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Vascular smooth muscle cells (SMCs) exhibit a remark-
able phenotypic plasticity, which allows them to adapt to 

a changing environment. This so-called phenotypic switching, 
although being beneficial during blood vessel development 
and repair, can contribute to pathogenesis of several cardio-
vascular diseases such as hypertension and postangioplasty 
restenosis.1 The synthetic or proliferative phenotype of SMCs 
is characterized by a reduced level of contractile proteins and 
by increased extracellular matrix synthesis.

Multiple signaling pathways have been suggested to regulate 
smooth muscle phenotype including the Rho/Rho-associated 
coiled-coil forming protein kinase pathway, which in turn pro-
motes actin polymerization.2 Naturally, an increased polymer-
ization of actin results in an increased amount of contractile 
filaments. However, the polymerization of actin also results in 
an increased transcription of genes encoding actin and actin 
binding proteins, which are known as smooth muscle contrac-
tile markers. This effect is mediated by the myocardin-related 
transcription factor (MRTF), which is bound to globular actin 

(G-actin) in the cytoplasm and is translocated into the nucleus 
when G-actin polymerizes into filamentous actin (F-actin).3,4 
In the nucleus, MRTF acts as a cofactor to the transcription 
factor, serum response factor (SRF), which binds to SRF-
binding elements (CArG) in the promoter region of smooth 
muscle markers, resulting in increased transcription.5 The pro-
tein expression of these markers then determines the fate of 
SMCs and regulates their contractile function.2

The classical smooth muscle markers include α-actin and 
actin-binding proteins such as SM22α, and myosin heavy 
chain. These markers are enriched in SMCs but may also 
be expressed in other mesenchymal cells such as myofibro-
blasts.6 Recently, several novel smooth muscle markers have 
been identified, primarily by studies performed by Miano and 
coworkers.7–9 These proteins, similar to the well-established 
smooth muscle markers, control smooth muscle function, and 
their deregulation may be involved in the pathogenesis of vas-
cular disease. Most of the smooth muscle markers are regu-
lated by SRF together with its cofactors myocardin or MRTF 
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arteries. Finally, using a dystrophin mutant mdx mouse and synaptopodin 2 knockdown, we demonstrate that these genes 
are involved in the regulation of smooth muscle differentiation and function.

Conclusions—This study demonstrates novel genes that are promoted by actin polymerization, that regulate smooth muscle 
function, and that are deregulated in models of vascular disease. Thus, targeting actin polymerization or the genes controlled 
in this manner can lead to novel therapeutic options against vascular pathologies that involve phenotypic modulation of 
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and it is thus likely that these markers are also partially con-
trolled by actin polymerization. However, a complete screen 
of actin-sensitive gene transcription in smooth muscle has to 
our knowledge not been performed previously.

During recent years, actin dynamics has been recognized as 
an important factor in the development of cardiovascular disease. 
For example, altered actin-MRTF signaling has been implicated 
in aortic aneurysm,10 vascular retinal disease,11 and lamin-asso-
ciated cardiomyopathy.12 Apart from its role in transcriptional 
regulation, actin dynamics is known to be crucial for smooth 
muscle contraction and an abnormal increase in actin polymer-
ization may thus result in hypercontractility of arteries leading to 
inward remodeling and hypertension.13,14 Furthermore, we have 
previously demonstrated that actin dynamics is an important fac-
tor for stretch sensing in vascular smooth muscle.15–17

In the present study, we hypothesized that genes whose tran-
scription is dependent on actin polymerization are also involved 
in the regulation of smooth muscle function and vascular dis-
ease. The direct effects of actin polymerization were studied 
using Jasplakinolide (Jasp), which stabilizes actin filaments.17–19 
Two genes, dystrophin (Dmd) and synaptopodin 2 (Synpo2), 
were identified as highly sensitive to actin polymerization and 
their transcriptional regulation was analyzed in different experi-
mental models of smooth muscle phenotypic modulation and 
vascular disease. Finally, using Dmd mutant mice and Synpo2 
knock-down, we could demonstrate the importance of these 
genes for smooth muscle function and contractile differentiation.

Materials and Methods
Materials and Methods are available in the online-only Data 
Supplement.

Results
Expression of Dmd and Synpo2 Is Promoted 
by Jasp-Induced Actin Polymerization
Actin polymerization is known to promote the expression 
of established smooth muscle markers. To comprehensively 

clarify the effect of actin polymerization on smooth muscle 
gene expression, we performed a gene array on mouse aor-
tic SMCs treated with Jasp (100 nmol/L) or vehicle (Ctrl) 
for 24 hours. This analysis uncovered 48 genes, which were 
upregulated at least 1.4-fold by Jasp treatment (Figure I in the 
online-only Data Supplement). A transcription factor binding 
site analysis of the 135 most upregulated (>1.2-fold) genes 
revealed a significant enrichment of SRF-regulated genes 
(data not shown; P<0.01). Among these genes were well-
established smooth muscle markers such as smooth muscle 
myosin heavy chain (Myh11), calponin (Cnn1), and SM22α 
(Tagln; Figure 1A). We also found significant upregulation of 
recently identified smooth muscle contractile markers such 
as leiomodin 1 (Lmod1),8 β1 subunit of large conductance, 
calcium activated potassium channel (Kcnmb1),9 and integrin 
α8 (Itga87; Figure 1A). Furthermore, some additional genes 
that have not been extensively characterized in smooth mus-
cle were found to be induced by actin polymerization. Two 
of these were the genes for the actin-binding proteins Dmd 
and Synpo2 (Figure 1A). Jasp-induced upregulation of mRNA 
expression was confirmed for selected genes using quantita-
tive polymerase chain reaction analysis (Figure 1B–1E). 
In addition, depolymerization by latrunculin B treatment of 
intact mouse aorta resulted in a reduced expression of Myh11, 
Kcnmb1, Dmd, and Synpo2. These results suggested that 
Dmd and Synpo2 are regulated by actin polymerization in 
smooth muscle and may be novel markers of the contractile 
phenotype. Several genes were also downregulated by Jasp 

Nonstandard Abbreviations and Acronyms

Cnn1 smooth muscle calponin

Dmd dystrophin

F-actin filamentous actin

G-actin globular actin

Itga8 integrin α8

Jasp jasplakinolide

Kcnmb1 β1 subunit of large conductance calcium-activated potassium 
channel transcript

Lmod1 leiomodin1

mdx dystrophin mutant mouse

MRTF myocardin-related transcription factor

Myh11 smooth muscle myosin heavy chain transcript

SMC smooth muscle cells

SRF serum response factor

Synpo2 synaptopodin 2

Tagln SM22α transcript

WT wild-type

Figure 1. Stabilization of actin filaments promoted the expres-
sion of dystrophin (Dmd) and synaptopodin 2 (Synpo2). A, The 
expression of selected genes from an Affymetrix gene array of 
mouse aortic smooth muscle cells (SMCs) stimulated with 100 
nmol/L jasplakinolide (Jasp) for 24 hours (n=4). B to E, Confir-
mation of array results of smooth muscle myosin heavy chain 
(Myh11; B), β-subunit of large conductance calcium-activated 
potassium channel (Kcnmb1; C), Dmd (D), Synpo2 (E) by indi-
vidual quantitative polymerase chain reaction (white bars). Black 
bars represent treatment of mouse aorta with actin depolymer-
izing agent, latrunculin B (latB, 250 nmol/L) for 24 hours (n=3–5). 
***P<0.05, **P<0.01, and *P<0.5. Cnn1 indicates smooth muscle 
calponin; Itga8, integrin α8; and Lmod1, leiomodin.
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including chloride channels Clca1, Clca2, and Cftr as well as 
the glycoproteins Prom1 and Dcn (Figure II in the online-only 
Data Supplement).

Dmd and Synpo2 Are Highly Expressed 
in Differentiated Smooth Muscle
To clarify the relative smooth muscle specificity of Dmd and 
Synpo2, we analyzed the mRNA expression of these genes in 
aorta and urinary bladder compared with several other tissues 
(Figure 2A and 2B). The expression of the smooth muscle 
marker myosin heavy chain was used as a positive control 
(Figure 2C). The results demonstrate a specific expression 
of both Dmd and Synpo2 in muscle and both genes exhib-
ited higher expression levels in smooth versus striated muscle 
tissues.

The results of the quantitative polymerase chain reaction 
analysis were confirmed on the protein level by Western blot 

analysis using SM22α as a positive control (Figure 2D–2G). 
Protein expression was normalized to Coomassie blue–stained 
total protein content because none of the commonly used 
endogenous loading controls (GAPDH, heat shock protein 90, 
β-actin, and α-tubulin) were equally expressed among all of the 
analyzed tissues. Taken together, actin polymerization regulates 
genes that are enriched in smooth and striated muscle and many 
of these genes can play an important role in both cell types.

MRTF-A and Myocardin Promote 
Expression of Jasp-Induced mRNA
Many of the well-established contractile smooth muscle mark-
ers contain a CC[A/T]6GG motif known as CArG box in their 
promoter region, which allows for myocardin/MRTF-SRF–
dependent transcription.5 Using bioinformatic analysis, we 
confirmed the presence of CArG boxes in the Dmd promoter.20 
Furthermore, in the Synpo2 gene, we identified a consensus 

Figure 2. Dystrophin (Dmd) and synaptopodin 2 (Synpo2) are highly expressed in differentiated smooth muscle. A to C, Different mouse 
tissues were collected and mRNA expression of Dmd (A), Synpo2 (B), and smooth muscle myosin heavy chain (Myh11; C) was analyzed 
by quantitative polymerase chain reaction (qPCR; n=3–4). The qPCR data were normalized to 18S used as a reference gene and to aorta 
as a control group. D to G, Mouse tissue lysates were analyzed by Western blot using antibodies against Dmd, Synpo2, and SM22α 
(n=3). Protein expression was normalized to total protein (Coomassie blue–stained gel). D and E to G, Representative blots and summa-
rized data, respectively. 
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CArG sequence (CCTTTTAAGG) at position 722 relative to 
the transcription start site. Several CArG-like sequences were 
also identified but the functional importance of these is uncer-
tain. We therefore transduced mouse aortic SMCs with adeno-
virus expressing either myocardin (Ad.Myocd) or MRTF-A 
(Ad.MRTF-A) for 96 hours. Overexpression of either myo-
cardin or MRTF-A significantly induced the transcription of 
Dmd, Synpo2, and the positive control, myosin heavy chain 
(Figure 3A and 3B, respectively), further supporting the view 
that these genes are SRF-dependent contractile smooth mus-
cle markers regulated by actin polymerization. Interestingly, 
a synergistic effect on contractile marker expression was 
observed by simultaneous incubation with MRTF-A and jasp 
(Figure 3D–3F).

Reduced F/G Actin Ratio in Cultured 
SMCs Correlates With Downregulation 
of Dmd and Synpo2
Isolated SMCs in culture represent an in vitro model of pheno-
typically modified smooth muscle. These cells share many of 
the features that characterize SMCs in vascular lesions, such 
as increased proliferation and migration, increased matrix 
production, and reduced expression of contractile and cyto-
skeletal proteins.21 Recently, smooth muscle–derived cells in 
culture have also been observed to transdifferentiate into a 
macrophage-like phenotype that may play a major role in the 
disease progression of atherosclerosis.22

To clarify how actin polymerization is affected in pheno-
typically modulated (synthetic) SMCs, we compared the 
F/G-actin ratios in quiescent SMCs from intact aorta with 
proliferating cultured SMCs. As shown in Figure 4A, the F/G 
actin ratio was significantly reduced in cultured SMCs, sug-
gesting that reduced actin polymerization can be an underly-
ing mechanism of phenotypic modulation of smooth muscle. 
Jasp-treated cultured SMCs were used as positive control and 
this substance increased the F/G-actin ratio as expected.

The reduced actin polymerization in synthetic SMCs cor-
related with a substantially downregulated mRNA expression 
of Dmd and Synpo2 (Figure 4B). In fact, the downregulation 
of these genes was more pronounced than that of the positive 
control Tagln (Figure 4B). Similar results were observed at 
the protein level as determined by Western blotting (Figure 4C 
and 4D). Interestingly, we found that several of the genes that 
were downregulated by Jasp, including Clca1, Clca2, Cftr, 
Prom1, and Dcn were in fact upregulated in synthetic SMCs 
(Figure III in the online-only Data Supplement). The down-
regulation of Synpo2 and Dmd in cultured SMCs could be 
partially reversed by Jasp (Figure IV in the online-only Data 
Supplement).To address the importance and species gener-
ality of our findings, we also analyzed expression of Tagln, 
Dmd, and Synpo2 in human renal arteries and SMCs cul-
tured from the same arteries. The expression of Tagln, which 
again served as a positive control, was decreased in cultured 
human renal arterial SMCs by 0.6-fold compared with the 
intact artery (Figure 4E). Consistent with the results obtained 
from mouse aortic smooth muscle, the expression levels of 
Dmd and Synpo2 were more dramatically downregulated than 
Tagln in these cells (Figure 4E).

Phenotypic modulation of SMCs is observed in several vas-
cular disease states including restenosis after angioplasty.23 
We thus aimed at determining the effect of balloon dilation 
of human arteries on the expression of Dmd and Synpo2. 
Healthy human left internal mammary arteries were col-
lected from patients undergoing by-pass surgery. The arteries 
were then dilated ex vivo for 2 minutes using a percutane-
ous transluminal coronary angioplasty balloon catheter. The 
arteries were then incubated in organ culture environment for 
48 hours. Previous studies have demonstrated that vascular 
injury induced by this method results in upregulation of the 
calcium channel TRPC1, which is involved in smooth muscle 
proliferation and neointima formation.24 Herein, quantitative 
polymerase chain reaction analysis revealed that the mRNA 
expression of Dmd and Synpo2 was reduced in balloon 
injured arteries to a similar extent as the positive control Tagln 
(Figure 4F). Similarly, in an in vivo model of balloon injury 
in pig coronary artery, both Synpo2 and Dmd were downregu-
lated at the protein level 4 weeks after injury. Taken together, 
these findings show that Dmd and Synpo2 conform to estab-
lished patterns of regulation for contractile SMC markers.

Loss of Dmd Results in Impaired 
Vascular Smooth Muscle Contraction, 
Relaxation, and Mechanosensing
The importance of Dmd for vascular smooth muscle contrac-
tile function was investigated using tail artery rings from con-
trol and Dmd mutant (mdx) mice mounted in wire myographs. 

Figure 3. Overexpression of myocardin and myocardin-related 
transcription factor A (MRTF-A) promotes expression of dystro-
phin (Dmd) and synaptopodin 2 (Synpo2). Mouse aortic smooth 
muscle cells were transduced with adenovirus expressing either 
myocardin (Ad.Myocd; 100 multiplicity of infection [MOI]; n=7) or 
MRTF-A (Ad.MRTF-A; 20 MOI; n=8) for 96 hours. Cells infected 
with control adenovirus, containing empty cytomegalovirus pro-
moter (Ad.CMV), were used as a control. A, Ad.Myocd and (B) 
Ad.MRTF-A–overexpressing cells were used for mRNA expres-
sion analysis of smooth muscle myosin heavy chain (Myh11), 
Dmd, and Synpo2 by quantitative polymerase chain reaction 
(qPCR). The effect of actin stabilization by jasplakinolide (Jasp; 
100 nmol/L) on Ad.LacZ and Ad.MRTF-A transduced cells (20 
MOI) was evaluated using qPCR for Myh11 (C), Synpo2 (D), and 
Dmd (E). **P<0.01 and ***P<0.001.
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As shown in Figure 5A, the contractile response to depolariza-
tion by high K+ (60 mmol/L) was reduced by 30% (P≤0.001) 
in arteries from mdx mice compared with the control arteries. 
Furthermore, the calcium-independent contraction induced 
by the phosphatase inhibitor calyculin A was significantly 
decreased in mdx mice indicating a defect in the structural 
contractile machinery of the mdx SMCs (Figure 5A). Another 
possibility for this effect is an altered activity of calcium-
independent myosin kinases. To test this, we analyzed the 
rate of calyculin A–induced force development but found no 
significant difference in the half time in seconds of maximal 
contraction (t½) between wild-type (WT) and mdx arteries 
(t

1/2±SEM
; WT: 251.7±16.9 versus mdx: 276.8±33.4). It is there-

fore likely that the effect involves the structural contractile 
machinery, but loss of Dmd did not directly affect the F/G-
actin ratio in mdx smooth muscle (Figure 5B).

The significance of Dmd for agonist-specific responses was 
further tested using mdx tail arteries stimulated with the α

1
-

adrenergic agonist cirazoline. A rightward shift of the dose–
response curve for cirazoline was observed (EC

50
 WT: 37±4.2 

versus mdx 52±4.7 nmol/L; P<0.05) and contractile force 
was significantly reduced at a concentration of 0.1 μmol/L 
(Figure 5C). To test smooth muscle–dependent relaxation in 
mdx mice, tail arteries were precontracted with cirazoline and 
then stimulated with the nitric oxide donor sodium nitroprus-
side. Dilatation to sodium nitroprusside was attenuated in mdx 
tail arteries compared with the control vessels with significant 

effects observed at 10 to 100 nmol/L (Figure 5D). Figure 5E 
and 5F shows the representative original recordings of isomet-
ric force measurements in response to various stimuli.

We have previously reported that the expression of several 
smooth muscle markers is sensitive to mechanical stretch. In WT 
mouse portal veins, we found that the transcription of Synpo2 is 
sensitive to physiological longitudinal stretch. Furthermore, the 
effect was abolished in Dmd mutant vessels (Figure 5G).

GapmeR-Mediated Knockdown of Synpo2 
Results in Reduced Actin Polymerization 
and Contractile Differentiation
The avian homologue of Synpo2, fesselin, has previously been 
demonstrated to bind to G-actin and stimulate actin polymeriza-
tion.25 To determine whether knockdown of Synpo2 is sufficient 
to cause actin depolymerization and loss of smooth muscle 
marker expression, we transfected cultured SMCs with Synpo2 
GapmeRs. A combination of 4 different GapmeRs was used to 
achieve maximal knockdown. After 96-hour incubation with 
GapmeRs, the expression of Synpo2 was reduced by ≈62% 
(Figure 6A). Interestingly, knockdown of Synpo2 caused a dra-
matic reduction in the F/G-actin ratio in SMCs suggesting that 
this protein plays a key role in the regulation of actin polym-
erization (Figure 6B). This effect was also associated with a 
decrease in the expression of Dmd and Tagln (Figure 6C and 
6D). Reciprocal coimmunoprecipitation demonstrated that 
Synpo2 interacts with α-actin (Figure 6E and 6F).

Figure 4. Decreased F/G actin ratio in cultured smooth muscle cells correlates with downregulated mRNA levels of dystrophin (Dmd) 
and synaptopodin 2 (Synpo2). A, Intact mouse aorta without adventitia and cultured mouse aortic smooth muscle cells (SMCs), with or 
without jasplakinolide (Jasp; 100 nmol/L) for 24 hours. The filamentous (F) and globular (G)-actin fractions were separated by ultracentri-
fugation and analyzed by Western blot. F/G actin ratios and representative blots are shown (n=3). B, Quantitative polymerase chain reac-
tion (qPCR) of indicated mRNA and (C and D) Western blot analysis of indicated proteins isolated from intact aorta and cultured SMCs 
(passage2-p2; n=3–6). C, Representative blots and (D) quantitative analysis of the Western blot data. E, Human renal arteries and cultured 
smooth muscle cells (hSMC; passage 2–5) from the same arterial sample were collected for qPCR analysis of selected mRNA (n=3–4).  
F, Human left internal mammary arteries (hLIMA) were subjected to balloon-injury ex vivo and organ cultured for 48 hours. mRNA levels of 
SM22α (Tagln), Dmd, and Synpo2 were measured by qPCR analysis (n=5). All the qPCR data were normalized to 18S and show relative 
mRNA expression to a respective control. G, Representative Western blot of Dmd and Synpo2 in control and balloon-injured pig coronary 
arteries in vivo. Protein analysis was performed 4 weeks after injury and heat shock protein 90 was used as loading control. Control (n=2) 
and injured vessels (n=4) from 2 separate animals were analyzed *P<0.05, **P<0.01, and ***P<0.001.
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Discussion
Although the regulation of smooth muscle phenotype is a 
complex process, several key discoveries have significantly 
contributed to our understanding of the underlying mecha-
nisms. One such mechanism is the regulation of MRTF activ-
ity by actin polymerization which was initially identified by 
Treisman and coworkers.3,4 We could later demonstrate that 
actin polymerization is essential for stretch-dependent vas-
cular smooth muscle differentiation15–17,19 and for the effects 
of the microRNA miR-145 on smooth muscle marker expres-
sion.26 Considering the prominent effect of actin polymeriza-
tion on the regulation of smooth muscle phenotype, it is likely 
that this mechanism is involved in the development of vascu-
lar disease.

In this study, we have identified several genes that are tran-
scriptionally activated by actin polymerization and further 
characterized two of these genes, Dmd and Synpo2. We show 
that these genes are highly expressed in differentiated smooth 
muscle and that their expression is dramatically reduced in 
phenotypically modulated smooth muscle. After balloon dila-
tion of human left internal mammary artery vessels ex vivo and 
of pig coronary arteries in vivo, we found a reduced expression 
of both Dmd and Synpo2. In Dmd mutant mdx mice, we found 
a significant loss of both smooth muscle contraction and relax-
ation, thus emphasizing the importance of genes regulated by 
actin polymerization for smooth muscle function.

The importance of actin dynamics in the pathogenesis of 
cardiovascular diseases is becoming increasingly appreciated. 
Actin polymerization as such directly regulates smooth mus-
cle contractility and remodeling in resistance arteries.13,14,27 
Furthermore, the effect of actin polymerization for gene tran-
scription via MRTF has been shown to be involved in multiple 

Figure 6. GapmeR-mediated knockdown of synaptopodin  
2 (Synpo2) results in reduced actin polymerization and smooth 
muscle marker expression. A, Synpo2 expression is significantly 
reduced 96 hours after Synpo2 GapmeR transfection of cultured 
smooth muscle cells compared to negative control (NC). Knock-
down of Synpo2 results in reduced F/G-actin ratio (B) as well as 
reduced expression of dystrophin (Dmd; C) and SM22 (Tagln; 
D; n=9–11). Interaction between Synpo2 and smooth muscle α-actin 
was evaluated by immunoprecipitation (IP) of mouse bladder 
smooth muscle. Representative immunoblots (IBs) of α-actin 
after Synpo2 IP (E) and Synpo2 after α-actin IP (F) are shown. 
Expression levels of the respective proteins in the lysates (LYS) 
used for IP are shown below the IP blot. Two independent 
experiments were performed. ***P<0.001.

Figure 5. Dystrophin (Dmd) deficiency in mice impairs contractil-
ity and stretch-sensitivity. A, Tail arterial rings from both control 
and mdx mice were mounted in a wire myograph and stimulated 
with high K+ (60 mmol/L KCl) and calyculin A (1 μmol/L). The 
graph shows calculated force normalized to the length of the 
corresponding vessel (n=11–12; n=5–6, respectively). B, Aortas 
without adventitia, from control and mdx mice, were subjected 
to filamentous/globular (F/G) actin analysis. F/G actin ratios 
and representative blots are shown (n=3–4). C, Concentration–
response curve of cirazoline-induced contraction of tail arterial 
rings from control and mdx mice as measured by developed 
force/length using wire myograph (n=11–12). D, Sodium nitro-
prusside (SNP)–induced relaxation was performed after contrac-
tion to cirazoline (n=11–12). E and F, Representative graphs of 
original recordings of the control (ctrl) and mdx mice vascular 
rings showing response to 60 mmol/L KCl, cirazoline, SNP (E), 
and calyculin A (F). G, The mouse portal vein was organ cul-
tured with or without load for 24 hours. The mRNA expression of 
Synpo2 was analyzed by quantitative polymerase chain reaction 
(n=5). *P<0.05, **P<0.01 and ***P<0.001.
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disease states involving endothelial cells,11 cardiomyocytes,12 
and SMCs.10,28–30 Herein, we demonstrate that the ratio of fila-
mentous to globular actin is dramatically decreased in phe-
notypically modulated SMCs. By stabilizing actin filaments 
in cultured cells with Jasp, the expression of smooth muscle 
markers can be partially restored already after 24 hours of 
treatment and further induced by 72 hours. Although other 
mechanisms are likely to be involved, these results suggest 
that the loss of actin filaments is an important mechanisms for 
the reduced expression of contractile markers during pheno-
typic modulation of SMCs.

By screening genes that were induced by actin polymer-
ization, we identified several previously well-defined smooth 
muscle contractile markers, verifying the importance of actin 
polymerization for smooth muscle differentiation. Among the 
genes that were induced by actin polymerization, but which 
have not been extensively studied in smooth muscle, were 
Dmd and Synpo2. The transcripts levels of both Synpo2 and 
Dmd were induced by overexpression of either myocardin or 
MRTF-A suggesting that they are transcriptionally regulated in 
a manner similar to most markers of the differentiated smooth 
muscle phenotype.31 Furthermore, the synergistic effect MRTF 
and Jasp confirms that a reduction of the G-actin pool is required 
for MRTF to have its full effect. The expression of Synpo2 and 
Dmd is however not solely dependent on actin polymerization, 
because myocardin, which is constitutively localized in the 
nucleus,32 also promotes their expression. A majority of the pro-
moter regions of canonical smooth muscle markers contains ≥1 
CC[A/T]6GG motifs, which are SRF binding sites called CArG 
boxes.33 In humans, the Dmd gene contains 1 validated CArG-
box at −91 bp relative to the transcription activation site, and it 
has been demonstrated that SRF binds to the Dmd promoter and 
regulates its transcription in striated muscle.20,34 However, the 
importance of actin polymerization for the regulation of smooth 
muscle marker genes and development of vascular disease in 
humans remains to be investigated.

Mammalian Synpo2 has previously been characterized in 
vitro in rabbit smooth muscle, where 2 different isoforms were 
shown to bind Ca2+-calmodulin, α-actinin, and smooth muscle 
myosin.35 The avian smooth muscle homologue, fesselin,36,37 
and the Synpo2 gene splice variant, myopodin, which is mainly 
expressed in skeletal muscle38 have been studied in more detail. 
Both fesselin and myopodin have been demonstrated to bind 
to actin filaments and participate in actin polymerization by 
formation of actin bundles.25,39 We found that Synpo2 mRNA 
and protein were abundant in differentiated vascular smooth 
muscle and dramatically reduced in proliferating SMCs. 
Interestingly, the expression of Synpo2 was also significantly 
reduced in human arteries after balloon dilation, indicating a 
potential role in restenosis after angioplasty. In accordance 
with previous reports, we found that Synpo2 interacts with 
actin and plays a key role in actin polymerization. Cells trans-
fected with GapmeRs against Synpo2 exhibited reduced actin 
polymerization and smooth muscle differentiation. Thus, it is 
likely that Synpo2 is required for proper expression of smooth 
muscle genes via its effect on actin.

The Dmd protein is a part of the Dmd-associated pro-
tein complex, which links the extracellular matrix to the 
cytoskeleton. As such, Dmd is an important component of 

mechanotransduction in striated muscle and mutations in the 
Dmd gene result in muscular dystrophy and cardiomyopa-
thy.40,41 Although Dmd has been suggested to be a marker of 
differentiated smooth muscle,42,43 its importance for vascular 
smooth muscle function has not been studied extensively. 
However, in Dmd mutant mdx mice, it was recently demon-
strated that Dmd deficiency results in accelerated neointima 
formation after vascular injury.43 In accordance with these 
studies, we found that Dmd was significantly reduced in 
phenotypically modified SMCs and balloon-dilated human 
arteries, suggesting that the loss of Dmd could be an impor-
tant mechanism for the development of vascular disease. It 
is well known that the lack of Dmd in mdx mice is partly 
compensated for by its homologue utrophin.44 Despite this 
compensatory effect, we found that deletion of Dmd in mdx 
mice results in abnormal contractile function of vascular 
smooth muscle and loss of stretch-induced gene transcrip-
tion of Synpo2. Specifically, force development to mem-
brane depolarization by high K+ was reduced in mdx arteries. 
This result is consistent with previous observations in mdx 
portal vein where the amplitude of spontaneous contractions 
was found to be significantly reduced.45 The effect is not 
because of aberrant calcium signaling or calcium sensitiv-
ity because calcium-independent contractile responses to the 
phosphatase inhibitor calyculin A were reduced to a similar 
degree. Furthermore, the level of calcium in mdx SMCs has 
been reported to be the same as in the control smooth mus-
cle.46 Considering that Dmd is an actin binding protein, it is 
conceivable that the loss of Dmd would affect actin filament 
stability. However, F/G actin ratios were similar in control 
and mdx mice, which is in line with previous observations in 
cultured SMCs.47 This suggests that it is rather the function, 
than the amount, of actin filaments that is affected in Dmd 
mutant mice. Possibly, the absence of Dmd-mediated physi-
cal anchoring of the actin cytoskeleton to the plasma mem-
brane and the surrounding extracellular matrix is detrimental 
for force development in smooth muscle. We cannot exclude 
the possibility that the reduced calyculin A response in mdx 
arteries may be because of a defect in calcium-independent 
myosin phosphorylation.48,49 However, the rate of calyculin 
A–induced force development is similar in WT and mdx 
arteries, suggesting that the activity of calcium-independent 
myosin kinases is unaffected. Furthermore, the contractile 
response to depolarization by KCl was also reduced in mdx 
arteries, which suggest a more general defect of the con-
tractile machinery. Interestingly, we found that relaxation of 
SMCs was negatively affected by the loss of smooth muscle 
Dmd, which supports the functional importance of Dmd in 
smooth muscle vasoregulation.

The importance of Dmd in mechanosensing has been 
demonstrated in endothelial cells where it is involved in 
flow-induced dilation of mouse carotid and small mesen-
teric arteries.50 Our results indicate that part of this effect 
may be because of a reduced ability of SMCs to relax to 
NO stimulation, at least during isometric force measure-
ment. However, because Dmd is an important part of the 
connection between the extracellular matrix and the intra-
cellular cytoskeleton, it is likely that mechanosensing per se 
is also affected in mdx cells. Accordingly, we found a loss 
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of stretch-sensitive Synpo2 expression in mdx portal veins 
in organ culture. This is a model of physiological disten-
tion where the portal vein is stretched to its optimal length 
for force development.51 In previous work, we have demon-
strated that physiological stretch of the portal vein promotes 
both contractile differentiation and growth of the smooth 
muscle.15–17,19,51 The method is fundamentally different from 
the acute nonphysiological stretch applied when using bal-
loon-dilation of human arteries, which results in an injury 
response in the vessel wall.

In summary, the expression of several MRTF-regulated, 
actin-binding proteins, including Dmd and Synpo2, is pro-
moted by stabilization of actin filaments. Deregulation of 
actin polymerization in vascular disease states is likely to 
affect the expression of these proteins and to alter smooth 
muscle phenotype and function. Thus, targeting smooth mus-
cle actin polymerization or the genes regulated by actin may 
lead to novel therapeutic options against vascular pathologies 
that involve phenotypic modulation of SMCs.
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The vascular smooth muscle cells possess a remarkable ability to alter their phenotype in response to environmental cues. This property 
allows the smooth muscle cells to adjust to changes in intraluminal pressure and flow and to react to vascular injury. However, excessive 
changes in smooth muscle phenotype can be detrimental and result in vascular diseases such as hypertension and vascular stenosis. To 
identify potential targets for therapeutic intervention of these conditions, it is crucial to understand the mechanisms for vascular smooth 
muscle phenotype regulation including the genes that are involved in determining various aspects of smooth muscle function. This study 
highlights the important role of actin polymerization in smooth muscle phenotype regulation and identifies novel actin–regulated proteins 
that control smooth muscle function.
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