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Serum response factor (SRF) directs programs of gene expression
linked to growth and muscle differentiation. To investigate the
role of SRF in cardiovascular development, we generated mice in
which SRF is knocked out in >80% of cardiomyocytes and >50%
of vascular smooth muscle cells (SMC) through SM22�-Cre-medi-
ated excision of SRF’s promoter and first exon. Mutant mice display
vascular patterning, cardiac looping, and SRF-dependent gene
expression through embryonic day (e)9.5. At e10.5, attenuation in
cardiac trabeculation and compact layer expansion is noted, with
an attendant decrease in vascular SMC recruitment to the dorsal
aorta. Ultrastructurally, cardiac sarcomeres and Z disks are highly
disorganized in mutant embryos. Moreover, SRF mutant mice
exhibit vascular SMC lacking organizing actin�intermediate fila-
ment bundles. These structural defects in the heart and vasculature
coincide with decreases in SRF-dependent gene expression, such
that by e11.5, when mutant embryos succumb to death, no SRF-
dependent mRNA expression is evident. These results suggest a
vital role for SRF in contractile�cytoskeletal architecture necessary
for the proper assembly and function of cardiomyocytes and
vascular SMC.

Cre recombinase � knockout � myocardin � SM22�

Serum response factor (SRF) is a widely expressed transcrip-
tion factor that orchestrates disparate programs of gene

expression through a 1,216-fold degenerate element known as a
CArG box. One or more CArG boxes (consensus � CCW6GG)
are found within the proximal promoter or first intron of �60
SRF-dependent genes, half of which are restricted to cardiac,
skeletal, and smooth muscle (SM) cells (SMCs) (1, 2). Genetic
inactivation of SRF in amoeba (3), worm (4), f ly (5), and mouse
embryonic stem cells (6) has confirmed a critical role for SRF in
normal cytoskeletal architecture, cell adhesion, cell migration,
and�or animal movement. These results are consistent with data
in transgenic reporter mice showing the functional importance
of CArG elements in muscle promoter activity (2, 7).

Because many of the SRF-dependent genes in mammals are
associated with cellular locomotion, it is anticipated that inac-
tivation of SRF will lead to loss in both CArG-dependent muscle
gene expression and normal contractile activity. However, SRF
null mice die well before the emergence of muscle cells, pre-
cluding an evaluation of this thesis (8). Here, we show that
cardiac�SMC-restricted inactivation of SRF results in embryonic
lethality at approximately embryonic day (e)11.5 days. Mutant
mice display severe defects in cardiac trabeculation and sarco-
meric assembly as well as altered SMC recruitment to the dorsal
aorta and the absence of SMC actin�intermediate filament
bundles. The structural defects in cardiomyocytes and SMC
precede the loss of SRF-dependent gene expression in these
cells. Thus, SRF controls events associated with proper assembly
of cytoskeletal�contractile elements and terminal muscle differ-
entiation. As this work was completed, Parlakian et al. (9)

reported a heart-specific knockout of SRF with similar defects
in cardiac trabeculation.

Materials and Methods
Generation of SRFf/f and SM22�-Cre Mice. LoxP sites were inserted
1,400 bp upstream and 1,135 bp downstream of the transcription
start site, resulting in a floxed 5� promoter and exon 1. As
depicted in Fig. 1, excision of the floxed SRF allele results in
removal of key regulatory elements shown to be important for
SRF promoter activity in vitro and in vivo (10, 11). In addition,
many of the DNA-binding and dimerization residues of SRF are
excised upon Cre recombination. As predicted, both expression
and DNA-binding activity of SRF are essentially abrogated in
neonatal cardiomyocytes null for SRF (Fig. 7, which is published
as supporting information on the PNAS web site). A more
detailed description of the targeting allele will be published
elsewhere (N.R. and D.D.G., unpublished work). A 1.4-kb
EcoRI�SalI fragment of the mouse SM22� promoter was fused
to Cre recombinase and CD-1 transgenic mice generated in the
Medical College of Wisconsin’s Core Facility. Activity of
SM22�-Cre was ascertained with the ROSA26 reporter line
(R26R), as described (12). Homozygous floxed SRF (SRFf/f)
mice (bred on a CD-1 background) were crossed with SRFf/��
SM22Cre�/� mice to generate SRFf/f�SM22Cre�/� mice at the
expected frequency of 25%, which was seen through e11.5; no
viable embryos were seen after e11.5. For the studies reported
here, we examined a total of 22 mutants and 26 wild-type
embryos from e8.5 through e11.5.

Histology, Immunohistochemistry, and in Situ Hybridization. Staged
embryos were fixed in 4% paraformaldehyde and embedded in
paraffin for all histological assays. Embryos were cut at 4 �m and
stained with hematoxylin�eosin for general morphology. Adja-
cent sections were processed for in situ hybridization (ISH) or
immunohistochemistry. Antibodies to SRF (Santa Cruz Bio-
technology, sc-335) and SM� actin (SMA) (Dako, Carpinteria,
CA; M0851) were used at dilutions of 1:1,200 and 1:1,000,
respectively. Universal secondary antisera (1:400) and horserad-
ish peroxidase were from Richard-Allan Scientific (Kalamazoo,
MI) (R50H). ISH was carried out as described with riboprobes
to SMC markers (13) and cardiac markers (kind gift of Gary
Lyons, University of Wisconsin, Madison). Images were ac-
quired with an Olympus (Melville, NY) digital camera and
processed in PHOTOSHOP (Adobe Systems, San Jose, CA). All
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quantitative measures, were carried out by two independent
observers and the data analyzed in PRISM (GraphPad, San
Diego). For two measures, an unpaired t test was used, and for
multiple measures, a one- or two-way ANOVA with Bonferroni
post hoc testing was done.

RT-PCR Assay. Total RNA was isolated from microdissected
e10.75 mouse hearts by using the Qiagen RNAeasy kit (Qiagen,
Valencia, CA). RNA was reverse-transcribed by using random
hexamer primers and MMLV RTase (Roche, Indianapolis) at
42°C for 30 min. Radioactive-labeled reactions were performed
within each primer pair’s linear range of amplification and the
data quantitated with a PhosphorImager. Mutant signals were
normalized to their corresponding GAPDH control and the
ratios expressed as fold changes from wild-type controls. Specific
PCR conditions and primer set sequences are available upon
request.

Electron Microscopy. e10.5 embryos were fixed in 2.5% glutaral-
dehyde, postfixed in 1% osmium tetroxide, dehydrated, and
embedded in Epon�Araldite resin. Thin sections (70 nm) were
placed onto Formvar-coated slot grids and stained with uranyl
acetate and lead citrate. Grids were examined with a Hitachi
(Tokyo) 7100 electron microscope and images captured by using
a Megaview III digital camera (Soft Imaging System, Lakewood,
CO).

Results
Activity of SM22�-Cre in R26R Mice. To ascertain when SM22�-
driven Cre activity is manifested during development, we crossed
our SM22�-Cre line with the R26R reporter mouse line (12).
SM22�-Cre activity first emerges in the embryonic heart at e8.5
(Fig. 2A). Thereafter, Cre activity is observed in the dorsal aorta,
umbilical vessels, and throughout the atrial and ventricular
myocardium (Fig. 2 B–D). These results are similar to data
reported previously with a conventional SM22� promoter-
driven lacZ transgene (14, 15), with the exception that there is
promoter activity in both ventricles and some minor activity in
the head and tail region (Fig. 2 B and D). Together, these data
indicate that our SM22�-Cre mouse should restrict the inacti-
vation of SRF and other floxed alleles to the cardiovascular
system.

Efficiency of SRF Inactivation in Developing Heart and Aorta. SRFf/f

mice were crossed with SRFf/��SM22�Cre�/� to generate SRFf/f�
SM22�Cre�/� mice (hereafter referred as mutants). All studies
reported here compare mutants with SRFf/��SM22�Cre�/�

(hereafter abbreviated as wild-type). There were no differences
in any of the parameters assayed among the various nonmutant

mouse lines (SRFf/�, SRFf/f, and SRFf/��SM22�Cre�/�; data not
shown). Consistent with previous mRNA studies (16), SRF
protein is expressed abundantly in cardiomyocytes and subjacent
SMC of the dorsal aorta in wild-type embryos (Fig. 3 C, E, and
G). Mutant mice display decreases in SRF protein in both muscle
types (Fig. 3 D, F, and H). Rigorous quantitation reveals �50%
of cardiomyocytes staining positive for SRF in both wild-type
and mutant hearts at e8.5 (Fig. 3I). Whereas the number of
wild-type cardiomyocytes positive for SRF increases to �80%
between e9.5 and e11.5, a progressive and statistically significant
decrease in SRF protein is observed in mutant cardiomyocytes
over this time span (Fig. 3I). A 59% decrease in SRF protein is
noted in e10.5 mutant vascular SMC immediately subjacent to
endothelial cells of the dorsal aorta (Fig. 3J). Comparable SRF
immunostaining is seen in the central nervous system, develop-
ing gut, liver, pharyngeal arches, endothelium, and endocardium
of mutant and wild-type embryos (data not shown). These results
demonstrate that the SM22�-Cre transgene is effective in re-
stricting the inactivation of SRF to cardiomyocytes and vascular
SMC of the cardiovascular system.

SRF Mutant Mice Display Growth Retardation and Cardiovascular
Defects. As expected from SRF protein data (Fig. 3I), no
discernable changes in the heart and vasculature are detected at
e8.5 (data not shown). However, growth of mutant mice is
severely compromised at e10.5 (Fig. 3 A vs. B). Wild-type mice
display prominent cardiac trabeculations and a normal compact
zone at this time point (Fig. 3 C and E). In contrast, mutants
show poorly developed trabeculations and a thinning of the
compact zone (Fig. 3 D and F). Some mutant embryos present
with pericardial effusion and hemorrhage (data not shown).
Consistent with a previous report (9), these histological changes
are not associated with any change in cardiomyocyte prolifera-
tion or apoptosis at e10.5 (data not shown; Fig. 8, which is
published as supporting information on the PNAS web site).
However, 1 day later, mutant embryos display elevated apoptosis

Fig. 1. Floxed SRF targeting allele. (A) Schematic of SRF targeting allele and
position of loxP sites upstream of promoter and downstream of exon 1.
Regulatory elements in proximal promoter are indicated. (B) PCR genotyping
depicting wild-type allele vs. heterozygous and homozygous floxed alleles.

Fig. 2. SM22�-Cre activity in the R26R mouse. Mice carrying both the R26R
and SM22�-Cre alleles stained for lacZ at e8.5 (A) and e10.5 (B–D). The blue
staining in the indicated structures reflects �-galactosidase activity due to
Cre-mediated excision of a floxed PGK neo cassette upstream of the lacZ gene
within the ROSA26 locus (12). am, amnion; ao, aorta; at, atrium; he, heart; hf,
head folds; v, ventricle; u, umbilical vessels.
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in the heart and throughout the embryo proper (data not shown
and Fig. 8).

The most prominent phenotype in the dorsal aorta of mutant
mice is a diminution in the number of subjacent SMC at the
dorsal edge of the aorta, the majority of which display no
detectable SRF expression (Fig. 3 G vs. H). We calculate �35%
decrease in the number of presumptive SMC at the dorsal aspect
of the aorta (Fig. 3K). Consistent with the absence of SM22�
promoter activity in endothelial cells (14, 15), we see no changes
in vascular patterning of mutant embryos. Thus, SM22�-Cre-
mediated excision of SRF results in selective perturbations of the
developing heart and aortic vessel wall.

Ultrastructural Defects in e10.5 SRF Mutant Mice. The hearts of e10.5
wild-type and mutant mice show little evidence of apoptosis and

display normal mitochondrial number and morphology as well as
gap junctions at intercalated disks (data not shown). In wild-type
mice, cardiac sarcomere structure is evident with normal peri-
odicity of Z disks (Fig. 4A). Wild-type sarcomeres often appear
in tandem through Z disk connections, and myofilaments are
arrayed parallel to one another across the sarcomere (Fig. 4B).
Mutants, however, present with disorganized sarcomeres and Z
disks that are not assembled properly into repeating units (Fig.
4C and Fig. 9, which is published as supporting information on
the PNAS web site). Consequently, myofilaments appear in
disarray and often end blindly, with little evidence of Z disk
association (Fig. 4D).

Wild-type vascular SMCs begin to accumulate at the dorsal
aspect of the aorta with zones of actin�intermediate filament
bundles near the plasma membrane (Fig. 4 E and F) and in

Fig. 3. Cardiac�vascular morphology and SRF expression in wild-type vs. mutant embryos. Hematoxylin�eosin-stained wild-type (A) and mutant (B) e10.5
embryos are shown. (Bars, 400 �m.) SRF immunostaining of wild-type (C and E) and mutant (D and F) hearts shows marked differences in levels of SRF (brown
nuclei) as well as cardiac trabeculation and compact zone thickness. (Bars, 30 �m.) E and F represent magnified images of the boxes in C and D, respectively. (Bars,
10 �m.) The dorsal aorta of wild-type mice shows greater accumulation of SRF-stained aortic SMC (G) than in mutants (H). (Bars, 10 �m.) Arrows indicate SRF
positive cardiomyocytes (E) or SMC (G) in wild types, and arrowheads point to SRF-negative cardiomyocytes (F) and SMC (H) in mutants. I shows the percent SRF
immunoreactivity in ventricular cardiomyocytes; n � 3–5 e10.5 embryos per time point. Beginning at e9.5, the difference between wild-type (black bars) and
mutant (blue bars) cardiomyocyte SRF expression was statistically significant (asterisks here and below denote P � 0.05). J summarizes similarly quantitated SRF
immunoreactive staining in subjacent SMC of the dorsal aorta; n � 3 e10.5 embryos per condition. K shows the number of SMC immediately subjacent to the
endothelium per 100 �m of dorsal aorta; n � 3 e10.5 embryos per condition.
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lamellipodia (Fig. 10, which is published as supporting informa-
tion on the PNAS web site). No SMC actin�intermediate bundles
are evident in SRF mutants (Fig. 10). Thus, inactivation of SRF
in cardiomyocytes and SMC leads to ultrastructural defects in
contractile�cytoskeletal assembly.

SRF-Dependent Gene Expression Is Compromised in Mutant Embryos.
We performed radiolabeled RT-PCR to assess expression of
endogenous SRF-dependent genes in e10.75 hearts. As expected
from our protein data (Fig. 3), SRF mRNA decreases, but is not
completely abolished, in the hearts of mutants, with a corre-
sponding decrease in most known SRF-dependent genes (e.g.,
SMA and NCX1). Interestingly, skeletal � actin, reportedly
SRF-dependent, shows little change in expression at this time
point. This is consistent with data seen in neonatal cardiomyo-
cytes lacking SRF (R.O.B. and R.P.M., unpublished work),
suggesting that alternative SRF-independent pathways may reg-
ulate this and possibly other genes. We also observe decreases in
several cardiovascular transcription factors (bottom three blots
in Fig. 5). We attribute the different levels of down-regulation
across SRF-dependent genes to varying mRNA half-lives and
redundancies in the transcriptional regulation of each gene’s
promoter.

To evaluate the in vivo expression of SRF-dependent genes
more closely, we performed ISH. Little change in SRF-
dependent gene transcription is detected by ISH at e8.5–e9.5

(data not shown). However, consistent with RT-PCR data, we
see decreases in SMA in the mutant heart at e10.5 (Fig. 6J). A
similar decrease in SMA is noted in the dorsal aorta of e10.5
mutants (Fig. 6J). Transcripts to cardiac � actin (Fig. 6B),
SM22� (Fig. 6F), and atrial natriuretic factor (Fig. 11, which is
published as supporting information on the PNAS web site) are
also reduced in the cardiovascular system of e10.5 mutant
embryos. By e11.5, no detectable mRNA expression of SRF-
dependent genes is observed in the heart or dorsal aorta (Fig. 6
D, H, and L). Of interest, however, we consistently see persistent
expression of SMA protein in both the heart and aorta of e11.5
mutants (Fig. 6P). We have also looked at more definitive
markers of SMC differentiation (SM-calponin and SM myosin
heavy chain) and find these to be totally absent from the dorsal
aorta of e11.5 mutants (data not shown). Together, these results
provide genetic proof for the dependence of several genes on the
SRF transcription factor.

Discussion
SRF is an ancient transcription factor that directs the expression
of distinct gene sets involved in growth and muscle differentia-
tion (1, 2, 17, 18). Using the SM22� promoter, we have limited
the genetic inactivation of SRF to the heart and vascular system
of mice. These mice develop normally up to e8.5, at which time
the SM22�-Cre transgene is activated. Thereafter, a progressive
decrease in the number of SRF-expressing cardiomyocytes and
aortic SMC is observed, followed by a loss in CArG-containing
gene expression. The complete loss in expression of CArG-
containing genes appears to follow abnormal cardiac trabecu-

Fig. 4. Electron microscopy of e10.5 hearts. (A) Wild-type cardiac sarcomeres
show periodic units of myofilaments delineated by Z disks (�10,000). (B)
Higher magnification of boxed area in A demonstrating normal parallel
arrangement of myofilaments and normal Z disk structure (�30,000). (C)
Mutant cardiac sarcomeres with marked disorganization of myofilaments and
distorted Z disks (asterisk) (�15,000). (D) Higher magnification of boxed area
in C demonstrating an abnormal sarcomere with disorganized myofilaments
and aberrant Z disks (�30,000). (E) Wild-type dorsal aortic SMC (arrowhead)
immediately subjacent to endothelium (arrow) (�4,000). lu, lumen. (F) Higher
magnification of boxed area in E illustrating a zone of actin�intermediate
filaments (dashed circle). n, nucleus. These zones of thin filaments are free of
any organelles and are often found near the plasma membrane of SMC
(�20,000). Mutant SMC did not contain such zones of filament bundles (see
text).

Fig. 5. RNA expression of cardiac�SMC markers. Semiquantitative RT-PCR
analysis was performed on total RNA from individual hearts (n � 3) of e10.75
wild-type (WT) or mutant (Mut) embryos. Each lane represents 28 cycles of PCR
from one individual heart sample demonstrated to be within the linear range
of amplification (data not shown). �-32P-labeled PCR products were quanti-
tated (see Materials and Methods), and the fold change is given as the mean
of three measurements 	 SD. ANF, atrial natriuretic factor; � MHC, � myosin
heavy chain; � MHC, � myosin heavy chain; CAA, cardiac � actin; SKA, skeletal
� actin, CNN1, SM calponin; NCX1, cardiac sodium–calcium exchanger; MYCD,
myocardin.
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lation, an attenuated compact zone, and reduced vascular SMC
recruitment to the dorsal aorta. At the ultrastructure level, SRF
mutants exhibit disorganized cardiac sarcomeres and Z disks as
well as loss of cortical actin�intermediate filament bundles in
vascular SMC. These expression and morphological defects are
followed by embryonic lethality at �e11.5. Collectively, these
results are consistent with a model wherein mutant mice suc-
cumb to death via cardiovascular failure due to perturbations in
normal muscle cytoarchitecture and contractile assembly.

SRF and Heart Development. Recently, a heart-specific Cre allele
(driven by the cardiac � myosin heavy chain promoter) was used
to knockout SRF in the developing heart (9). Despite the
presence of a truncated SRF protein, these authors also dem-
onstrated a marked reduction in trabeculation without measur-
able changes in cardiomyocyte growth and apoptosis up to e10.5,
after which lethality occurred. Several cardiac transcription
factors were reported to be down-regulated at e9.5 in the absence
of SRF, leading the authors to speculate that SRF was a global
regulator of multiple developmental genes (9). Although we also
have observed variable decreases in the expression of such genes
(Fig. 5), we believe this to be largely an indirect effect without
consequence for the observed phenotype, because gene ablation
studies of these factors do not result in myofibrillar disarray (19,
20, 21). Instead, we favor the model wherein lack of SRF results
in compromised expression of numerous CArG-containing
structural and signaling genes whose expression is requisite for
normal embryonic cardiac function.

Indeed, the most striking aspect of the cardiac phenotype
reported here is an apparent failure to assemble myosin and actin
filaments into repeating units of sarcomeres. A deficiency in
myofilament assembly likely leads to inefficient cardiac contrac-
tion to meet the nutritive needs of a growing embryo. Failure to
assemble sarcomeres has been reported in mice lacking eryth-
rocyte tropomodulin and p130Cas (22, 23). In this context, an
important structural organizing center of the mature sarcomere
is the Z disk, which was itself in disarray in mutant mice. The Z
disk comprises dozens of proteins (including p130Cas) that act to
stabilize and organize myofilaments within and among sarco-
meres, couple sarcomeres to cytoskeleton and sarcoplasmic
reticulum, and transduce signals to the nucleus (24). Several Z
disk proteins are encoded by known (e.g., desmin and dystro-
phin) or hypothesized (J.M.M, unpublished work) SRF target
genes. Defective expression in these and other proteins likely
underlies the observed ultrastructural defect at the Z disk.
Consistent with a defect in sarcomere assembly and function, we
have found that neonatal cardiomyocytes lacking SRF show
significantly diminished �-actinin and �-tropomyosin (R.O.B.
and R.P.M., unpublished work).

Myofibrillar disorganization and irregular heartbeat have
been reported in mice lacking the SRF-dependent gene NCX1,
which is involved in calcium transport through the sarcoplasmic
reticulum (25). Given the NCX1 mRNA expression data re-
ported here (Fig. 5), the cardiac phenotype observed in the
absence of SRF may also relate to decreases in this important
regulator of cardiac function. Finally, it is likely that decreases in
expression of cardiac thick and thin filaments (Fig. 5) contribute
to the ultrastructure defects seen at the cardiac sarcomere in
SRF mutant hearts. Based on these results, we propose SRF-
deficient mice exhibit heart failure due to defective SRF target
gene expression, the protein products of which coordinate Z disk
formation, sarcomeric assembly, and signaling leading to normal
acto-myosin coupling.

SRF and Vascular SMC Development. Functional circulation reaches
a steady state at e10.0–e10.5 days of gestation in the mouse (26).
This embryonic period is pivotal for normal cardiovascular
development, as evidenced by the ever-increasing number of
lethal phenotypes that are linked to the heart and blood vessels
at this time point (http:��research.bmn.com�mkmd). One major
SMC-restricted gene that is normally expressed at this time is SM
myosin heavy chain (27). We do not detect this transcript in SMC
of the dorsal aorta of mutant mice, and extensive ultrastructural
analysis reveals no evidence of thick filaments in vascular SMC.
Moreover, despite the expression of SMA protein in the dorsal
aorta, zones of actin�intermediate filament bundles are not
present in these cells.

We also observed a significant reduction in the recruitment of
cells to the dorsal aspect of the aorta. Previous studies in
embryonic stem cells null for SRF showed defects in cell
migration, presumably as a result of a disrupted cytoskeleton (6).
Interestingly, f lies and social amoeba null for SRF also display
defects in cell migration that are thought to be a result of an
altered cytoskeleton (5, 28). These results point to a pivotal and
ancient role for SRF in normal cytoarchitecture, the disruption
of which has consequences for both life form and function. In the
present context, the reduction in SMC recruitment to the dorsal
aorta could have deleterious effects on functional circulation in
the embryo. Taken together, our data suggest that the absence
of SRF in vascular SMC may impair the ability of such cells to
propagate a pressure wave front generated from the heart.
However, given the concurrent cardiac defects, we cannot at this
time discriminate between death from cardiac dysfunction and
death from vascular insufficiency. Inactivating SRF with a more
specific SMC promoter-driven Cre (29, 30) should clarify this
important issue.

Fig. 6. ISH and immunohistochemistry of cardiac�SMC markers. e10.5 (A, B,
E, F, I, J, M, and N) and e11.5 (C, D, G, H, K, L, O, and P) embryos assayed for
cardiac � actin (A–D), SM22� (E–H), SMA (I–L) mRNA, or SMA protein (M–P) are
shown. Wild-type embryos (A, C, E, G, I, K, M, and O) show expression of
markers in heart and aorta. Mutants at e10.5 show reduced transcripts to
cardiac � actin (B), SM22� (F), and SMA (J), which are all absent at e11.5 (D, H,
and L). Note persistent expression of SMA protein in heart and aorta of mutant
at e11.5 (P). Small arrows indicate heart, and larger arrows indicate aorta.
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A large fraction of known SRF-dependent target genes is
restricted to SMC (2). Evidence implicating SRF in the control
of SMC CArG genes is limited to in vitro and in vivo transgenic
reporter assays (2, 7). The data reported here provide genetic
support for SRF-regulating SMC CArG genes in vivo. However,
definitive proof for direct involvement of SRF in such gene
expression will require the mutation of SMC CArG elements in
their native genomic context.

Perspective
Whereas other transcription factors have paralogs functioning in
a context- or cell-restricted manner, SRF is a widely expressed
single-copy gene with no known paralogs. SRF must therefore
selectively activate cell- and context-specific programs of gene
expression through the recruitment of coactivators (31). One
such SRF-associated coactivator is myocardin (MYCD) (32).
MYCD stimulates SMC and cardiac CArG-dependent gene
expression (32–36), and its inactivation in mice leads to embry-
onic death at e10.5 due to defects in vascular SMC differenti-
ation (21). Interestingly, no changes in cardiac development or

cardiac SRF-dependent gene expression were evident in
MYCD-null mice, supporting the concept of compensatory
pathways for these processes to occur in the heart without
MYCD. That SRF inactivation leads to both cardiac and vascular
SMC defects underscores its essential role in the coordinate
expression of genes necessary for the normal development and
function of these cell types. A major goal, therefore, will be to
define the full complement of genes regulated directly by SRF
(the CArGome) and elucidate their function in heart and
vascular development.
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