development of atherosclerotic lesions in ApoE~/~ mice fed
a high cholesterol diet for 6 weeks (Figure 6G and H;
Supplementary Figure S6F).

Recently, it has been revealed that an SNP in the promoter
region of the human MRTF-A gene (- 184C>T), which
results in a high transcriptional activity in HeLa and K562
cells, is associated with susceptibility to CAD (Hinohara et al,
2009). We found that the —930bp of MRTF-A promoter
containing — 184T, which is associated with high CAD
susceptibility, showed significantly stronger transcriptional
activity than the wild-type promoter in cultured RAVSMCs
(Figure 6I). These results further support our notion that
inhibition of MRTF-A could be an effective novel approach to
the treatment and prevention of vascular disorders.

Discussion

In the present study, we used three vascular injury models
(femoral artery wire injury, carotid artery ligation and diet-
induced atherosclerosis in APOE ™/~ mice) in Mkl1 ~/~ mice
to elucidate the roles played by MRTF-A in pathological
vascular remodelling. We initially found that expression of
MRTF-A mRNA and protein was significantly increased in
injured arteries and aortic tissues containing atherosclerotic
lesions in ApoE ™/~ mice, while expression of myocardin was
reciprocally decreased. In each model, neointima formation
or atherosclerotic lesions were significantly smaller in
Mkl1~/~ mice than in the respective controls. The expres-
sion of vinculin, MMP-9 and integrin B1 genes, which are
targets of SRF and key regulators of cellular migration, was
significantly diminished in the injured arteries of Mki1 =/~
mice. Knocking down MRTF-A in RAVSMCs reduced expres-
sion of these genes in response to extracellular stimuli, which
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significantly impaired cell migration. These results demon-
strate that induced expression of MRTF-A is crucial for
acquisition of the capacity to migrate in response to environ-
mental stress in dedifferentiated VSMCs (Liu et al, 2005). We
also found that MRTF-A gene expression in VSMCs is, at least
in part, regulated by miR-1, which is in turn regulated by
myocardin and SRF (Jiang et al, 2010; Chen et al, 2011).
Expression of miR-1 was reduced in dedifferentiated VSMCs,
along with that of myocardin. This apparently led to an
increase in MRTF-A expression, though it is possible that
another as yet unidentified mechanism, such as
transcriptional regulation through sites located in the distal
5-FR or within introns, also contribute to the reciprocal
regulation of myocardin and MRTF-A expression. Finally,
we showed that a small molecule inhibitor of MRTF-A,
CCG-1423, significantly reduced neointima formation
following wire injury to mouse femoral arteries.
Collectively, these results demonstrate that induction of
MRTF-A plays a key role in vascular remodelling by
maintaining SRF activity, thereby conferring a capacity for
migration in response to extracellular stimuli on
dedifferentiated VSMCs. MRTF-A is thus a potentially useful
therapeutic target that may be more specific and efficient
than the upstream Rho family GTPases, which can affect
diverse intracellular signalling events.

In differentiated VSMCs, myocardin strongly activates SRF
and the expression of VSMC-specific contractile proteins,
thereby contributing to the maintenance of the contractile
phenotype (Wang et al, 2003). Myocardin is constitutively
located in the nucleus, where it suppresses MRTF-A
expression via activation of miR-1. The ability of MRTF-B to
transduce Rho signalling into the nucleus is much weaker than
that of MRTF-A (Kuwahara et al, 2005; Nakamura et al, 2010),

Table II Luminal and neointimal area of femoral arteries 3weeks after vascular injury

n Lumen (x 10%/um?) Intima ( x 10>/um?) Media ( x 10®/um?) IEL ( x 10°/um? EEL ( x 10*/pm?) Intima/Media ratio

15.0+3.0
22.3%5.6

39.9+4.1
20.2%£4.8*

22921
24.8+1.6

55.0+24
43.0+7.2

77.8+3.7
67.8%£2.8

1.85£0.17
0.81£0.19*

Control injury 6
CCG1423 injury 8

The ratio of intima to media was calculated as the intimal area/medial area. Values are means*s.e.m. IEL, internal elastic lamina; EEL,
external elastic lamina. *P<0.01 versus control injured arteries.

Figure 6 CCG-1423, an MRTF-A inhibitor, attenuated neointima formation induced by wire injury in mouse femoral arteries. (A) CCG-1423
diminished the nuclear accumulation of endogenous MRTF-A induced by 20% FCS in RAVSMCs. Cells were stained with anti-MRTF-A antibody
(green) and DAPI (blue). (B) CCG-1423 significantly inhibited MRTF-A-induced SRF activity in RAVSMCs. Graphs show the relative luciferase
activities of 3 x CArG-luc. STARS: expression plasmid encoding striated muscle activator of Rho signalling. Data were obtained from two
experiments performed in quintuplicate. (C) PDGF-BB-induced migration was assessed in RAVSMCs treated without or with 0.1 pm (+) or
1um (+ +) of CCG-1423. Data were obtained from two experiments performed in sextuplicate. (D) FCS-induced proliferation was assessed in
RAVSMCs treated without or with 0.1pm (+) or 1um (4 +) of CCG-1423. Data were obtained from two experiments performed in
quadruplicate. (E, F) Effect of CCG-1423 on neointima formation in wire-injured femoral arteries in mice. Graph showing the neointima (NI)-to-
media (M) ratio in wire-injured arteries from mice treated without (control) or with CCG-1423 {n =3 in control group and 4 in CCG1423 group)
(E). Representative images of neointima are shown (F). (G) Representative images of atherosclerotic lesions in cross-sections of proximal aorta
from ApoE~/~ mice fed a high-cholesterol diet with or without CCG-1423 for 6 weeks. Qil-red O: Oil-red O staining. Bar indicates 100 pm.
(H) Graphs showing the relative (%) area of atherosclerotic lesions in cross-sections of proximal aorta from ApoE~/~ mice fed a high-
cholesterol diet and treated with or without CCG-1423 for 6 weeks (n =3 in control group and 4 in CCG-1423 group). **P<0.01. (I) Effect of an
SNP in the promoter region of MRTF-A gene (—184C>T) on the promoter activity in RAVSMCs. Relative activities of —930bp MRTF-
A(—184C)-luc and —930bp MRTF-A(— 184T)-luc in two different experiments performed in quadruplicate are shown. All graphs are shown
as means*s.em. **P<0.01. (J} A proposed model of the role of MRTF-A in vascular remodelling. In differentiated, contractile VSMCs,
constitutively nuclear myocardin strongly activates SRF, leading to expression of VSMC-specific contractile proteins, and suppresses MRTF-A
expression through activation of miR-1. Under these conditions, cytosolic Rho signalling is confined almost exclusively to regulation of
contraction. In dedifferentiated VSMCs, MRTF-A expression is induced by reductions in miR-1 expression and basal SRF activity, thereby
maintaining the lower basal SRF activity necessary for cellular migration and proliferation. Because MRTF-A is shuttled between the cytosol
and nucleus and because it activates SRF downstream of Rho signalling, in dedifferentiated VSMCs, extracellular stimuli activating Rho
signalling can substantively affect cellular proliferation and migration by modulating SRF activity. MYOCD: myocardin.
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so that Rho family signalling is almost exclusively confined to
regulating contraction through modifying Ca®* sensitivity in
the cytosol. By contrast, in dedifferentiated synthetic VSMCs,
the reduction in myocardin expression leads to a reduction in
basal SRF activity and then to a loss of VSMC-specific
contractile components. Under these conditions, MRTF-A
expression is induced, at least in part, by the reduction in
miR-1 also caused by diminished myocardin, and is sufficient
to maintain the SRF activity necessary for cellular migration
and proliferation. Because MRTF-A is shuttled between the
cytosol and nucleus, where it activates SRF downstream of
Rho family GTPase-actin signalling, in dedifferentiated VSMCs
extracellular stimuli activating Rho GTPase signalling can
substantively affect cellular proliferation and migration by
modulating SRF activity (Medjkane et al, 2009; Olson and
Nordheim, 2010). Loss or inhibition of MRTF-A reduced
stimulus-induced cell migration and proliferation, making
cells static (Figure 6J). This suggests that the reciprocal
expression of MRTF-A and myocardin mediated by miR-1
regulates the plasticity of effectors downstream of Rho family
signalling, thereby contributing to phenotypic modulation of
VSMC during vascular remodelling.

In addition to the classical concept that dedifferentiated
intimal VSMCs are derived from medial VSMCs, recent
evidence raises the possibility that VSMC progenitor cells in
the circulation or adventitia also contribute to intimal VSMCs
(Sata et al, 2002; Hoglund et al, 2010). We have not addressed
the role of MRTF-A in the process of intimal VSMC
differentiation from such progenitor cells in this study. In that
context, however, MRTF-A has been shown to be involved in
the differentiation of mesenchymal stem cells into VSMCs
(Jeon et al, 2008). Thus, MRTF-A may also play an important
role in the molecular processes underlying migration,
proliferation and differentiation of VSMC progenitor cells into
intimal VSMCs during vascular remodelling.

Recently, human genetic screening to identify novel sus-
ceptibility loci for CAD using microsatellite markers and SNP
analysis revealed that an SNP in the promoter region of the
MRTF-A gene (—184C>T) is associated with susceptibility
to CAD (Hinohara et al, 2009). Moreover, functional analysis
suggested that heightened MRTF-A expression is associated
with increased susceptibility to CAD. We observed that the
MRTF-A promoter containing — 184T, which is associated
with high CAD susceptibility, showed significantly stronger
transcriptional activity than the wild-type promoter
in cultured VSMCs (Figure 6I). These observations further
support the conclusion that MRTF-A is crucially involved in
pathological vascular remodelling underlying the develop-
ment of vascular diseases, and imply that MRTF-A is a
potentially useful therapeutic target for prevention of the
progression of vascular diseases.

Materials and methods

Plasmids

—930bp MRTF-A( - 184C)-luc (MRTF-A-luc), vinculin-luc, vincu-
lin CArG-mut-luc and 3 x CArG-luc were described previously
(Kuwahara et al, 2007; Morita et al, 2007; Hinohara et al, 2009).
Expression vectors used in the experiments were described
previously (Kuwahara et al, 2007). MRTF-A 3'UTR-luc and
mutMRTF-A 3'UTR-luc were respectively generated by inserting
the MRTF-A 3'UTR containing wild type or mutated miR-1 target
sequences downstream of the luciferase gene in a pMIR-REPORTER
kit miRNA reporter expression vector (Ambion). —5500bp MRTF-
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A-luc was generated by inserting 5500bp of the 5'-FR of MRTF-A
gene upstream of the luciferase gene in pGL4 vector (Promega).

Animal experiments

MRTF-A~/~ mice were kindly provided from Dr EN Olson (The
University of Texas, Southwestern Medical Center at Dallas)
(Li et al, 2006). ApoE~/~ and MRTF-A~/~ mice (C57BL/6
background) were cross-bred (Kobayashi et al, 2004; Li et al,
2006). The animal care and all experimental protocols were
reviewed and approved by the Animal Research Committee at
Kyoto University Graduate School of Medicine.

Cell culture and transfection

RAVSMCs (Cell Applications. Inc.), A7r5 (DS Pharma Biomedical),
NIH3T3 and COS7 cells were maintained in DMEM supplemented
with 10% FCS. Co-transfection of RAVSMCs with 3 x CArG-luc plus
expression plasmids encoding MRTF-A (1 ng) and STARS (100 ng),
or with MRTF-A-luc plus expression plasmids encoding myocardin
and MRTF-A (0, 1 or 10 ng each) was accomplished using FuGene6
(Roche). pRL-TK (Roche) was included in all transfections as an
internal control. MiRIDIAN microRNA mimic for miR-1, miRIDIAN
microRNA hairpin inhibitor for miR-1 or a negative control for each
(Thermo Scientific) was transfected into RAVSMCs grown in 6-cm
dishes using Dharmafect2. MAVSMCs were obtained as previously
reported (Nakamura et al, 2010).

RNA interference

RAVSMCs grown in 6-cm dishes were transfected with 200 pmol of
ON-TARGET plus® siRNA reagent targeting rat MRTF-A or myocar-
din, or control scrambled siRNA (Thermo Scientific) using
Dharmafect 2. For luciferase assays, RAVSMCs grown in 24-well
dishes were transfected with 100 pmol of siRNA and 500ng of
luciferase reporter plasmid using Fugene 6.

Mouse vascular injury

Vascular wire injury was induced in femoral arteries of male
C57BL/6 wild-type or MklI1™/~ mice at 8-10 weeks of age, as
described previously (Sata et al, 2000; Takaoka et al, 2009). LNA
oligonucleotide anti-miR-1 microRNA inhibitor or LNA microRNA
inhibitor negative control (20mg/kg) (5'-FAM prelabelled, Exiqon)
was injected into sham-operated or injured femoral arteries from
the muscular branch using a syringe with 29 gauge needle
(TERUMO).

Quantification of neointimal hyperplasia

We harvested the femoral and carotid arteries 4 weeks after wire
injury, unless otherwise indicated. Digitalized images were ana-
lysed using image analysis software (Image J, NIH), and the intimal
and medial areas were recorded. The average of the neointima/
media ratios in FIVE serial sections was designated as the value to
represent each individual.

Analysis of atherosclerotic lesion area in ApoE~’/~ mice
MKl1+/* ;ApoE~/~ and MkI1A =/~ ;ApoE~/~ mice were fed nor-
mal chow for 4 weeks beginning when the mice were 4 weeks old.
Then beginning when they were 8 weeks old, they were fed a high-
cholesterol diet (F2HFDI, Oriental Biotechnology) for 8 weeks.
Atherosclerotic lesions were analysed by en-face analysis of the
whole aorta and quantified by cross-sectional analysis of the
proximal aorta, as described previously (Paigen et al, 1987;
Palinski et al, 1994; Kobayashi et al, 2004).

Immunohistochemical analysis

Paraffin-embedded sections (4 pm thick) of femoral arteries har-
vested 4 weeks after wire injury were stained with anti-Mac3,
anti-CD31, mouse monoclonal anti-aSMA (Sigma-Aldrich), rabbit
polyclonal anti-SM-MHC (BT-562, Biomedical Technologies Inc.) or
anti-BSAC antibodies (Sasazuki et al, 2002). Ratios of total numbers
of Mac-3-positive cells in the intima and the media and CD31-positive
endothelial cells in Mkl1*/* and MklI~/~ mice were quantified
(n=4 and 5 in each group, respectively). Sections of proximal aortas
from ApoE~/~ mice were stained with anti-a-SMA, anti-SM-MHC or
anti-BSAC antibody.
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Real-time RT-PCR

Real-time one-step RT-PCR was performed using One-step RT-PCR
master mix reagent (Applied Biosystems). MiR-1 expression was
determined using a Tagman MicroRNA RT kit and Tagman
Universal PCR Master Mix II (Applied Biosystems). All tagman
primers and probes were purchased from Applied Biosystems.

Western blot analysis

Western blot analysis was performed using rabbit polyclonal anti-
myocardin, anti-MRTF-A and anti-MRTF-B antibodies as described
previously (Kuwahara et al, 2005; Nakamura et al, 2010).

Statistical analysis

Data are presented as means * s.e.m. Unpaired t-tests were used for
comparison between two groups, and ANOVA with post hoc Fisher’s
test was used for comparison among groups. Values of P<0.05 were
considered as significant. Data obtained from the two-way factorial
design were analysed with the two-way ANOVA.

Supplementary data
Supplementary data are available at The EMBO Journal Online
(http://www.embojournal.org).
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