatively
nuclear distribution of CPI-17, and/or the ability of CPI-17 to
compete with MEF2C for PP1� binding (21).
PP1� Regulates MEF2-Target Genes—We have previously

shown that PP1� regulates the transcriptional activity of MEF2
proteins through a number of mechanisms: 1) PP1� physically
interacts with both the N terminus and C terminus of MEF2A,
-C, and -D to inhibit transcriptional activity directly; 2) PP1�
dephosphorylates Ser-408 of MEF2A; and 3) PP1� serves to
recruit HDAC4 to MEF2 (13). We now document, within the

cellular context of VSMCs, that these previously identified
mechanisms operate in a MEF2-target gene-specific manner,
where PP1� regulates myocardin expression through direct
interaction with MEF2C, and regulates c-jun expression by
recruitingHDAC4 toMEF2 proteins and dephosphorylation of
JNK. Furthermore, we identify a nuclear role for CPI-17 in reg-
ulating VSMC gene expression. Recent analysis of CPI-17
expression inmouse embryos has revealed that in addition to its
restricted expression pattern in smooth muscle postnatally,
CPI-17 is also expressed transiently in the developing heart and
intercostal muscles (32). Interestingly, myocardin and several
smooth muscle marker genes, such as SM22, all display at least
transient expression in striated and smooth muscle types dur-
ing development (34–36). In light of our evidence demonstrat-
ing the critical role of CPI-17 in the regulation of myocardin
expression, these data suggest a potentially larger role for
CPI-17 regulating the development of all three muscle types.
In summary, we provide novel evidence that PP1� serves as

critical regulator of MEF2-dependent gene expression in
VSMCs, and demonstrate for the first time that RhoA-medi-
ated signaling plays a fundamental role in inducing myocar-
din expression through MEF2 proteins. These findings have
important ramifications to the field of vascular smooth mus-
cle development and in the progression of vascular stenotic
diseases, and uncover potentially new therapeutic targets
for manipulation of VSMC differentiation in stem cell
programming.
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FIGURE 6. Model of calcium-mediated induction of myocardin expression in VSMCs. This is based on the work presented in this report and previously
published observations. MEF2-dependent myocardin expression is regulated by p38 MAPK and RhoA-induced derepression of PP1� by CPI-17. Myocardin
activates SRF-dependent VSMC gene expression directly and by dimerizing with myocardin-related transcription factors (MRTFs) that translocate to the
nucleus when G- actin polymerizes to form F-actin.
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