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5" CArG degeneracy in smooth muscle
a-actin is required for injury-induced gene
suppression in vivo

Jennifer A. Hendrix, Brian R. Wamhoff, Oliver G. McDonald, Sanjay Sinha,
Tadashi Yoshida, and Gary K. Owens

Department of Molecular Physiology and Biological Physics, University of Virginia, Charlottesville, Virginia, USA.

CC(A/T)sGG-dependent (CArG-dependent) and serum response factor-dependent (SRF-dependent) mecha-
nisms are required for gene expression in smooth muscle cells (SMCs). However, an unusual feature of many
SMC-selective promoter CArG elements is that they contain a conserved single G or C substitution in their
central A/T-rich region, which reduces binding affinity for ubiquitously expressed SRF. We hypothesized that
this CArG degeneracy contributes to cell-specific expression of smooth muscle o-actin in vivo, since substitution
of c-fos consensus CArGs for the degenerate CArGs resulted in relaxed specificity in cultured cells. Surprisingly,
our present results show that these substitutions have no effect on smooth muscle-specific transgene expres-
sion during normal development and maturation in transgenic mice. However, these substitutions signifi-
cantly attenuated injury-induced downregulation of the mutant transgene under conditions where SRF expres-
sion was increased but expression of myocardin, a smooth muscle-selective SRF coactivator, was decreased.
Finally, chromatin immunoprecipitation analyses, together with cell culture studies, suggested that myocardin
selectively enhanced SRF binding to degenerate versus consensus CArG elements. Our results indicate that
reductions in myocardin expression and the degeneracy of CArG elements within smooth muscle promoters
play a key role in phenotypic switching of smooth muscle cells in vivo, as well as in mediating responses of
CArG-dependent smooth muscle genes and growth regulatory genes under conditions in which these 2 classes

of genes are differentially expressed.

Introduction
Smooth muscle cells (SMCs) differ from skeletal and cardiac muscle
cells in that they retain more extensive plasticity to undergo modu-
lation of their fully mature, contractile phenotype in response to
local environmental cues (reviewed in ref. 1). This SMC plasticity
is a characteristic feature of SMCs, whether they originated from
preexisting SMCs, circulating bone marrow-derived stem cells, or
transdifferentiation from other cell types resident in the vessel wall
(see discussion in ref. 1). A hallmark of SMC phenotypic modula-
tion is reduced expression of SMC-selective differentiation marker
genes, including smooth muscle a-actin (SM o-actin), SM myosin heavy
chain (SMMHC), and SM22. Although there is extensive evidence indi-
cating that phenotypic modulation of fully mature SMCs is asso-
ciated with the development of several major diseases in humans,
including atherosclerosis, hypertension, and cancer (reviewed in ref.
1), a key challenge is to determine the molecular mechanisms that
regulate expression of SMC-selective differentiation marker gene
expression under physiological and pathophysiological conditions.
SM o-actin is the most abundant (2) and earliest-known marker
of differentiated SMCs (3, 4), and it is a valuable tool for studying
differentiation events. Multiple cis elements within the promot-
er are known to be required for expression of SM a-actin in vivo,
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including 3 CC(A/T)sGG (CArG) elements (5). The CArG element
was first identified as part of the serum response element (SRE)
contained in the promoter of the immediate early gene c-fos, and it
is required for serum inducibility of the promoter in response to
growth factor stimulation (6). A CArG element is the consensus
binding site for serum response factor (SRF), a MADS box tran-
scription factor that binds DNA as a homodimer and promotes
the transcription of many CArG-containing, muscle-specific and
non-muscle-specific genes (6, 7). The question remains as to how
a ubiquitously expressed transcription factor such as SRF can
regulate 2 seemingly different processes: the activation of muscle-
specific genes that promote differentiation and the activation of
early response genes that promote cell growth and proliferation.
The recent discovery of myocardin (8), a cardiac/SM-selective SRF
cofactor, has provided valuable insight into this question. Myo-
cardin is required for SMC differentiation (9, 10) and can potently
transactivate multiple SM marker genes, including SM a-actin, in a
CArG-dependent manner (9, 11, 12). However, myocardin fails to
activate c-fos (8), suggesting that it is part of a regulatory pathway
that confers SMC-specific control of CArG/SRF-dependent genes,
but not of ubiquitously expressed CArG-containing genes that are
involved in the growth response. However, myocardin-induced
activation of SMC genes appears to depend on the interaction
between myocardin and SRF rather than on direct DNA binding
(8), such that an understanding of mechanisms that control SRF
binding to the CArG elements is critical to fully understanding the
regulation of SMC-selective gene expression.

Interestingly, the promoters of many SMC marker genes, includ-
ing SM a-actin, SMMHC, SM22, desmin, ephrinB2, smoothelin, and
calponin, all contain conserved CArG elements (reviewed in ref.
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Figure 1

Schematic diagram of wild-type and SRE-substituted mutant/LacZ
promoter constructs used to generate transgenic mice. To determine
the importance of the reduced SRF binding affinity of the degenerate
CArGs for controlling SM a-actin expression, we generated mutant
LacZ promoter constructs in which a c-fos SRE consensus CArG was
substituted for the CArG-A and/or CArG-B element(s) within the SM
a-actin promoter previously shown to mimic expression of the endog-
enous gene. The resulting mutations are shown in bold.

13), and functional studies have indicated that several of the SM
CArG elements are degenerate and exhibit reduced SRF binding
affinity as compared to the consensus CArG sequences found in
serum response genes such as c-fos (7, 14). For example, both of
the SM a-actin 5" CArG elements (CArG-A and CArG-B) contain a
highly conserved G or C substitution within their A/T-rich cores
and exhibit reduced SRF binding affinity in electrophoretic mobil-
ity shift assays (EMSAs) as compared to the c-fos SRE consensus
CArG (5, 7). Furthermore, these G/C substitutions have been con-
served throughout evolution in all species for which the promoter
has been cloned: rat, mouse, chicken, and human (5). The fact that
these species are separated by hundreds of millions of years of evo-
lution provides very strong circumstantial evidence that the con-
served G/C substitutions play a key role in regulating SMC gene
expression. However, at present, there is no direct evidence that the
G/C substitutions within the CArG elements in any of the SMC-
selective genes are of functional consequence in vivo.

We hypothesized that there are SMC-selective mechanisms that
enhance SRF binding to the degenerate CArGs and that the degen-
eracy and resulting reduction in SRF binding affinity of the SM
a-actin 5" CArG elements may be a key mechanism that controls
SMC-selective gene expression. In support of this hypothesis,
cell culture studies show that substitution of a consensus CArG
element (CCATATTAGG) from the c¢-fos SRE into the CArG-A
and/or CArG-B site of an SM o-actin promoter-reporter construct
results in increased SM o-actin transcription compared to the wild-
type promoter in rat aortic SMCs (7). In addition, high levels of
SM o-actin transcription have been observed in fibroblasts and
endothelial cells, which normally express little to no SM o-actin,
indicating relaxation of cell-specific expression (7). However,
there is no compelling evidence that these results are applicable to
regulation of SMC gene expression in vivo. Of note, studies from
several labs (14, 15) have shown that sequence variations among
CArG boxes are important in influencing cell-type specificity of
SM22 gene expression under normal developmental conditions in
vivo, though this evidence is somewhat controversial.
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The primary goal of the present study was to directly assess the
role of the degeneracy of SM a-actin CArGs in the regulation of
SMC-selective gene expression in vivo. To this end, 3 base pair
mutations of each of the SM a-actin 5" CArGs were generated to
convert them to c-fos consensus CArGs, and transgenic mice were
generated. Transgene expression patterns were determined both
under normal conditions and in response to vascular injury. In
addition, our present studies address the possible role of this CArG
degeneracy, and the SMC-selective SRF coactivator myocardin, in
regulating differential expression of CArG-dependent SMC genes
and growth regulatory genes.

Results
Substitution of SM a-actin 5" CArGs with the c-fos SRE consensus CArG
had no effect on cell-specific gene expression in vivo. To determine the
importance of the reduced SRF binding affinity of CArG-A and
CArG-B in controlling cell-specific expression of SM a-actin, we
generated transgenic animals containing an SRE consensus CArG
element substituted for CArG-A (SRE-A), CArG-B (SRE-B), or
CArG-A and CArG-B (SRE-AB) in the SM a-actin promoter (Figure
1). Our studies employed a 2,560-bp ow-actin construct plus the first
intron (2,784 bp) of the promoter, which mimics expression pat-
terns of the endogenous gene in transgenic mice (5). Surprisingly,
in contrast to studies in cultured cells in which these substitutions
resulted in relaxed cell specificity (7), substitution of the SRE con-
sensus CArG for either one or both SM a-actin 5" CArGs had no
detectable effect on cell-specific gene expression across at least 3
independent transgenic founder lines per construct in adult (Fig-
ure 2A), E13.5 (data not shown), or E16.5 (Figure 2B) mice. Results
of LacZ staining in whole organs, tissues, and embryos were fur-
ther verified by histological analyses (Figure 2, C and D). Studies
indicated complete retention of cell-specific expression patterns
of the SRE-substituted mutant transgenes throughout develop-
ment and maturation. Taken together, these results contradict
our initial hypothesis that the SM o-actin 5 degenerate CArGs are
required for cell-specific gene expression and demonstrate that the
conservation of degeneracy of the 2 SM a-actin 5’ CArG elements
across multiple species and millions of years of evolution must
serve some alternative function.

SRF binding activity of the c-fos SRE consensus CArG was greater than
SRF binding activity of the SM a-actin 5" CArGs in the context of the SM
a-actin promoter. Based on observations that substitution of the c-fos
SRE consensus CArG for the SM o-actin 5’ CArGs had no detect-
able effect on SMC specificity in vivo, we questioned whether SRF
binding affinity was altered as significantly as would be predicted
based on previous EMSA analyses of a wide range of SRE consen-
sus CArG substitution mutants (16-19). EMSAs previously done in
our lab showed that the SRE consensus CArG, in the context of the
c-fos promoter, bound SRF with greater activity than either CArG-A
or CArG-B in the context of the SM o-actin promoter (7). However,
there was no direct evidence that substitution of the SRE consen-
sus CArG box alone for CArG-A and/or CArG-B in the context of
the SM a-actin promoter resulted in increased SRF binding activity
to the CArG region. In particular, it was not known whether the
reduced SRF binding affinity of the SM o-actin CArGs, as compared
to the SRE consensus CArG, was independent of the G/C substitu-
tions and determined by other sequences within or flanking the SM
o-actin CArGs. Therefore, we performed EMSA experiments using
in vitro translated SRF and a 95-bp SM a-actin probe containing
both 5’ a-actin degenerate CArGs. Competition experiments were
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SRE-substituted transgenic mice showed no loss of SMC-specific SM a-actin expression during normal development and maturation. (A)
Analysis of LacZ expression in whole adult tissues of WT and SRE-AB transgenic mice indicated that the SRE substitutions had no effect on
transgene expression in adult tissues. Sm. int., small intestine. (B) Analysis of LacZ expression in E16.5 whole embryos from wild-type and SRE-
AB transgenic mice indicated no loss of specificity upon replacement of SM a-actin CArG-A and CArG-B with the c-fos SRE consensus CArG.
(C) Histological analyses of adult tissues indicated no loss of SMC-specific SM a-actin expression in SRE-substituted transgenic mice. Tissues
were paraffin-embedded, sectioned, and stained with H&E. LacZ expression was specific to SMCs in wild-type aorta and in aortas of SRE-AB
transgenic mice across multiple independent founder lines. Magnification, x40. In SRE-substituted transgenic mice, the same LacZ expression
pattern was found in all SMC-containing tissues examined, including esophagus and small intestine (data not shown). (D) Histological examina-
tion of LacZ- and eosin-stained aortas of E16.5 embryos from wild-type and SRE-substituted transgenic mice indicated no loss of specificity
in the mutants. LacZ expression was restricted to the SMC-containing layers of all tissues examined, including the aorta (magnification, x40),

esophagus, bronchi, and small intestine (data not shown).

performed with double-stranded, unlabeled wild-type SM a-actin,
SRE-AB, SRE-A, and SRE-B complexes, all 95 bp in length. Also
included in the competition experiments for comparison was a
95-bp, double-stranded, unlabeled ¢-fos promoter complex, which
included the SRE consensus CArG. The SRE-AB, SRE-A, and SRE-B
cold competitor complexes competed for SRF binding with the
labeled probe more effectively than did the wild-type SM a-actin
competitor (Figure 3). Not surprisingly, the c-fos DNA complex
was the most effective competitor for SRF binding. Importantly,
all SRE-substituted mutant DNA complexes competed more effec-
tively than the wild-type competitor did. Therefore, the SRE-sub-
stituted SM a-actin CArGs exhibited the expected increase in SRF
binding affinity, and the lack of an effect of the SRE G/C substitu-
tion mutations is thus unlikely to be the consequence of unique
sequences within or surrounding the SM a-actin CArGs. Our results
indicate that increasing the SRF binding affinity of the SM a-actin
CArGs had no detectable effect on SMC selectivity of the gene, at
least during normal development and maturation.

SRE-AB promoter transgene showed an attenuated response compared
to the wild-type promoter transgene following injury in mice. The G/C
substitutions are completely conserved across all species in which
the promoter has been cloned, and they clearly influence SRF
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binding. Therefore, we hypothesized that the degenerate CArG ele-
ments may have evolved to provide a means to differentially regu-
late CArG-dependent SMC genes compared to CArG-dependent
growth response genes under conditions in which SRF is elevated.
We further postulated that such a condition might occur follow-
ing vascular injury, which is known to simultaneously induce
CArG/SRF-dependent growth response genes such as c-fos (20) and
downregulate CArG/SRF-dependent SMC gene expression (21).
Previous studies from our lab have shown that SM marker genes
undergo significant transcriptional repression 7 days after vascular
injury. In particular, vascular injury studies were done in transgenic
mice harboring an SM o-actin/LacZ, SM nvyosin-HC/LacZ, or SM22/
LacZ transgene. Seven days after vascular injury, all transgenic
mice examined showed significantly reduced expression of the
LacZ transgene in the media and developing intima compared to
contralateral control vessels. Expression was increased 14 days after
injury but was still well below expression levels in the uninjured
control artery (21). To determine if the G/C substitutions within
the SM o-actin 5" CArGs played a role in controlling gene expression
in response to vascular injury, we performed wire injury studies on
at least 5 animals from each of 2 independent SRE-AB founder
lines and 2 wild-type SM a-actin founder lines. It should be noted
Volume 115
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Oligonucleotides containing the c-fos SRE consensus CArG substitution competed for SRF binding activity more effectively than did wild-type
SM a-actin oligonucleotides (containing CArG-A and/or CArG-B) in EMSAs. (A) In vitro translated SRF and a 95-bp radiolabeled probe harboring
the CArG-containing region of the SM a-actin promoter were used for EMSAs. Unlabeled 95-bp double-stranded oligonucleotides containing
either the SM a-actin 5' CArGs (WT) or the SRE consensus CArG substituted for CArG-A (SRE-A), CArG-B (SRE-B), or CArG-A and CArG-B
(SRE-AB) in the context of the SM a-actin promoter were used as cold competitors at approximately 50-, 100-, and 200-fold excess over labeled
probe. The SRE CArG in the context of the c-fos promoter (fos) was used as a cold competitor at approximately 50-fold excess over labeled
probe. The SRF band was supershifted (SRF SS) by the addition of 2 ug of anti-SRF rabbit polyclonal antibody. Unprog. lysate, unprogrammed
control lysate. (B) Densitometry was performed on the SRF bands (see Figure 5A) and results were plotted relative to maximal SRF binding to
the radiolabeled probe in the absence of cold competitor. Results are representative of 3 independent experiments. Statistical analyses were
performed using 1-way ANOVA. We found statistically significant differences between percentage of SRF binding in the presence of WT cold
competitor and percentage of SRF binding in the presence of SRE-AB, SRE-A, or SRE-B cold competitor under all but 1 condition (x50 WT

versus x50 SRE-AB) across multiple experiments (data not shown).

that since we were assessing a transgene and not the endogenous
gene, this approach allowed us to determine pathways that control
gene expression within the injured vessel without altering the inju-
ry response per se. That is, both our wild-type and SRE-AB trans-
genic mice contained their normal endogenous SM o-actin genes
such that there were no differences in function or in the nature of
the injury responses between the 2 groups of mice. As such, one
can study fundamental mechanisms that control transcription of
SM o-actin in the context of the normal vascular injury response.
Notably, substitution of the SRE consensus CArG for both CArG-A
and CArG-B resulted in a significant attenuation in the transgene
response to injury. Unlike the wild-type SM a-actin gene, which was
dramatically downregulated in response to injury, the SRE-AB
transgene was expressed in the media and the developing intima
of the injured carotid artery at levels equivalent to those seen in the
uninjured contralateral control vessel (Figure 4). These results pro-
vide evidence that the G/C substitutions contained within the SM
a-actin 5" CArG elements and the resulting reduction in SRF bind-
ing affinity are critical for controlling gene expression in response
to pathophysiological stimuli such as vascular injury.

Quantitative real-time RT-PCR showed increased levels of SRF expres-
sion following vascular injury. To begin to understand possible mech-
anisms by which substitution of the SM a-actin 5" CArGs with the
c-fos SRE consensus CArG resulted in an attenuated response to
vascular injury, we analyzed real-time RT-PCR data from injured
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rat carotid artery samples to determine the expression pattern of
SRF at various time points following injury. SRF levels increased
within 1 hour following injury and peaked at 24 hours following
injury (Figure 5). At 24 hours, SRF expression levels were approxi-
mately 4 times that of the uninjured control and decreased back to
control levels by 7 days after injury. These results indicate that, even
under circumstances of increased SRF expression, the SM o-actin
degenerate CArGs provide a regulatory mechanism that abrogates
CArG activation of SM a-actin in response to injury. Taken togeth-
er, our data suggest that SRF can distinguish between muscle-spe-
cific and growth factor-specific CArG boxes in vascular injury.
Moreover, our results suggest that there may be mechanisms that
normally regulate SRF binding to degenerate CArG elements that
must be absent or significantly attenuated under conditions of
vascular injury. However, it remains to be determined whether this
distinction was a result of the CArG sequence alone or whether
other factors were involved in helping SRF to distinguish muscle-
specific from non-muscle-specific CArG elements.

Myocardin increased SRF association with the CArG-containing region of
the SM a-actin promoter but not of the c-fos promoter in intact chromatin
and was downregulated following vascular injury. To assess whether myo-
cardin plays a role in regulating the ability of SRF to distinguish
between SM-specific and growth response CArG elements, we used
chromatin immunoprecipitation (ChIP) assays to determine the
effects of overexpression of myocardin on SRF association with
Volume 115 Number 2
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the CArG-containing regions of the SM a-actin and cfos promoters.
Quantitative real-time PCR analysis of precipitated DNA showed
that SRF association was markedly enriched at the SM o-actin CArG-
containing region in myocardin-overexpressing cells compared to
control cells (Figure 6A). However, there was virtually no difference
in SRF binding at the ¢-fos CArG-containing region between cells
overexpressing myocardin and control cells. These results suggest
that myocardin may contribute to regulation of SM oi-actin cell-spe-
cific gene expression by selectively enhancing SRF binding to the SM
o-actin degenerate CArGs under normal circumstances. In addition,
results suggest that loss of myocardin expression would preferen-
tially decrease SM o-actin expression compared to ¢-fos expression.

To determine whether reduced expression of myocardin may
contribute to injury-induced suppression of SM o-actin expression,
we performed quantitative real-time RT-PCR on rat carotid artery
samples taken at various time points following vascular injury.
Expression of myocardin mRNA was significantly decreased within
3 days following injury compared to the uninjured control, but it
returned to control levels by 7 days after injury (Figure 6B). We have
previously shown partial reinduction of SM a-actin gene expression
in injured arteries between 1 week and 3 weeks after injury (21).
Although there are no high-quality myocardin antibodies available
to confirm these results at the protein level, our results suggest that
reduced expression of myocardin may contribute to injury-induced
suppression of SM o-actin, assuming injury does not result in selec-
tive stabilization of myocardin mRNA. Moreover, based on our
ChIP assays (Figure 6A), our results also suggest that the reduc-
tion in myocardin may selectively decrease SRF binding to the SM
a-actin degenerate CArGs, but that reduced myocardin has no
effect on SRF association with the ¢-fos CArG. As such, our data
support a fundamental mechanism whereby expression of CArG-
dependent SMC genes may be selectively repressed in response to
vascular injury, even in the presence of increased SRF levels. If this
is the case, substitution of the c-fos SRE consensus CArG for the SM
a-actin 5" CArGs would be predicted to decrease myocardin-induced
transactivation of SM a-actin. Consistent with our hypothesis,
cotransfection studies in rat aortic SMCs showed that myocardin-
induced transactivation of an SRE-substituted SM a-actin promoter
construct was significantly reduced compared to that of a wild-type
promoter construct (Figure 6C). Taken together, these results sug-
gest that myocardin can selectively regulate SRF binding to the SM
a-actin degenerate CArGs, and loss of myocardin may contribute to
repression of SM o-actin in response to vascular injury.
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Analysis of LacZ expression in mouse
carotid arteries indicated that the SRE-
AB transgene is differentially expressed
compared with the wild-type SM a-actin
transgene 7 days following wire injury.
Results are representative of at least 5
animals from each of 2 WT and 2 SRE-
AB independent transgenic founder lines.
Small arrowheads indicate the internal
elastic lamina, and large arrowheads indi-
cate the external elastic lamina. Magnifi-
cation is indicated in each panel.

Discussion

The major focus of the studies presented in this report was to iden-
tify the biological significance of the highly conserved SM o-actin
5" degenerate CArG elements. Our in vivo results demonstrated
that the SM o-actin degenerate CArGs were not required for con-
ferring cell-selective gene expression during normal development.
However, when we substituted a ¢-fos consensus CArG with higher
SRF-binding affinity for the degenerate CArGs, it resulted in sig-
nificant attenuation of injury-induced SM a-actin downregulation,
indicating that the degeneracy of the SM a-actin 5" CArGs is criti-
cal for controlling gene expression in response to vascular injury.
Of major significance, our results suggest that there is not func-
tional redundancy with respect to pathways that downregulate SM
o-actin in response to injury — elimination of CArG degeneracy
alone rescued gene expression and/or prevented downregulation of
SM ow-actin following injury. That is, a substitution that resulted in a
change of only 6 base pairs out of the nearly 5,500 that are required
to drive expression of SM a-actin in transgenic mice caused a virtual
loss of injury-induced suppression of SM a-actin. Importantly, no
other cis elements previously known to be required for controlling
SM o-actin gene expression in vivo, such as E-boxes and the TGF-f3
control element (22-24), were disturbed in transgenic mice with the
SRE-AB substitution. Taken together, our results indicate that the
degenerate CArGs are required for downregulation of SM a-actin
expression in response to vascular injury.
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Figure 5

Temporal expression analysis by real-time RT-PCR of endogenous SRF
in balloon-injured carotid arteries showed increased SRF expression fol-
lowing injury. SRF expression was normalized to 18S rRNA expression
in the injured and uninjured contralateral control vessel. Each time point
represents the mean = SE of the injured (SRF:18S) vessel normalized to
the uninjured (SRF:18S) vessel (n = 4 animals per time point).
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Myocardin can differentially regulate SRF binding to degenerate versus consensus CArGs
and is decreased following vascular injury. (A) Results of ChIP assays in cultured rat aortic
SMCs indicate that SRF binding is enhanced at the CArG-containing region of the SM
a-actin promoter but not the c-fos promoter in response to myocardin overexpression.
Quantitative PCR was used to detect CArG-containing regions of the SM a-actin and c-fos
promoters in chromatin fragments immunoprecipitated with an SRF antibody. Data repre-
sent the mean + SE of the fold increase in SRF association in cells overexpressing myo-
cardin versus control cells in 3 independent experiments. A fold increase value of 1 indi-
cates no change in SRF association in cells overexpressing myocardin versus control cells.
*P < 0.05 compared with SRF association at the c-fos CArG region under the same condi-
tions. (B) Temporal expression analysis by real-time RT-PCR of endogenous myocardin
in balloon-injured rat carotid arteries showed decreased myocardin expression following
injury. Myocardin expression was normalized to 18S rRNA expression in the injured and
uninjured contralateral control vessel. Each time point represents the mean + SE of the
injured vessel (myocardin:18S) normalized to that of the uninjured (myocardin:18S) ves-
sel (n = 4 animals per time point). *P < 0.05 compared with myocardin expression prior to
injury. (C) Effect of substitution of CArG-A and CArG-B with the c-fos SRE CArG on myo-
cardin responsiveness of SM a-actin promoter activity. SM a-actin/luciferase and SRE-AB/
luciferase promoter constructs were cotransfected with myocardin into rat aortic SMCs and
assayed for luciferase activity. The activity was normalized for protein content. Normalized
promoter activities of SM a-actin/luciferase and SRE-AB/luciferase in the absence of myo-
cardin were set to 1. Fold induction over basal promoter activity in response to myocardin
was calculated. Values represent the mean = SE of 3 independent experiments. *P < 0.05
compared with WT fold induction under the same conditions.
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region found in both the SM22 promoter and
the SM myosin-HC promoter, and that mutation
of these regions abolishes Sp1 and Sp3 binding
to the oligonucleotide probes (21). In addition,
Sp1 and Sp3 have been shown to be present in
the developing intima in vascular injury (235,
26). However, there is no direct evidence that
these transcription factors contribute to repres-
sion of SM marker genes following vascular
injury, and it is possible that other factors asso-
ciate with the G/C-repressor region to regulate
gene expression in the face of vascular trauma.
Furthermore, mutation of the G/C-repressor
region did not completely rescue injury-induced
suppression of SM22, thereby suggesting that
other factors are involved in control of SM gene
repression in response to injury. Of note, simi-
lar observations were made in studies done on
SRE-AB transgenic mice. Although substitution
of the c-fos consensus CArG for the SM a-actin
degenerate CArGs significantly attenuated inju-
ry-induced downregulation of the transgene,
rescue of gene expression was not complete in
all animals. Taken together, these studies sug-
gest that injury-induced changes in gene expres-
sion are regulated by multiple factors acting at
various cis-regulatory elements whose presence
and stoichiometry may be determined by par-
ticular pathophysiological events and associ-
ated local environmental cues.

Replacement of the SM a-actin S’ degenerate
CArGs with a ¢-fos consensus CArG resulted in
increased SRF binding affinity of the SM a-actin
promoter in vitro and subsequently attenuated
the decrease in the amount of SM a-actin pro-
moter transgene following vascular injury in
vivo. These results suggest that under normal
circumstances, selective mechanisms exist that
promote SRF binding to the degenerate CArGs
within SMCs, mechanisms that are attenu-
ated in the face of vascular injury. There are a
number of potential mechanisms that may be
involved in this response. Of major significance,
we found that vascular injury was associated
with reduced expression of myocardin. More-
over, we demonstrated that overexpression of

Previous studies from our lab have shown that there is an addi-
tional cis element that is important for mediating downregulation
of SM gene expression in response to vascular injury. In particular,
Regan etal. (21) showed that mutation of a highly conserved G/C-
rich region within the 5’ region of the SM22 promoter significantly
attenuated injury-induced downregulation of SM22. Interestingly,
no such conserved G/C-rich region has been identified in the SM
a-actin promoter, suggesting that the expression of SMC differen-
tiation marker genes is differentially controlled in response to vas-
cular injury. The mechanisms by which the G/C-repressor region
controls SM gene response to injury are not completely under-
stood, but studies have shown that the transcription factors Sp1
and Sp3 may contribute to injury-evoked repression. EMSA stud-
ies indicate that Sp1 and Sp3 bind to the conserved G/C-repressor
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myocardin in rat aortic SMCs enhanced SRF binding to the SM
o-actin CArG-containing promoter region, but had virtually no
effect on the level of SRF association at the CArG-containing
region of the ¢fos promoter in intact chromatin. Taken together,
our results suggest a model in which myocardin selectively enhanc-
es SRF binding to the SM a-actin degenerate CArG elements and
promotes transcription under normal circumstances. However, in
response to injury, reduced expression of myocardin and an associ-
ated reduction in SRF binding to the degenerate CArGs may result
in suppression of gene expression. Interestingly, it appears that the
very subtle mutations of the SM a-actin 5" degenerate CArGs that
enhanced SRF binding affinity were sufficient to rescue expression
of the transgene in response to injury, even in the face of reduced
levels of myocardin. This suggests that in the presence of CArG ele-
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ments with high SRF-binding affinity, transcriptional expression
of SM a-actin in response to vascular injury is at least partially myo-
cardin-independent. That is, the SRE-AB transgene may respond
to vascular injury similarly to a growth response gene in that it
does not require myocardin for enhancement of SRF binding.

In addition to myocardin, a number of other SRF coactivators
have been implicated in the control of SMC gene expression, includ-
ing murine myocardin-related transcription factor A (MRTF-A; also
known as MAL/MKL1/BSAC) and MRTF-B (MKL2) (27, 28). Of
major significance, recent studies by Miralles et al. (29) show that
Rho GTPase signaling, which is known to regulate SRF by inducing
actin polymerization (30), regulates the subcellular localization of
MAL, the human homolog of MRTF-A, in NIH 3T3 fibroblasts.
In particular, MAL was found to be localized to the cytoplasm in
serum-starved 3T3 cells but accumulated in the nucleus follow-
ing serum stimulation, and serum-induced translocation of MAL
was dependent on Rho-actin signaling. Studies from our lab in
cultured rat aortic SMCs showed that inhibition of RhoA with
C3 transferase abolished the activity of the SM22 and SM o-actin
promoter constructs (31). Furthermore, a constitutively active
form of RhoA transactivated these promoters, but had no effect
on promoters in which the CArGs had been mutated, suggesting
that the effects of RhoA on SMC promoter activity are mediated by
a CArG/SRF-dependent mechanism. This effect was selective for
the SM promoters tested, as the ¢-fos promoter was only modestly
affected by overexpression of RhoA. Studies by Camoretti-Mercado
and colleagues (30, 32) suggest that the RhoA/Rho kinase pathway
can alter SMC gene transcription in part by regulating SRF trans-
location from the nucleus to the cytoplasm. Taken together, these
results suggest that the RhoA/Rho kinase pathway may play an
important role in controlling cell-specific expression of SM mark-
er genes by regulating SRF and/or MAL subcellular localization,
although further studies are needed to fully understand the signal-
ing pathways and the events preceding SM-specific gene transcrip-
tion. Further studies will also be needed to determine what role, if
any, these regulatory processes play in the injury response in vivo.

There are several alternative mechanisms other than regulation
of myocardin and/or myocardin-like factors that may contribute
to injury-induced repression of SM o-actin. For example, we recent-
ly demonstrated that siRNA-induced suppression of the home-
odomain protein paired-related homeobox 1 (Prx1) in cultured
rat aortic SMCs dramatically reduced both basal and angiotensin
II-induced activation of SM a-actin (33). Moreover, EMSA studies
from our lab and others (33-35) have shown that Prx1 can enhance
SRF binding to CArG elements. Therefore, we hypothesized that
reductions in Prx1 expression may play a key role in injury-induced
suppression of SM a-actin transcription. Interestingly, real-time
RT-PCR analysis of Prx1 levels revealed no detectable change in
expression of Prx1 at various time points following vascular injury
in rats (data not shown). However, we can not exclude the possibil-
ity that changes in Prx1 that are undetectable by real-time RT-PCR
or other homeodomain proteins may contribute to control of SM
a-actin gene expression in response to vascular injury. In addition,
members of the Kruppel-like protein family may contribute to
regulation of SM genes in response to injury. Specifically, GKLF/
KLF4 has been shown to repress expression of SMC marker genes
in cultured cells (24), and thus it will be interesting to determine
whether KLF4 can mediate injury-induced suppression of these
genes in vivo. Vascular injury may be associated with other regula-
tory mechanisms such as posttranslational modifications of SRF
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(36, 37) and alterations in splicing of SRF (38-41) that can influ-
ence CArG/SRF binding, and therefore mediate SM gene expres-
sion in response to changing environmental cues.

Although the most likely explanation for our observations is
that the effects of the SRE-substitution mutations were a direct
function of the enhanced SRF binding affinity of the SRE consen-
sus CArG versus the degenerate SM o-actin CArGs, one must also
consider the alternative possibility that the degenerate CArGs bind
some factor, other than SRF, that normally functions to oppose
SRF-induced gene activation in response to injury. For example,
Martin et al. (16) showed that Yin Yang 1 (YY1) can compete for
binding to the ¢-fos SRE and the skeletal o-actin CArG-containing
muscle response element (MRE). Furthermore, studies show that
binding sites for SRF and YY1 overlap one another and that by
inducing a single transversion point mutation at any one of a
number of positions within the MRE, YY1 binding can be virtu-
ally abolished (16). As such, YY1, or a similar factor, may act as a
negative regulator of SRF in SMCs and repress SM gene expression
in response to cues such as those elicited by vascular injury. Inter-
estingly, UV cross-linking studies by Strobeck et al. (15) show that
YY1 can bind smooth muscle element 4 of the SM22 promoter,
although the relevance of this finding is not yet understood. In
addition, there may be other unidentified factors that can compete
with SRF for CArG binding to repress gene expression, and whose
binding may have been altered by the 6-bp change that resulted
from substitution of the c-fos SRE consensus CArG for the SM
o-actin 5" degenerate CArGs. As such, if a repressor does in fact
bind the SMC CArGs, it appears that our mutations may have had
dual effects of reducing binding of this hypothetical repressor
molecule while simultaneously increasing SRF binding.

We believe the results of the current studies are highly signifi-
cant in that they have identified a cis element within the SM o-actin
promoter that appears to be required for suppression of SM a-actin
in response to vascular injury. Since the promoters of many SMC
marker genes characterized to date have conserved degenerate CArG
elements (reviewed in ref. 13), it is interesting to speculate that simi-
lar regulatory mechanisms may be involved in coordinated suppres-
sion of multiple SMC marker genes in response to injury. In addi-
tion, since flanking sequences of CArGs are known to influence SRF
binding affinity (14), it is possible that the model may be extended
to a broader repertoire of genes beyond those predicted based on
the presence of base pair substitutions within the 10-bp CArG ele-
ment itself. It will be of interest to determine whether these regula-
tory mechanisms also play a role in phenotypic switching of SMCs
associated with experimental atherosclerosis. Furthermore, whereas
the relative contribution of circulating bone marrow-derived cells
(42) and adventitial-derived cells (43) to the developing intima is
unresolved and controversial in humans (reviewed in refs. 1, 44), it
is intriguing to consider the role these transcriptional regulatory
mechanisms may play in lesion investment and differentiation of
these cells into SMCs or SM-like cells in response to vascular inju-
ry. Finally, although we have presented evidence suggesting that
myocardin may play a role in both normal regulation of SMC gene
expression and responsiveness to changes in environmental cues
(injury in this case), further work is needed to directly test this possi-
bility. Additional studies will also be necessary to determine whether
there are other processes that regulate SRF binding to degenerate,
low-binding-affinity SMC promoter CArG elements and whether
these mechanisms represent a broad mechanism for differential
regulation of various classes of CArG-dependent regulatory genes.
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Construction of rat SM o-actin promoter/LacZ reporters. Constructs used
for transgenic studies were generated using PCR-based site-directed
mutagenesis. Mutations were made in the context of a -2560 to +2784 bp
SM a-actin promoter/LacZ construct as described previously (5), where it
was referred to as p2600Int/LacZ. This construct is often referred to here
as WT. The integrity of mutated constructs was verified by DNA sequenc-
ing (University of Virginia Sequencing Core). To test the effect of substitu-
tion of the ¢-fos consensus CArG in the SM o-actin promoter on myocar-
din responsiveness, HindIII-Sall fragments of the pBL15SSCAT constructs
described previously (7) were blunted and subcloned into the Smal site of
the pGL3-basic vector.

Generation and analysis of transgenic mice. All animal protocols were approved
by The University of Virginia Animal Care and Use Committee. Transgenic
mice were generated using standard methods (45, 46) within the UVA Trans-
genic Core Facility and analyzed as described previously (5). Briefly, founder
lines were established and bred to produce offspring. Transgene presence in
embryos was detected by PCR with genomic DNA purified from placenta,
and transgene presence in F; mice was detected by PCR with genomic DNA
purified from tail clips. For analysis of transgenic mice at various develop-
mental time points, embryos were harvested at E13.5 or E16.5, fixed with 2%
formaldehyde/0.2% glutaraldehyde, and stained for LacZ expression with
a solution made in PBS containing 5 mM K3;Fe(CN)g, 5 mM K4Fe(CN)s,
2.0 mM MgCl,, 1 mg/ml X-gal (suspended in dimethylformamide), 0.01%
Na-deoxycholate, and 0.2% NP-40. For transgene analysis in adults, mice
that were at least 8 weeks old were perfusion-fixed with 2% formalde-
hyde/0.2% glutaraldehyde, and tissues were excised and stained for LacZ
expression. For histological assessment of transgenic mice, embryonic and
adult tissues were stained for LacZ expression as described above and pro-
cessed for routine histology (21). Embryonic sections were stained with
eosin and adult sections with hematoxylin and eosin.

Electrophoretic mobility shift assays. EMSAs were performed as pre-
viously described (47) with minor modifications, using the fol-
lowing oligonucleotides (only the sense strand is shown): SM
a-actin, S'-GAGTTTTGTGCTGAGGTCCCTATATGGTTGTGT-
TAGAGTGAACGGCCAGCTTCAGCCTGTCTTTGCTCCTTGTTT-
GGGAAGCGAGTGGGAGGGGA-3'; SRE-AB, 5'-GAGTTTTGT-
GCTGAGGTCCATATTAGGTTGTGTTAGAGTGAACGGCCAGC
TTCAGCCTGTCTTTGCTCCATATTAGGGAAGCGAGTGGGAGGGGA-3';
SRE-A, 5'-GAGTTTTGTGCTGAGGTCCCTATATGGTTGTGTTAGAGT-
GAACGGCCAGCTTCAGCCTGTCTTTGCTCCATATTAGGGAAGC-
GAGTGGGAGGGGA-3'; SRE-B, S'-GAGTTTTGTGCTGAG-
GTCCATATTAGGTTGTGTTAGAGTGAACGGCCAGC
TTCAGCCTGTCTTTGCTCCTTGTTTGGGAAGCGAGTGGGAGGG-
GA-3'; c-fos, 5'-GCGAGCTGTTCCCGTCAATCCCTCCCTCCTTTACA-
CAGGATGTCCATATTAGGACATCTGCGTCAGGTTTCCACGGCC-
GGTCCCTGTTGTCCTGG-3'. Complementary oligonucleotides were
annealed, gel purified from a 2% agarose gel using the QIAEX II Gel Extrac-
tion Kit (QIAGEN), and the double-stranded duplexes were end-labeled
with T4 polynucleotide kinase (New England Biolabs Inc.) and [y-3?P]ATP
(PerkinElmer Inc.). Unincorporated nucleotides were removed using the
QIAquick Nucleotide Removal Kit (QIAGEN). SRF was synthesized using
the TNT Coupled Reticulocyte Lysate System (Promega Corp.). EMSAs
were performed with 20 ul of binding reaction that contained double-
stranded, end-labeled SM a-actin probe (approximately 50,000 cpm), 5%
glycerol, S mM HEPES, 35 mM Tris-HCI (pH 7.5), 200 mM KCl, 1.05 mM
EDTA, 1.125 mM dithiothreitol, 4 ug poly(dI-dC), 2 ul of in vitro synthe-
sized SRF, and cold competitor (approximately 50-, 100-, or 200-fold excess
over labeled probe) or antibody (2 ug) where indicated. SRF antibody for

supershifts was purchased commercially (Santa Cruz Biotechnology Inc.).

The Journal of Clinical Investigation

http://www.jci.org

research article

The binding reactions were incubated for 30 minutes at room tempera-
ture before radiolabeled probe was added, and this was followed by another
30-minute incubation at room temperature. All binding reactions were
loaded on a 4.5% polyacrylamide gel and electrophoresed at 170 V in 0.5x
TBE. The gels were dried and subjected to autoradiography at -70°C.

Vascular injury. Wire carotid vascular injury was performed on 10- to
12-week-old animals as described previously (21). Injury studies were
done on mice from at least 2 independent wild-type and SRE-AB trans-
genic founder lines to rule out transgene copy number and/or insertional
effects. At 7 days following injury, the mice were sacrificed using carbon
dioxide asphyxiation and perfused via the left ventricle with sterile PBS.
The injured carotid artery (right) and contralateral control artery (left)
were harvested, rinsed, and stained for LacZ expression as described previ-
ously (5). Carotids were then processed for routine histology and sections
(8 um) were counterstained with eosin.

Real-time RT-PCR expression analysis. Injured and uninjured control carot-
id arteries were harvested from adult rats at various time points following
balloon injury. RNA was extracted from the carotids using TRIzol Reagent
(Invitrogen Corp.) according to the manufacturer’s protocol. One micro-
gram of total RNA from each carotid was reverse-transcribed using Power-
script reverse transcriptase (Clontech) in a 20-ul reaction volume. Reactions
lacking Powerscript reverse transcriptase were set up in parallel to verify the
absence of genomic DNA. Real-time PCR was performed on cDNA samples
using primers and a Tagman probe (Integrated DNA Technologies Inc.)
designed to amplify the rat SRF or the rat myocardin gene. The sequences
of the primers and probe are as follows: SRF forward, 5'-TCTCAGGCAC-
CATCCACCAT-3'; reverse, 5'-CCCAGCTTGCTGTCCTATCAC-3'; SRF
probe, 5'-CACAGCCAGGTCCAGGAGCCAGGT-3"; myocardin forward,
5'-AAACCAGGCCCCCTTCC-3'; reverse, 5'-CGGATTCGAAGCTGTT-
GTCTT-3'; myocardin probe, 5'-ACTCTGACACCTTGAGATCATCCAG-
GTTTGG-3'. Values for relative SRF or myocardin expression in control
and injured arteries were normalized to 18S rRNA. The 18S normalized
injured artery (right carotid) value was then normalized to the contralateral
control artery (left carotid) value. Data in Figure 5 and Figure 6B represent
the mean * SE of relative SRF or myocardin mRNA starting quantities of
4 animals per time point.

Quantitative chromatin immunoprecipitation assays. Briefly, rat aortic SMCs
were grown in the presence of serum to confluence in 100-mm plates and
then treated for 24 hours with 50 MOI of CMV-driven, myocardin-con-
taining adenovirus or 50 MOI of CMV-empty adenovirus (control). Cells
were treated with 1% formaldehyde for 10 minutes at 37°C to cross-link
protein-DNA and protein-protein interactions within intact chromatin.
Chromatin was purified as described previously (48). The cross-linked
chromatin was sonicated to shear chromatin fragments of 200-600
base pairs. The sonicated chromatin was immunoprecipitated with 5 ul
of immunoserum to SRF (Santa Cruz Biotechnology Inc.), while nega-
tive control/input DNA was immunoprecipitated with no antibody, and
immune complexes were recovered with agarose beads (Upstate Group
Inc.). Cross-links were reversed, chromatin was subjected to proteinase K
digestion to remove protein from the DNA, and the DNA was purified
via phenol:chloroform extraction. Recovered DNA was quantitated by
fluorescence with Picogreen reagent (Molecular Probes Inc.) according to
the manufacturer’s recommendations. Real-time PCR was performed on
genomic DNA from ChIP experiments as described in Litt et al. (49), with
minor modifications. Briefly, 1 ng of unknown DNA and 1 ng of input
DNA were amplified and the threshold cycle number for linear amplifica-
tion was determined. Dilutions of input DNA served as the standard curve.
The threshold cycle number of the unknown SRF immunoprecipitation
sample (IP, 1 ng) was subtracted from the threshold cycle number of the
same amount of reference input sample (Ref, 1 ng), and then 2 was raised
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to the power of the resulting value. This provided fold enrichment of the
target sequence relative to the input, which has a homogenous distribu-
tion of target sequence. For any PCR, amplification can be described by the
formula X = X,(1 + E)”, where X, is the initial DNA concentration of a target
sequence, X is the final DNA concentration of a target sequence, E is the
efficiency (a number from 0 to 1), and » is the number of cycles. Therefore,
if a threshold is the point at which a specific final DNA concentration X
is reached, X is a constant, and the number of cycles (C;) required to reach
X is inversely related to the initial target sequence concentration X,. That
is, Xo(IP)/Xo(Ref) = [X(IP)/X(Ref)](1 + E)Ct(Reh-CelP) Tf X(Ref) = X(IP), which
should be true for the same primer set, and E = 1, then X,(IP)/X,(Ref) =
2Ct(Ref)-Ce(IP) Therefore, for each primer set, the ratio of IP to Ref can be
calculated by subtracting the C; determined for the target sequence of the
IP sample from the C; determined for the target sequence of the reference
sample and taking the resulting power of 2. The data for the no-antibody
negative control is then subtracted from the other unknown samples to
eliminate background: 2Ct(Ref)-CtllP) _ 2Ce(Ref)-Ce(no-antibody control) Data from 3
independent experiments were averaged and standard errors of the mean
were calculated. Real-time PCR primers were designed to flank the 5" CArG
elements of SM a-actin and c-fos promoters. This allowed for an accurate
quantitative measure of transcription factor binding to the CArG-con-
taining regions of these promoters. Primer sequences were as follows: SM
a-actin forward, 5'-AGCAGAACAGAGGAATGCAGTGGAAGAGAC-3';
reverse, 5'-CCTCCCACTCGCCTCCCAAACAAGGAGC-3'; c-fos forward,
5'-CGGTTCCCCCCCTGCGCTGCACCCTCAGAG-3'; reverse, 5'-AGAA-
CAACAGGGACCGGCCGTGGAAACCTG-3'. We used 20 pmol of each
primer with Sybergreen reagent (Molecular Probes) in real-time PCR reac-
tions. PCR conditions were as follows: 15-second denaturation at 95°C,
60-second annealing at 65°C, and 45-second extension at 72°C (40 cycles).

Transient transfection and luciferase assays. Approximately 24 hours
before transfection, rat aortic SMCs were seeded at 1.5 x 10* cells/cm? in
12-well plates. Cells were transiently transfected with plasmid DNA vec-

tors using Superfect (QIAGEN) according to the manufacturer’s instruc-
tions. The total amount of DNA per well was kept constant by adding
the corresponding amount of expression vector without a cDNA insert.
After transfection, cells were incubated in DMEM supplemented with
10% fetal calf serum for 48 hours. The Luciferase Assay System (Promega
Corp.) was used to harvest cellular lysates. Luminescence and absorbance
assays were performed using a Fluostar Optima microplate reader (BMG
Labtechnologies Inc.). Luciferase activities were normalized to total pro-
tein (Coomassie Plus Protein Assay Reagent, Pierce Biotechnology Inc.).
Each sample was examined in duplicate in a single experiment and 3 inde-
pendent experiments were performed.

Statistical analyses. Statistical analyses were performed using 1-way
ANOVA or Student’s ¢ test when appropriate. P values of less than 0.05
were considered statistically significant.
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