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Abstract—Alterations in the differentiated state of vascular smooth muscle cells (SMCs) are known to play a key role in
vascular diseases, yet the mechanisms controlling SMC differentiation are still poorly understand. In this review, we
discuss our present knowledge of control of SMC differentiation at the transcriptional level, pointing out some common
themes, important paradigms, and unresolved issues in SMC-specific gene regulation. We focus primarily on the serum
response factor–CArG box– dependent pathway, because it has been shown to play a critical role in regulation of
multiple SMC marker genes. However, we also highlight several other important regulatory elements, such as a
transforming growth factor ␤ control element, E-boxes, and MCAT motifs. We present evidence in support of the notion
that SMC-specific gene regulation is not controlled by a few SMC-specific transcription factors but rather by complex
combinatorial interactions between multiple general and tissue-specific proteins. Finally, we discuss the implications of
chromatin remodeling on SMC differentiation. (Arterioscler Thromb Vasc Biol. 2003;23:737-747.)
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bnormal growth and proliferation of vascular smooth
muscle cells (SMCs) is a key feature of vascular
diseases such as atherosclerosis, restenosis, and hypertension.1,2 Differentiated SMCs of mature animals express a
unique repertoire of contractile proteins, ion channels, and
signaling molecules that are necessary for their principle
function of contraction. However, in response to various
injurious stimuli, SMCs can dedifferentiate, converting from
a quiescent, contractile phenotype to a highly proliferative,
synthetic phenotype.3 Despite the importance of changes in
the differentiated state of SMCs in vascular disease, the
molecular mechanisms controlling SMC differentiation are
still largely unknown. An understanding of the normal
regulation of SMC development and differentiation will not
only provide the foundation for elucidating how these pro-

cesses may be disrupted in vascular disease but will also be
critical to understanding congenital defects in vascular development and vascular development within solid tumors.
Control of cellular differentiation is ultimately regulated at
the level of gene transcription, although cell-specific alternative splicing and posttranslational modifications also play
important roles. This review will focus on our present
understanding of the transcriptional pathways that normally
control SMC differentiation as well as discuss the important,
but still poorly understood, role of chromatin modifications
on SMC-specific gene expression. But before reviewing
transcriptional control in SMCs, we will first briefly discuss
the developmental origins of SMCs, SMC differentiation/
dedifferentiation markers, and several recently described in
vitro SMC differentiation models.
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Developmental Origin of SMCs
One of the challenges to studying mechanisms of SMC
development and differentiation is the fact that unlike cardiac
and skeletal muscle (which are derived from specific populations of mesodermal precursors), SMCs are derived from
multiple and, in some cases, unknown cell types. For example, SMCs of the ascending aorta and branchial arches are
derived from neural crest (ectodermal) cells. SMCs of the
coronary vessels arise from epithelial-to-mesenchymal transition of cells in the proepicardial organ. Most of the
remaining SMCs, including visceral SMCs, are thought to be
derived from condensation of local mesenchyme under the
influence of local environmental cues.4,5 The diverse origins
of SMCs likely contribute to their heterogeneity in structure,
function, and SMC marker gene expression. Moreover, the
signals and molecular pathways leading to SMC differentiation may prove to be somewhat different depending on the
cell type of origin.

Transcription Factors Known or Likely to be Involved in
Regulation of SMC Differentiation/Proliferation
Transcription Factor
MADS Box Proteins
SRF
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To study cell-specific transcriptional regulation, it is necessary to first identify a set of cell-specific target genes and then
determine how these genes may be coordinately regulated at
the transcriptional level. This too has proven challenging in
the SMC field, because most (if not all) SMC markers,
although highly selective for SMCs in adult animals, are
expressed, at least transiently, in other cell types. These
include the following SM isoforms of contractile apparatus
proteins: SM ␣-actin, SM myosin heavy chain (SM MHC),
calponin, SM 22␣, h-caldesmon, and smoothelin. A detailed
description of these proteins and other potentially useful
SMC differentiation markers and their expression patterns
has been reviewed elsewhere.3,5,6 Of these factors, the most
SMC-restrictive protein seems to be SM MHC.3 Although we
cannot rule out that SM MHC may be expressed, at least
transiently or under certain circumstances, in cells other than
SMCs in vivo, to our knowledge, conclusive evidence of SM
MHC expression (by immunostaining with SM MHC–specific antibodies or reverse transcriptase–polymerase chain
reaction followed by sequencing) in a non-SMC in vivo does
not exist. In addition, two proteins with unknown function,
aortic preferentially expressed gene 1 (APEG-1)7 and Crp2/
SmLim,8,9 have been found to be preferentially expressed in
arterial SMCs and are likely to be useful markers of this
subtype of SMCs. Finally, a secreted protein, aortic
carboxypeptidase-like protein (ACLP),10,11 whose function is
also not well-defined, has been shown to be upregulated
during SMC differentiation but is by no means SMC-specific.
Because no individual marker is exclusive to the entire SMC
lineage (with the possible exception of SM MHC), identification of SMCs and investigations into SMC-specific transcriptional regulation requires the use of multiple markers.
When SMCs undergo phenotypic modulation, as occurs in
vascular injury, virtually every SMC differentiation marker
(with the exception of ACLP12) is downregulated.3,5,6 In
addition, certain proteins, which may be used as markers of
dedifferentiated VSMCs, are upregulated, including osteopontin (a multifunctional adhesive glycoprotein)13 and the

1 numerous SMC differentiation markers4,6

MEF2B

1 SM MHC101

MEF2C

SMC specific targets unknown102

Homeodomain Proteins
1 SM ␣-actin44

Phox1/Mhox
Barx1b

1 ␤-Tropomyosin48

Barx2b

SMC specific targets unknown45

Nkx3.1

1 SM ␥-actin46

Nkx3.2

1 ␣1 integrin, SM22␣, and caldesmon49

Hox B7

1 SM22␣ and calponin103
1 SMemb/NMHC-B104

Hex

1 p21; 2 proliferation98

Gax (Mox2)
GATA family (GATA 4/5/6)

Markers of SMC Differentiation
and Dedifferentiation

Target Gene(s)

1 numerous SMC differentiation markers49,92,105
1 p21; 2 proliferation96,106

Myocardin

1 numerous SMC differentiation markers50,51

Kruppel-like Zinc Finger Proteins
Sp1/3

1 ACLP12; ?2 SM MHC and SM22␣95,107
2 SM22␣ and SM ␣-actin30

GKLF/KLF4

1 p21; 2 proliferation108,109
1 SMemb/NMHC-B110; ?1 SM22␣30

BTEB2/KLF5
Helix-Loop-Helix (HLH) Proteins
USF

1 osteopontin111, SM ␣-actin76, APEG-174
SMC specific targets unknown112–114

CHF/HRT/gridlock
dHAND/HAND2

SMC specific targets unknown115

eHAND/HAND1

SMC specific targets unknown116
? 1 SM ␣-actin117

capsulin/epicardin
Id2/3

2 p21; 1 proliferation99,118,119

Twist

2 SM22␣91

Single-Stranded DNA Binding Proteins
Pur␣, Pur␤, and MSY1

? 2 SM ␣-actin83,84

Others
Egr-1

1 proliferation (numerous targets)100

TEF-1

? 1 SM ␣-actin83,84

SSRP1

1 SM22␣47

Mrf2␣/␤

1 SM ␣-actin and SM22␣; 2 proliferation28

AP-1

1 osteopontin111

YY1

1 SM22␣37

p53

1 SM ␣-actin120

c-myb

1 SM ␣-actin121

CRP1/2

SMC specific targets unknown9,122

NFATc1

1 SM MHC123

embryonic/nonmuscle isoform of myosin heavy chain,
SMemb/NMHC-B.14 Although we will not be discussing the
regulation of these SMC dedifferentiation markers in this
review, some of the factors that have been shown to upregulate these markers can be found in the Table. Although it is
widely accepted that SMCs retain a high degree of plasticity,
which allows them to modulate their phenotype when neces-

Kumar et al
sary to perform diverse functions, including contraction,
extracellular matrix protein synthesis, migration, and replication, an alternate (although not necessarily mutually exclusive) view is that the SMCs that make up the vessel wall are
heterogeneous and that the diverse functions of SMCs are
carried out by specific subpopulations with different functional capabilities as opposed to modulation of any SMC into
functionally different phenotypes. For additional reading on
this topic, see reports by Bochaton-Piallat and colleagues,15,16
Frid et al,17 and references therein. In addition, an emerging
body of evidence now suggests that bone marrow stem cells
may be a potential source of neointimal vascular SMCs in
conditions such as transplant arteriopathy and
atherosclerosis.18,19

In Vitro SMC Differentiation Models
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Although cultured SMCs have proven invaluable for addressing many questions related to control of SMC-specific gene
expression, inducible SMC lineage systems are likely to
prove more powerful for identifying nodal regulatory factors
and pathways leading to SMC differentiation. Such a system
for the skeletal muscle lineage (based on treatment of 10T1/2
cells with the DNA hypomethylating agent 5-azacytidine) has
led to the elucidation of critical regulatory factors and
mechanisms governing skeletal muscle differentiation.20,21
However, until recently, such systems were lacking for
SMCs. Fortunately, there are now several SMC-inducible
systems, each with its own advantages and disadvantages.
One of the first systems, based on treatment of P19
embryonal carcinoma cells with retinoic acid (RA), was
described by our laboratory in 1995.22 We recently improved
on this system by generating stable lines of P19 cells carrying
a SM ␣-actin promoter/puromycin cassette to enrich for cells
that have differentiated into the SMC lineage using puromycin selection.23 One such stable line, designated as A404,
behaves like a SMC precursor/progenitor line in that it shows
a high propensity for differentiation into SMC-like cells with
RA treatment (even before puromycin selection). As described below, we have already begun to use this system to
elucidate SMC-specific chromatin modifications and their
effect on transcription factor accessibility and gene expression.23 For a more extensive review on the effects of retinoids
on vascular SMC differentiation and growth, see the study by
Miano and Berk.24
A second system is an embryoid body model described by
Drab et al in 199725 in which totipotent mouse embryonic
stem (ES) cells are cultured in such a way that they form
embryo-like aggregates containing numerous differentiated
cell types, including SMCs. This is potentially a very powerful system, and because ES cells with various candidate
genes knocked out can be used, it provides a rapid and high
throughput method of screening effects of knockouts of
various proteins on SMC differentiation. However, to our
knowledge, such a study has not yet been performed.
A third system, described by Jain et al in 1998,26 involves
culturing Monc-1 cells, pluripotent neural crest cells first
generated and characterized by Rao and Anderson,27 in a
medium that promotes differentiation into the SMC lineage.
Using screens to identify factors upregulated in SMC differ-
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entiated versus undifferentiated Monc-1 cells, Jain and colleagues28 have identified several factors that may play important roles in SMC differentiation, including Mrf2␣/␤ (see
Table 1) and a Kruppel-like zinc finger protein (M. Jain,
personal communication, 2002).
A fourth system, described by Hirschi et al in 1998,29
involves coculture of 10T1/2 cells with endothelial cells or
treatment of 10T1/2 cells with transforming growth factor ␤
(TGF␤). A limitation of this system is that, unlike the
previous 3 systems in which induction of SM MHC (the most
definitive marker for SMCs) has been well documented, it is
controversial as to whether SM MHC is induced in the
10T1/2 system. For example, we have been unable to detect
SM MHC expression in TGF␤-treated 10T1/2 cells by either
reverse transcriptase–polymerase chain reaction or Western
analysis (Manabe and Owens, unpublished observations,
2000). Although Hirschi et al29 attempted to document its
induction in this system using a SM MHC antibody, it is
unclear whether the antibody they used specifically recognizes the SM isoform of MHC. We would like to emphasize
here the importance of carefully evaluating the specificity of
SM MHC antibodies when interpreting previous studies or
designing future studies, because we have found that at least
one of the principal antibodies used in many studies crossreacts with a nonmuscle form of MHC (Thompson and
Owens, unpublished observations, 1992). This issue is discussed more fully in the study by Owens.3 Regardless, the
TGF␤-10T1/2 system may still be a useful model of, at least,
the early stages of SMC differentiation (ie, before the
induction of SM MHC, a relatively late-stage SMC marker)
and has been used to investigate mechanisms of TGF␤dependent regulation of SMC marker genes.30,31
To the extent that these in vitro models mimic SMC
differentiation in vivo, they may prove to be very powerful
tools for dissecting mechanisms of SMC differentiation.
However, because SMC differentiation seems to be highly
dependent on the integration of numerous complex local
environmental cues3 that cannot be adequately recapitulated
in culture, it is imperative that findings from these systems be
verified in vivo using transgenic or knockout/knockin
approaches.

Transcriptional Regulation of SMC
Differentiation Markers
Tremendous progress has been made in the last decade in
identifying transcriptional regulators of SMC marker genes,
most of which are summarized in the Table. Because of space
limitations, we will not be able to discuss each of these
factors in detail in this review. Rather, we will focus primarily
on the serum response factor (SRF)-CArG– dependent pathway, because it seems to play a central and critical role in
SMC differentiation, and will draw on several additional
factors and regulatory elements as examples to illustrate some
common themes, important paradigms, and unresolved issues
in SMC-specific gene transcription.

SRF-CArG Dependent Pathway
SRF is a MADS (MCM1, Agamous, Deficiens, SRF) box
transcription factor that was first identified and named be-
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Schematic model of the SM ␣-actin promoter depicting many of the protein-protein and protein-DNA interactions discussed in this
review. In this model, transcription by the TATA binding protein (TBP)-containing RNA polymerase II complex is dependent on cooperative interactions between multiple cis elements and trans binding factors. Angiotensin II (A-II) enhances SM ␣-actin promoter activity
through modulation of protein binding to the CArG B and ATTA elements. TGF␤ regulates SM ␣-actin expression, at least in part,
through regulation of protein binding to CArGs A and B and the TCE. SRF interacts with multiple cofactors, including homeodomain
proteins, such as Mhox, and myocardin. Interactions between SRF and bHLH proteins bound to the E-boxes, TEF-1 family members
bound to the MCAT elements, and KLF proteins bound to the TCE are less well defined but likely to play an important role in SM
␣-actin regulation. Finally, the loops of DNA and histone octamers are intended to schematically represent the role of chromatin structure in controlling aspects of SMC-specific gene expression, including both transcription factor accessibility to DNA and interactions
between transcription factors, to generate unique higher-order complexes.

cause of its ability to confer serum inducibility to the
growth-responsive gene c-fos through binding to a sequence
known as the serum response element or CArG box (CC[A/
T]6GG). SRF binds CArG boxes as a dimer, with dimerization and DNA binding occurring through the MADS box
domain.32 In addition to regulating growth-responsive genes
such as c-fos, SRF binding to CArG boxes has been shown to
regulate numerous muscle-specific genes.33,34 In particular,
the SRF-CarG– dependent pathway has been demonstrated to
play a central and critical role in regulating virtually every
SMC-specific gene4,6,34 with the possible exception of ACLP,
whose promoter does not seem to contain a CArG box.12
(However, because ACLP is also expressed at high levels in
nonmuscle tissues such as bone and dermis,11 it can be argued
that ACLP is not a true SMC-specific gene.) Of major
significance, transgenic mouse studies have shown that CArG
box mutations in the SMC selective promoters SM MHC,35
SM ␣-actin,36 and SM22␣37,38 inactivate the respective promoter in one or more SMC subtypes. Because growth and
differentiation are generally exclusive processes, a longstanding paradox and unresolved issue in this field is how
SRF, a ubiquitously expressed transcription factor, can reg-

ulate both growth-responsive and muscle-specific genes.
Although SRF levels seem to be higher in cardiac and skeletal
muscle and SM compared with most other tissues,39,40 this
expression pattern alone cannot explain how SRF exerts its
selective effects. Several mechanisms have been demonstrated to regulate SRF activity, including association with
cofactors, posttranscriptional modifications of SRF, variations in SRF binding affinity among different CArG boxes,
and number, position, and spacing of CArG boxes.41,42 Of
course, these mechanisms are not mutually exclusive, and it is
likely that a combination of these factors is important in
modulating the diverse functions of SRF.
SRF Cofactors
The c-fos CArG box is adjacent to a binding site for a
subfamily of ETS domain transcription factors known as
ternary complex factors, which, as their name suggests, form
a ternary complex with SRF and the CArG box to activate
transcription of the c-fos gene.32,41 However, because musclespecific CArG boxes are generally not flanked by such
ternary complex factor binding sites, other factors are likely
to play a role in muscle-specific gene expression. Interestingly, Grueneberg et al43 demonstrated that the homeodomain
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protein, Phox1, enhanced SRF binding to the c-fos CArG box
without formation of a higher order/ternary complex with
SRF-CArG DNA. Hautmann et al44 subsequently showed that
the mouse homologue of Phox1, Mhox, was able to increase
SRF binding to the promoter distal CArG box, CArG B, of
the SM ␣-actin promoter as well as bind itself to an ATTA
element, a homeodomain binding site, 5⬘ to CArG B. Moreover, Mhox expression, Mhox binding to the ATTA element,
and enhanced SRF binding to CArG boxes were all increased
by treatment of cultured SMCs with the contractile agonist,
angiotensin II (see the Figure). Additional factors, including
the homeodomain proteins Barx2b45 and Nkx3.146 and the
high-mobility group protein SSRP1,47 have subsequently
been shown to function similarly to Mhox in that they
enhanced the DNA binding activity of SRF but did not form
a detectable ternary complex with SRF-CArG DNA. This
suggests that if such a complex exists, either it is transient or
unstable or other factors or posttranslational modifications
are required to stabilize it. Although interaction of SRF with
one or more of the above cofactors may be an important
mechanism for regulating SRF activity, it is unlikely on its
own to contribute to SMC-specific gene expression, because
these cofactors are not SMC selective, nor is there evidence
that they can differentiate between differentiation genes and
growth-responsive genes (such as c-fos).43– 47
Interestingly, the homeodomain proteins Barx1b48 and
Nkx3.249 and the zinc finger protein GATA649 have each
been shown to form a stable, detectable ternary complex with
SRF-CArG DNA. A recent elegant study from Nishida et al49
showed that the triad of SRF, Nkx3.2, and GATA6 cooperatively activated several SMC marker genes, including SM22
and caldesmon, but not c-fos. Thus, this combination of
factors provides a mechanism by which SMC-specific genes
can be regulated selectively and independently of growthresponsive genes. Moreover, although each individual factor
was not SMC-specific, this triad of factors was found to be
coexpressed only in vascular SMCs, illustrating an important
paradigm whereby SMC-specific gene transcription can be
achieved in the absence of SMC-specific transcription factors
through combinatorial interactions between multiple transcription factors whose presence, at the appropriate levels and
stoichiometry, may be SMC-specific.
A major breakthrough in the study of SRF cofactors and
cardiac/SMC differentiation came in 2001, when Wang et al50
reported the identification of a novel SAP (SAF-A/B, Acinus,
PIAS) domain containing cardiac and SM-specific SRF
cofactor, which they named myocardin for its critical role in
cardiac-specific gene expression and cardiac development.
However, it is becoming increasingly clear that myocardin
may also play a critical role in SMC differentiation. Myocardin has been shown to activate several SMC-specific or
-selective promoters, including SM-calponin, SM MHC, SM
␣-actin, and SM22, while failing to activate the c-fos promoter.50,51 Thus, like the triad of SRF/GATA6/Nkx3.2, myocardin provides a mechanism by which SRF can discriminate
between muscle-specific promoters and growth-responsive
promoters. In addition to physically interacting with SRF,
additional evidence that myocardin acts through the SRF/
CarG-dependent pathway comes from the following findings:
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(1) myocardin forms a stable, ternary complex with SRF/
CArG box DNA50,52; (2) myocardin-mediated transactivation
is CArG box– dependent50 –52; and (3) myocardin fails to
activate SRF-dependent reporters (including SM22) in SRFnull ES cells but can do so when both SRF and myocardin are
cotransfected into these cells.52 Interestingly, when overexpressed in L6 skeletal myoblast cells, myocardin is sufficient
to induce the expression of several endogenous smooth and
cardiac muscle genes.51 Recently, two myocardin-related
transcription factors, MRTF-A and MRTF-B, have been
identified whose expression is much more widespread than
that of myocardin.52 Nevertheless, these factors may be
important in modulating the activity of SRF or SRFdependent genes in SMCs. A key question now is what are
the mechanisms by which myocardin distinguishes between
SM and cardiac muscle genes in vivo. Possibilities include
additional cell-specific cofactors, posttranslational modifications, or the presence of tissue-specific alternative spliced
forms of myocardin. Interestingly, the mechanism of
myocardin-induced activation does seem to be somewhat
different between the SM22 and the cardiac ANF promoter in
that mutations in the SAP domain of myocardin, although
having modest effects on myocardin-induced transactivation
of the SM22 promoter, profoundly diminished activation of
the cardiac ANF promoter.50 It remains to be determined
whether this observation extends to other smooth versus
cardiac selective promoters and how the SAP domain of
myocardin discriminates between these different target genes.
Posttranscriptional Modifications of SRF
In addition to interacting with cofactors, SRF has been shown
to be regulated by several posttranscriptional mechanisms,
including alternative splicing,40,53,54 phosphorylation,55,56 and
regulated nuclear translocation.57,58 In fact, several alternatively spliced isoforms of SRF have been reported, including
one isoform that seems to function as a dominant-negative
inhibitor of SRF.53 Phosphorylation of SRF by casein kinase
II55 or ribosomal S6 kinase (pp90rsk)56 has been shown to
increase its DNA-binding activity.
Variations in SRF-Binding Affinity Among Different
CArG Boxes
Interestingly, CArG boxes from muscle-specific promoters,
in general, have a reduced binding affinity for SRF compared
with CArG boxes from growth-responsive genes such as
c-fos and egr1.59 – 61 The determinants of SRF binding affinity
seem to lie both within the central A/T-rich region of the
CArG box and flanking sequences.61,62 Because muscle
tissues contain higher levels of SRF than most other cell
types, it has been proposed that the decreased affinity of
muscle CArG boxes serves to restrict SRF binding and
therefore expression of muscle-specific genes to muscle
cells.60,61,63 In support of this hypothesis, Chang et al61
demonstrated that in 11.5-day-old mouse embryos, a transgene containing multimerized c-fos CArG boxes upstream of
a minimal promoter showed widespread activity whereas a
transgene containing multimerized SM22 CArG-near boxes
upstream of a minimal promoter was active primarily in
muscle cells. However, they reported that at later developmental time points and postnatally, the SM22 CArG-near box
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reporter was also active throughout the embryo, suggesting
that SRF levels may only be rate limiting very early in
embryonic development and that other mechanisms subsequently take over to restrict muscle gene expression. Although this study used artificial multimerized CArG box
reporters, several studies have actually replaced one or more
muscle CArG boxes with c-fos CArG boxes and studied the
effect of this substitution in the context of the intact muscle
promoter. The results of these types of studies have shown
either no effect on muscle specificity,64 increased basal
expression with reduced cell specificity,60 or lack of expression.65 Possible reasons for these discrepancies include the
model system used (ie, cell culture versus in vivo systems),
the promoter context, and whether CArG flanking sequences
were included in the substitution. Of particular note, many
investigators failed to document whether the resultant chimeric CArG region created by the substitution truly increased
SRF binding affinity as intended. For example, substitution of
c-fos CArG boxes for the two SM22 CArG boxes abolished
activity of the SM22 promoter in transgenic mouse embryos.65 It was subsequently shown that such a substitution (at
least for one of the SM22 CArG boxes [CArG-near]) actually
does not increase, and may even decrease, SRF binding
affinity.61 Another consideration is that SRF binding affinity
in vitro may be very different from SRF binding affinity in
vivo. Nevertheless, it is intriguing that such weak SRF
binding CArG boxes have been conserved throughout evolution in muscle-specific genes, and clearly additional work is
needed in this area to elucidate the reasons and implications
of this finding.
Number, Position, and Spacing of CArG Boxes
In contrast to the c-fos promoter, which contains a single
CArG box, many muscle-specific promoters contain 2 or
more CArG elements.4,35,36 Although the significance of this
is unclear, it is thought that this may be one mechanism by
which myocardin distinguishes between muscle promoters
and the c-fos promoter.50 Position and spacing of CArG boxes
also seem to be important determinants of promoter activity.
Studies using the SM ␣-actin promoter have revealed that the
position of the 2 CArG boxes in the 5⬘ promoter region are
not interchangeable60 and that changes in the spacing/phasing
of these 2 CArG boxes profoundly affects the activity of this
promoter in cultured SMCs.42

Other cis Elements and trans Binding Factors
Although the SRF-CarG– dependent pathway has been shown
to be critically important in the regulation of multiple SMC
marker genes, CArG elements are clearly not sufficient for
SMC-specific gene regulation. Strong evidence that other cis
elements and trans binding factors are important comes from
numerous transgenic studies showing that deletions or mutations of various SMC marker gene promoters, despite having
intact CArG boxes, are not properly expressed in
vivo30,36,66,67 (and Kumar et al, unpublished observations,
2002). In this section, we will highlight 3 additional cis
elements, a transforming growth factor ␤ (TGF␤) control
element (TCE), E-boxes, and MCAT elements, and discuss
what is known about their binding factors and their role in

SMC marker gene expression. Although we will focus on the
SM ␣-actin promoter, these elements are highly conserved in
multiple SMC marker genes and are likely to contribute to
coordinate regulation of SMC differentiation.
TGF␤ and the TCE
TGF␤ has been shown to increase the expression of several
SMC differentiation marker genes, including SM ␣-actin, SM
MHC, h1 calponin, SM22␣, and SM ␥-actin, in cultured
SMCs or the 10T1/2 model.29,31,68 Studies on the SM ␣-actin
promoter revealed that 3 cis elements, the 2 5⬘ CArG boxes
and a novel TGF␤ control element (TCE), were required for
TGF␤ inducibility68 (see the Figure). TGF␤ enhanced SRF
binding to the CArG boxes, and this effect was at least partly
attributable to increased SRF expression.68 The TCE element,
G(A/C)GT(T/G)GG(T/G)GA, is found in several SMCselective promoters,68 and mutation of this element in the
SM22␣ promoter inactivated the promoter in vivo in transgenic mice.30 TGF␤ induced the binding of a factor to the
TCE element whose identity is unknown but which appears to
belong to the Kruppel-like factor (KLF) family of zinc finger
proteins that includes GKLF, BTEB2/KLF5, and Sp1 (See
Table).30,68 Interestingly, although GKLF repressed the SM
␣-actin and SM22␣ promoters, it appears that another related
KLF member, possibly KLF5, may activate transcription
through the TCE, suggesting a reciprocal role for KLF factors
in control of SMC differentiation through the TCE.30 Additional work is needed to identify the key KLF members that
activate or repress SMC marker gene expression in vivo.
E-boxes
E-boxes (CAnnTG motifs) bind to homodimers or heterodimers of basic helix-loop-helix (bHLH) proteins69 and
have been found in many cell-specific promoters, including
the SM-specific or -selective promoters SM MHC,70 SM22␣,71 Crp2/SmLim,72 APEG-1,73,74 and SM ␣-actin.75,76 The
discovery in 1989 that MyoD, a bHLH protein, functions as
a master regulatory gene for skeletal myogenesis, sufficient to
activate the skeletal muscle differentiation program in a
variety of nonmuscle cell types,77 led to intense interest in
identifying similar master regulatory bHLH proteins in other
cells. Although this search has resulted in the identification of
bHLH proteins critical to the differentiation of numerous cell
types, including neurons, pancreatic ␤-cells, hematopoietic
cells, and cardiac muscle,69 no SMC-specific master regulatory bHLH protein has yet been identified. Although several
bHLH proteins have now been found in SMCs (see Table),
their role in SMC differentiation is still largely undefined.
We previously showed that 2 E-boxes in SM ␣-actin
promoter (designated E1 and E2) functioned as positive
regulatory elements in cultured SMCs and that members of
the upstream stimulatory factor (USF) family of bHLH
proteins could bind the E1 E-box and regulate SM ␣-actin
transcription in an E1-dependent manner.76 Whether USF
proteins are the relevant E1 binding factors in vivo and what
the nature of the E2 binding factors is remain to be determined. Interestingly, Chen et al74 recently demonstrated that
USF factors can bind to an E-box in exon 1 of the APEG-1
gene and transactivate the APEG-1 promoter. More work is
needed to determine the role of E-boxes on the expression of
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SMC marker genes in vivo, to additionally define the nature
of E-box binding proteins in SMCs, and to determine the role
of the known SMC-expressed bHLH proteins (see Table) on
SMC differentiation. Because myogenic bHLH proteins have
been shown to interact with SRF,78 it is tempting to speculate
that interactions between E-box bound bHLH proteins and
SRF will prove to be important in the regulation of SMC
marker genes (see the Figure).
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MCAT Elements
The SM ␣-actin promoter contains 2 MCAT elements (designated MCAT-1 and MCAT-2) with the sequence AGGAATG. MCAT elements bind the transcription enhancer
factor 1 (TEF-1) family of transcription factors and have been
implicated in the control of several cardiac, skeletal, and
nonmuscle genes.79 – 81 However, relatively little is known
about their role in SMC marker gene expression. Swartz et
al82 found that the SM ␣-actin MCAT elements were capable
of binding TEF-1 (or TEF-1–related proteins) in SMC nuclear extract and, in general, functioned as repressors in
cultured SMCs but as activators in L6 skeletal myotubes and
endothelial cells. Interestingly, studies on the murine SM
␣-actin promoter suggest that the MCAT-1 element functions
as a cryptic enhancer in both fibroblasts and SMCs, with
MCAT-1 flanking sequences conferring repression to the
MCAT-1 element.83 Studies conducted primarily in fibroblasts, but to some extent in SMCs, have demonstrated that
the MCAT-1– containing region can be recognized by the
single-stranded DNA-binding proteins Pur␣, Pur␤, and
MSY1 and have provided evidence in support of at least 2
potential models of cryptic MCAT enhancer regulation.83– 86
One model is a competition model in which binding by Pur␣,
Pur␤, and MSY1 maintains the MCAT-containing region in a
single-stranded conformation and prevents binding by TEF1.83,84 The second, and perhaps more likely, model is that a
macromolecular complex of Pur␣, Pur␤, MSY1, and TEF-1
prevents TEF-1–mediated transactivation, which can then
occur if the single-stranded binding proteins dissociated from
the promoter83 (see the Figure). Because TEF-1 and SRF have
been shown to physically interact and synergistically activate
the skeletal ␣-actin promoter,87 it is interesting that Carlini et
al83 found that not only do Pur␣, Pur␤, MSY1, and TEF-1
interact with each other but that all 4 proteins also interact
with SRF. Clearly, regulation by MCAT elements seems to
be very complex, and additional work is needed to define the
role of the SM ␣-actin MCAT elements in vivo and to
determine the mechanisms by which MCAT elements activate or repress SMC marker genes.

Role of Chromatin Modifications in
SMC Differentiation
Up to now, we have discussed the role of interactions
between transcriptional regulators and their cognate DNAbinding sites in SMC marker gene expression. However, it
must be kept in mind that endogenous genes are not naked
DNA sequences but rather components of a complex, higherorder, dynamically changing structure called chromatin
whose building block is the nucleosome. Nucleosomes are
composed of ⬇146 base pairs of DNA wrapped around a
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histone octamer containing two molecules each of histone
H2A, H2B, H3, and H4. Studies from the emerging field of
chromatin regulation have revealed that the N-terminal tails
of histones are the target of numerous posttranslational
modifications, including acetylation, methylation, and phosphorylation, and that these modifications affect numerous
biological processes, including transcription.88 In particular,
histone acetylation has been shown to be associated with
transcriptional activation.89 Because transcription factors
generally recognize 6 to 10 base pair sequences, their selectivity of action in vivo is remarkable. Although combinatorial
interactions with other promoter-bound factors (as discussed
in this review) are likely to restrict the activity of certain
transcription factors, DNA accessibility attributable to chromatin configuration is also likely to play a key role.
Using chromatin immunoprecipitation (ChIP) assays,
Manabe et al35 found that SRF was strongly associated with
the SM MHC, but not skeletal actin, promoter in SMCs. In
contrast, ChIP assays in skeletal myoblasts and myotubes
revealed SRF binding to the skeletal actin, but not SM MHC,
promoter in these cells. Additional studies by Manabe et al23
using the A404 system revealed that SRF accessibility to
SMC CArG-containing regions was differentiation state–
dependent. Whereas in vitro assays showed that SRF-binding
activity to CArG box probes was approximately equivalent in
nuclear extracts from undifferentiated and differentiated
A404 cells, ChIP analyses revealed a preferential association
of SRF with the SM ␣-actin and SM MHC promoters in
differentiated versus undifferentiated A404 cells. Moreover,
differentiation resulted in changes in local chromatin structure, with enhanced H3 or H4 acetylation associated with
SMC promoters in differentiated A404 cells. Although these
studies demonstrate that chromatin remodeling is likely to
play an important role in SMC differentiation, the question
remains as to what factors are responsible for these changes
in chromatin structure.
Interestingly, several transcription factors that we have
discussed in this review, including SRF, GATA6, and myocardin, have been implicated either directly or indirectly in
chromatin remodeling functions. For example, SRF has been
shown to interact with the histone acetyltransferase protein
CBP.90 Qiu et al91 showed that SRF and CBP were recruited
to the CArG containing region of the SM22 promoter in
cultured SMCs. GATA6 was shown to interact with the
related histone acetyltransferase protein p300, and this combination of factors synergistically activated the SM MHC
promoter.92 Myocardin contains a protein motif called the
SAP domain, which has been implicated in diverse aspects of
chromatin remodeling.93 Intriguingly, SRF may also be involved in gene silencing under some circumstances, because
it has been shown to interact with SMRT, a protein that
recruits histone deacetylases.94
Although our knowledge of the complex interplay between
transcriptional regulators and chromatin modifying enzymes
and their role in SMC differentiation is still clearly in its
infancy, this area of research holds great promise for the
future in terms of understanding and possibly even manipulating changes in the differentiation state of SMCs.
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Although changes in the differentiated state of SMCs are
known to play a key role in vascular diseases such as
atherosclerosis and hypertension, the mechanisms controlling
SMC differentiation are not fully understood. Studies of SMC
development and differentiation are challenging because of
the diverse, and sometimes unknown, origin of SMCs in vivo
as well as the finding that many (if not all) SMC differentiation markers are not exclusive to the SMC lineage. Nevertheless, the last decade has resulted in tremendous progress
and advances in our understanding of the factors controlling
SMC differentiation. Although numerous environmental
cues, including growth factors, cell-cell contacts, extracellular matrix components, and neuronal input, affect the differentiation state of SMCs,3 in this review we focused on the
final common pathway of most of these influences—the
transcriptional regulators and how they interact with each
other and with critical cis elements in the promoters of SMC
marker genes to regulate SMC differentiation.
A common theme that has emerged from these studies is
that SRF interacts with multiple proteins, likely forming a
macromolecular complex in vivo containing both chromatinmodifying and transcription-activating functions. Although
much work has been done investigating mechanisms of
SRF-mediated regulation of SMC marker genes, our understanding of control by other cis elements (such as the TCE,
E-boxes, and MCAT elements) is still in its infancy. Table
summarizes most of the transcription factors known or likely
to play an important role in SMC differentiation or dedifferentiation. The challenge for the future is to not only add to
this list of key players but to continue to draw connections
between them, mapping out transcriptional regulatory networks governing SMC-specific gene expression. Hopefully
the use of inducible SMC lineage systems will help make this
task possible.
Equipped with an understanding of some of the basic
molecular pathways that normally control SMC differentiation, the next step is to elucidate how such pathways are
disrupted in vascular injury and disease. We now have
evidence that decreases in SMC marker gene expression that
occur after vascular injury are at least partly transcriptionally
mediated.95 And although we are beginning to elucidate
transcriptional regulatory pathways in vascular injury, including downregulation of differentiation promoting/growth inhibitory factors such as GATA-696 and Gax97,98 and upregulation of dedifferentiation/growth promoting factors such
Id299 and Egr-1,100 our understanding of the molecular
mechanisms of SMC phenotypic modulation in more complex atherosclerotic lesions is much farther behind. Hopefully, with the combination of mouse models of atherosclerosis, SMC-specific promoter constructs, and conditional/
inducible gene expression systems, we will soon be able to
not only address these issues but also deliver therapeutic
genes in a controlled and precise manner to sites of vascular
injury and disease.
In summary, what makes SMCs unique is not the presence
of one specific marker protein but a whole family of factors
expressed at the appropriate levels and stoichiometry necessary to carry out the differentiated functions of SMCs.

Similarly, it seems that what controls SMC differentiation is
likely not one unique SMC-specific transcription factor but
rather a combination of ubiquitous and tissue-restricted proteins expressed at the appropriate levels and stoichiometry
necessary to initiate, maintain, and, occasionally, modulate
the SMC phenotype.
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