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Myocardin Induces Cardiomyocyte Hypertrophy
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Abstract—In response to stress signals, postnatal cardiomyocytes undergo hypertrophic growth accompanied by activation
of a fetal gene program, assembly of sarcomeres, and cellular enlargement. We show that hypertrophic signals stimulate
the expression and transcriptional activity of myocardin, a cardiac and smooth muscle–specific coactivator of serum
response factor (SRF). Consistent with a role for myocardin as a transducer of hypertrophic signals, forced expression
of myocardin in cardiomyocytes is sufficient to substitute for hypertrophic signals and induce cardiomyocyte
hypertrophy and the fetal cardiac gene program. Conversely, a dominant-negative mutant form of myocardin, which
retains the ability to associate with SRF but is defective in transcriptional activation, blocks cardiomyocyte hypertrophy
induced by hypertrophic agonists such as phenylephrine and leukemia inhibitory factor. Myocardin-dependent
hypertrophy can also be partially repressed by histone deacetylase 5, a transcriptional repressor of myocardin. These
findings identify myocardin as a nuclear effector of hypertrophic signaling pathways that couples stress signals to a
transcriptional program for postnatal cardiac growth and remodeling. (Circ Res. 2006;98:1089-1097.)
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ardiac myocytes proliferate rapidly during embryogenesis but lose their proliferative capacity soon after birth.1
However, adult cardiac myocytes retain the ability to respond
to mechanical, hemodynamic, hormonal, and pathologic stimuli by hypertrophic growth, defined by an increase in myocyte size or myofibrillar volume without a change in myocyte
number.2 Whereas cardiac hypertrophy allows the myocardium to adapt functional performance to alterations in workload
associated with developmental maturation, physiological
challenge, or injury, prolonged hypertrophy in response to
stress signaling frequently progresses to heart failure with
consequent sudden death attributable to cardiac arrythymias.2
Cardiac hypertrophy is accompanied by the activation of a
set of fetal cardiac genes that are normally expressed in the
heart only before birth.1,3 The reactivation of cardiac fetal
genes in postnatal cardiomyocytes in response to hypertrophic signals suggests that the transcriptional program that
controls cardiac gene expression during development may be
redeployed to regulate hypertrophic cardiac growth. The
MADS (MCM1, Agamous, Deficiens, SRF)-box transcription factor myocyte enhancer factor-2 (MEF2) and the zinc
finger transcription factor GATA4 play important roles in
cardiac development and in hypertrophic growth in response
to stress, although the signaling pathways and underlying
molecular mechanisms that modulate their activities are

distinct.4 – 6 We have shown that MEF2 activity is stimulated
by the signal-dependent dissociation from class II histone
deacetylases (HDACs), which act as repressors of the cardiac
fetal gene program,7 whereas the activity of GATA4 is
enhanced by its association with the nuclear factor of activated T cells (NFAT) transcription factor.8 Other mechanisms
have also been shown to stimulate the activities of MEF2 and
GATA4.9,10
Recent studies have also pointed to serum response factor
(SRF) as a potential regulator of cardiac gene expression in
response to hypertrophic signals. SRF, a MADS-box transcription factor related to MEF2, regulates target genes by
binding the DNA consensus sequence CCA/T6GG, known as
a CArG box.11 SRF binding sites are found in the control
regions of numerous cardiac genes, and hypertrophic signals
stimulate SRF activity.12,13 Cardiac-specific overexpression
of SRF in transgenic mice has been reported to induce cardiac
hypertrophy, whereas overexpression of an SRF mutant in the
heart causes severe dilated cardiomyopathy.14,15 Together,
these findings suggest a role for SRF cardiac hypertrophy, but
the mechanisms that connect SRF to hypertrophic signaling
remain to be elucidated.
Myocardin is a cardiac and smooth muscle–specific coactivator of SRF that potently transactivates CArG box– containing cardiac and smooth muscle target genes, including
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that of atrial natriuretic factor (ANF), one of the most
sensitive markers of hypertrophic signaling.16 Myocardin
does not bind DNA alone but forms a stable ternary complex
with SRF bound to DNA. Results from gain- and loss-offunction experiments revealed that myocardin is both sufficient and necessary for cardiac and smooth muscle differentiation depending on the setting.16 –22 Interestingly, myocardin
also participates in an SRF-dependent molecular switch that
controls the mutually exclusive expression of genes involved
in smooth muscle cell proliferation and differentiation.23
In this report, we show that the expression and transcriptional activity of myocardin are induced by hypertrophic
signals. Furthermore, overexpression of myocardin in neonatal rat cardiomyocytes induces hypertrophy and fetal cardiac
gene expression, whereas a dominant-negative mutant of
myocardin blocks cardiomyocyte hypertrophy induced by
hypertrophic agonists. Our studies establish myocardin as a
nuclear effector of cardiac signaling pathways that connect
stress signals to a transcriptional program for postnatal
cardiac growth and remodeling.

Materials and Methods
Please see the supplemental online Materials and Methods section
for more details, available at http://circres.ahajournals.org.

Plasmids and Construction of Adenoviruses
All reporter and expression plasmids used in this study have been
reported previously.16,24 The myocardin adenoviral expression construct (Ad-MYCD) contained a cDNA encoding amino acids 129 –
935 of mouse myocardin. The dominant-negative myocardin adenoviral construct (Ad-MYCD-dn) encoded amino acids 129 –713.

Cardiomyocyte Culture and Adenovirus Infection,
Immunocytochemistry, Luciferase Reporter Assays
Preparation of neonatal rat cardiomyocytes was performed as described,25 with minor modifications. For immunocytochemistry,
cardiomyocytes were grown on glass coverslips and stained essentially as described.25 Transfection luciferase reporter assays were
performed as described,16,25 and all experiments were repeated at
least three times.

Chromatin Immunoprecipitation Assays
Chromatin immunoprecipitation (ChIP) assays were performed with
the ChIP assay kit from Upstate Biotech, as described.23,24 Primers
for the ANF promoter spanned the two CArG boxes. Primer
sequences for ANF and GAPDH are available on request.

Thoracic Aortic Banding
Male mice (C57BL6; 6 to 8 weeks old) were subjected to pressure
overload by thoracic aortic banding (TAB) as described.26

Patient Cardiac Samples
Heart protein extracts were from organ donors and were described
previously.27,28 Informed consent was obtained from all subjects
according to the institute review committee.

Results

Figure 1A, and 1B, stimulation of postnatal rat cardiomyocytes with FBS or phenylephrine (PE), both of which induce
hypertrophy, resulted in upregulation of myocardin, as well
as the hypertrophic markers ANF and skeletal ␣-actin, as
detected by RT-PCR. Expression of GAPDH, a loading
control, was unchanged in hypertrophic cardiomyocytes (Figure 1A).
Hypertrophic agonists also induced an increase in myocardin protein expression, as detected by Western blot analysis
with antimyocardin antibody (Figure 1C and 1D). Two
different antimyocardin antibodies yielded the same results.
Expression of ␤-tubulin, which is expressed constitutively,
was unchanged (Figure 1C and 1D).
Myocardin expression was also increased in the hearts of
mice subjected to TAB, a potent stimulus for hypertrophy
(Figure 1E and 1F). The upregulation of myocardin in
response to TAB paralleled that of the hypertrophic markers
ANF, skeletal ␣-actin, and ␤-myosin heavy chain (␤-MHC).
In contrast, the expression of GAPDH was unaffected by
TAB (Figure 1E and 1F). We conclude that the expression of
myocardin mRNA and protein are increased in hypertrophic
hearts and cardiomyocytes.
We demonstrated previously that the calcineurin signaling
pathway plays an important role in regulating cardiac hypertrophy.8 We tested the expression of myocardin in this animal
model of hypertrophy. As shown in Figure 1G, myocardin
protein level was increased in calcineurin transgenic hearts.
When we examined the expression of myocardin protein in
human patient hearts with idiopathic dilated cardiomyopathy
(IDC),27,28 we found that myocardin expression level was also
upregulated in IDC failing hearts (Figure 1H). Interestingly, it
was reported recently that myocardin mRNA expression level
was higher in dilated cardiomyopathy of human patients and
neonatal piglets.33

Association of Myocardin With the ANF Promoter
To test whether hypertrophic signals affected the association
of myocardin with the ANF promoter, we performed ChIP
assays with chromatin isolated from primary neonatal rat
cardiomyocytes and primers that spanned two CArG boxes in
the promoter, shown previously to mediate transcriptional
activation by myocardin.16 As shown in Figure 2, stimulation
of cardiomyocytes with PE resulted in an increase in the
association of myocardin with the ANF promoter, as detected
with antimyocardin antibody. In contrast, no protein–promoter association was detected in the control, in which either
no primary antibody or an IgG was used. Myocardin was not
associated with the promoter of the GAPDH gene, a ubiquitously expressed housekeeping gene, indicating the specificity of myocardin in ANF promoter association and its PE
responsiveness.

Upregulation of Myocardin by Hypertrophic Signals

Myocardin Activity Is Enhanced by Hypertrophic
Stimuli in Cardiomyocytes

In light of the involvement of SRF in cardiac growth29 –31 and
the upregulation of numerous SRF-dependent genes in hypertrophic cardiomyocytes,14,15,32 we investigated whether
myocardin, a key cardiac cofactor of SRF, might be upregulated in response to hypertrophic signaling. As shown in

We next tested whether myocardin transcriptional activity
might be affected by hypertrophic stimuli. Indeed, as shown
in Figure 3A, the ability of myocardin to stimulate expression
of a luciferase reporter controlled by the ANF promoter was
enhanced when cardiomyocytes were stimulated with FBS,
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Figure 2. Association of myocardin with the ANF promoter
detected by ChIP assay. ChIP assays were performed using
chromatin prepared from primary neonatal cardiomyocytes in
serum-free medium or after stimulation with PE (100 mol/L) for
24 hours. Immunoprecipitations were performed without primary
antibody (no Ab) or using a mouse IgG (IgG) as a control and
with antimyocardin antibody as indicated. PCR primers for
sequences associated with the promoters of the ANF and
GAPDH genes were used.

PE, endothelin-1, or leukemia inhibiting factor (LIF).
Whereas those hypertrophic agonists alone normally activate
the ANF promoter reporter ⬍5-fold, PE treatment increased
myocardin activity by ⬇2-fold, whereas endothelin-1 provided the weakest stimulation (Figure 3A). In those experiments, the expression level of myocardin protein, which is
controlled by a cytomegalovirus (CMV) promoter from the
pCDNA expression vector, was not changed (data not
shown), suggesting that the enhanced ANF luciferase reporter
gene expression by myocardin in response to agonists is
attributable to an increase in myocardin transactivity. Mutation of the two CArG boxes in the ANF promoter completely
abolished the response of this reporter gene to hypertrophic
agonists in the presence or absence of myocardin (data not
shown), indicating that the CArG boxes are essential for the
ANF promoter reporter activation in response to hypertrophic
stimuli.
To determine whether the CArG box was sufficient to
mediate myocardin-dependent transactivation in response to
hypertrophic signals, we used a luciferase reporter controlled
by four tandem copies of a CArG box. Hypertrophic agonists
augmented the ability of myocardin to activate this reporter to
varying degrees, whereas they only activated this reporter to
a modest level by themselves (Figure 3B). Thus, the CArG
boxes are necessary and sufficient for myocardin to confer
signal dependence to a downstream transcriptional target.
The above results suggested that hypertrophic stimuli
could activate hypertrophic gene expression in a myocardinand CArG box– dependent manner. However, because myo-

Figure 1. Upregulation of myocardin expression by hypertrophic
signals. A, Neonatal rat cardiomyocytes grown in serum-free
media were stimulated with 10% serum or 100 mol/L of PE for
48 hours or untreated to serve as control. Total RNAs were isolated and the expression of myocardin, ANF, and skeletal
␣-actin were examined by semiquantitative RT-PCR. GAPDH
was used to serve as a loading control. B, The intensity of PCR
products on the agarose gel image was quantified using the
Photoshop Histogram Analysis and was plotted using Microsoft
Excel and is shown as relative expression level after being normalized by GAPDH. C, Neonatal rat cardiomyocytes grown in
serum-free media were stimulated with 10% FBS, 100 mol/L
of PE, or 104 units/mL of LIF for 24 hours and 48 hours, respectively. Untreated cardiomyocytes served as control. Total proteins were extracted, and the protein level for myocardin was
detected by Western blot analysis. ␤-Tubulin was used as a
loading control. D, The intensity of protein products from Western blot was quantified using the Photoshop Histogram Analysis

and was plotted using Microsoft Excel and is shown as relative
expression level after normalized by ␤-tubulin. E, Semiquantitative RT-PCR analysis of transcripts for myocardin, ANF, ␤-MHC,
and skeletal ␣-actin (sk-␣-actin) in TAB and control hearts.
GAPDH was used to serve as a loading control. F, The intensity
of PCR products on the agarose gel image was quantified using
the Photoshop Histogram Analysis and was plotted using
Microsoft Excel and is shown as relative expression level. G,
Total proteins were extracted from wild-type (WT) and calcineurin (CnA) transgenic hearts, and the protein level for myocardin was detected by Western blot analysis. Protein extracts
from wild-type mouse liver were used as a control. ␤-Tubulin
was used as a loading control. H, Protein extracts from indicated human patient hearts with or without IDC were subjected
to Western blot using antimyocardin antibody (top). Protein
extracts from wild-type mouse liver were used as a control.
␤-Tubulin was used as a loading control. Error bars represent
SD of two experiments. Statistical differences were determined
using the Student t test; *P⬍0.05.
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Figure 3. Myocardin activity is enhanced by hypertrophic stimuli in cardiomyocytes. Neonatal rat cardiomyocytes were transfected with
the indicated luciferase reporters and expression plasmids for myocardin. Twelve hours later, cells were treated with the indicated
hypertrophic stimuli. Cells were harvested and luciferase activities were measured 36 hours after treatment. Values are expressed as
the fold increase in luciferase activity in the presence of expression plasmid and hypertrophic stimuli above the level of activity with
reporter plasmid alone. All experiments were repeated three times in duplicate. A, A pCDNA myocardin expression plasmid and ANFluciferase reporter were transfected in the absence or presence of indicated hypertrophic agonists and luciferase activity was determined. B, A pCDNA myocardin expression plasmid and a luciferase reporter linked to the E1b basal promoter and four tandem copies
of CArG box were transfected in the absence or presence of indicated hypertrophic agonists and luciferase activity was determined. C,
An expression plasmid encoding full-length myocardin (1-935) fused to GAL4 (1-147) and the pL8G5-luciferase reporter were transfected in the absence or presence of indicated hypertrophic agonists, and luciferase activity was determined. D, An expression plasmid
encoding myocardin TAD (713-935) fused to GAL4 (1-147) and the pL8G5-luciferase reporter were transfected in the absence or presence of indicated hypertrophic agonists, and luciferase activity was determined. Error bars represent SD of three independent experiments. Statistical differences were determined using the Student t test; *P⬍0.05.

cardin is a transcriptional cofactor for SRF and activates
target genes by associating with SRF,16,34 it is formally
possible that stimulation of myocardin activity by hypertrophic agonists could reflect an indirect effect on SRF. To
clarify this issue, we tested whether hypertrophic signals
could stimulate the ability of a Gal4 –myocardin fusion
protein to activate a Gal4-dependent luciferase reporter,
which does not require the association of myocardin with
SRF. As shown in Figure 3C, hypertrophic agonists strongly
enhanced the transcriptional activity of the Gal4 –myocardin
fusion protein containing the entire myocardin protein fused
to Gal4. Similarly, a fusion protein containing only the
transcriptional activation domain (TAD) of myocardin fused
to Gal4 was also responsive to hypertrophic stimuli (Figure
3D). We conclude that hypertrophic stimuli transmit signals
through a post-translational mechanism to stimulate myocardin activity and activate hypertrophic cardiac gene
expression.

Myocardin Induces Cardiomyocyte Hypertrophy
The preceding experiments indicated that myocardin expression and activity were enhanced by hypertrophic stimuli. To
test whether myocardin was sufficient to induce hypertrophy
in cardiomyocytes, we overexpressed FLAG-tagged myocardin in neonatal rat cardiomyocytes by adenoviral delivery.
When cardiomyocytes were infected with Ad-MYCD at an
moi of 100, virtually every cell was found to express
myocardin protein (Figure 4A, top). Western blots of cell
extracts with anti-FLAG antibody also confirmed the expression of myocardin in cells infected with Ad-MYCD and
Ad-MYCD-dn, a dominant-negative mutant of myocardin
that lacks the transcriptional activation domain (Figure 4A,
bottom). Within 24 hours of infection, cardiomyocytes
showed a morphological phenotype of hypertrophic growth,
which was enhanced by 48 hours. In contrast, cardiomyocytes
infected with a control adenovirus encoding lacZ (Ad-lacZ)
showed no signs of hypertrophy. Cell size, measured by
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Figure 4. Overexpression of myocardin in cardiomyocytes. Primary neonatal cardiomyocytes were infected with Ad-lacZ, Ad-myocardin
(Ad-MYCD), which was FLAG tagged, or a dominant-negative mutant of myocardin (Ad-MYCD-dn), also FLAG tagged, or treated with
the indicated hypertrophic agonists. A, Myocardin protein was detected in cardiomyocytes using immunohistology (top) or Western blot
analysis using anti-FLAG antibody (bottom). B, Cell surface area measurement in cardiomyocytes. The results are presented as
mean⫾SE compared with the control, which is assigned a value of 1. n⫽40. Statistical differences were determined using the Student t
test; *P⬍0.05.

surface area, was also increased comparably by Ad-MYCD,
PE and FBS, whereas cardiomyocytes infected with AdMYCD-dn showed a slight decrease in cell size, which was
statistically significant (Figure 4B). Other changes associated
with Ad-MYCD–infected cardiomyocytes include an increased rate of spontaneous beating as well as an enhanced
aggregation of cardiomyocytes in prolonged culture (data not
shown). Those observations suggest that myocardin may
directly promote cardiomyocyte hypertrophy.
Myocardin-induced hypertrophy was accompanied by cellular enlargement, elevated expression of ANF, and organization of sarcomeres, as revealed by ␣-actinin staining
(Figure 5). The intensity of ANF induction by myocardin was
comparable to that induced by PE (Figure 5; compare 5D
with 5F). We further examined changes in gene expression in
Ad-MYCD–infected cardiomyocytes using semiquantitative
RT-PCR and dot-blot analysis. Myocardin strongly induced
the expression of hypertrophic genes ANF, BNP, skeletal
␣-actin, and ␤-MHC (see Figure 7A and 7B). Increased

Figure 5. Induction of cardiomyocyte hypertrophy by myocardin. Primary neonatal cardiomyocytes were infected with
Ad-lacZ, Ad-MYCD, Ad-MYCD-dn, or treated with indicated
hypertrophic agonists. Two days later, cultures were fixed and
stained with antibodies for ␣-actinin and ANF. Nontreated cardiomyocytes were used in control. Bar⫽50 m.

expression of smooth muscle ␣-actin along with smooth
muscle ␣-myosin heavy chain was also observed (Figure 6A
and 6B). Interestingly, we found that the expression of SRF
was also increased in Ad-MYCD–infected cardiomyocytes,
which would be expected to further enhance the expression of
myocardin target genes in response to hypertrophic stimuli
(Figure 6A and 6B). In contrast, the expression of ␣-MHC
and ventricular-specific myosin light chain 2 (MRC-2v)
showed no change or a slight decrease in Ad-MYCD–
infected cardiomyocytes (Figure 6A and 6B). In addition to
SRF, we reported previously that the expression of Nkx2.5, a
cardiac-enriched homeodomain-containing transcription factor, was increased in myocardin-overexpressed cardiomyocytes.35 However, no change in the expression of GATA4 or
members of MEF2 family of transcription factors was observed in Ad-MYCD–infected cardiomyocytes (Figure 6A
and 6B; data not shown).

A Dominant-Negative Myocardin Mutant Blocks
Agonist-Induced Hypertrophy
To further investigate the potential involvement of myocardin
in cardiomyocyte hypertrophy, we examined whether adenoviral delivery of a dominant-negative mutant of myocardin
(Ad-MYCD-dn), which lacks the transcriptional activation
domain, could block agonist-induced hypertrophy in cardiomyocytes. Cardiomyocytes infected with Ad-MYCD-dn
showed a slight decrease in cell size, which was not statistically significant (Figures 4B and 5; compare 5A with 5K and
5B with 5L), indicating that Ad-MYCD-dn did not provoke
cardiomyocyte atrophy. Strikingly, infection with AdMYCD-dn strongly inhibited agonist-induced hypertrophy
(Figure 5; compare 5G and 5H with 5M and 5N and 5I and 5J
with 5O and 5P), and prevented the expression of hypertrophic marker genes in the presence of PE and LIF (Figure 6C
and 6D; data not shown). Ad-MYCD-dn also suppressed the
enhanced rate of beating typically seen in hypertrophic
cardiomyocytes (data not shown). Although we and others
demonstrated previously the specificity of myocardin
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Figure 6. Inhibition of cardiomyocyte hypertrophy by a dominant-negative myocardin mutant. A, Primary neonatal cardiomyocytes were infected with Ad-lacZ
or Ad-MYCD as indicated. Two days
later, total RNA was isolated and semiquantitative RT-PCR analysis was performed. GAPDH was used to serve as a
loading control. B, The intensity of PCR
products on the agarose gel image was
quantified using the Photoshop Histogram Analysis and was plotted using
Microsoft Excel and is shown as relative
expression level. C, Primary neonatal
cardiomyocytes were infected with
Ad-lacZ or Ad-MYCD-dn at an moi of
100 in the presence or absence of PE,
as indicated (see Materials and Methods). Two days later, total RNA was isolated, and transcripts were detected by
dot-blot hybridization. D, Results from
dot-blot hybridization were quantified by
PhosphoImager analysis, which is shown
as relative expression level after being
normalized against that of GAPDH. Error
bars represent SD of two experiments.
Statistical differences were determined
using the Student t test; *P⬍0.05.
SM-␣-A indicates smooth muscle alphaactin; SM-␣-MHC, smooth muscle alphamyosin heavy chain; ␣-CA, alpha cardiac
activity; BNP, B-type natriuretic peptide.

dominant-negative mutant, we cannot formally rule out the
possibility that this mutant may alter the stoichiometry,
therefore results in general are “squelching” through abnormal interaction with and inhibition of other transcription
factors. Together, these results demonstrate that myocardin is
sufficient and necessary to induce cardiomyocyte
hypertrophy.

Myocardin-Induced Hypertrophy Is Inhibited
by HDAC5
We demonstrated recently that myocardin transcriptional
activity is repressed by HDAC5, which acts as a signalresponsive repressor of cardiac hypertrophy.7,24 To test
whether HDAC5 was able to interfere with the mechanism
whereby myocardin induces cardiac hypertrophy, we infected
cardiomyocytes with an adenovirus encoding HDAC5 (AdHDAC5). Ad-HDAC5 alone did not affect the growth of
cardiomyocytes, but it dramatically interfered with hypertrophy and fetal gene activation in response to myocardin
(Figure 7A and 7B). Consistent with those observations, we
found that HDAC5 repressed myocardin-mediated activation
of the ANF promoter luciferase reporter in cardiomyocytes
(Figure 7C). We conclude that myocardin is a target of the
repressive influence of HDAC5 on cardiomyocyte
hypertrophy.

Discussion
The results of this study demonstrate that hypertrophic
signals stimulate the expression and transcriptional activity of

myocardin in postnatal cardiomyocytes, and that myocardin
is sufficient to induce myocyte hypertrophy. Consistent with
the involvement of myocardin in hypertrophy, a dominantnegative myocardin mutant prevents hypertrophy, as does the
class II HDAC, HDAC5, which associates with and represses
the activity of myocardin.

Myocardin and Cardiac Hypertrophy
Myocardin is a cardiac- and smooth muscle–restricted SRF
coactivator, which potently activates the expression of cardiac and smooth muscle genes.16 During embryogenesis,
myocardin expression marks the earliest cardiac and vascular
smooth muscle cells. Gain- and loss-of-function experiments
have shown myocardin to be sufficient and necessary for
cardiac and smooth muscle cell differentiation during development.17,18 The results of this study extend the function of
myocardin to the control of postnatal cardiac function and
cardiomyocyte hypertrophy.
How does myocardin activate hypertrophic cardiac genes
in response to hypertrophic signaling? We suggest that at
least two mechanisms are involved: (1) myocardin transcripts
and protein levels are increased by hypertrophic stimuli,
which may account for the increase of myocardin-dependent
gene expression; and (2) myocardin activity, which is independent of the expression level of this protein, is induced by
hypertrophic signaling, most likely through a posttranslational modification. In this regard, our results show
that HDAC5 acts as a repressor of myocardin activity.
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Figure 7. Inhibition of
myocardin-induced cardiomyocyte hypertrophy by HDAC5.
A, Primary neonatal cardiomyocytes were infected with
Ad-MYCD or Ad-HDAC5 or
both at an moi of 100, as indicated. Two days later, total
RNA was isolated and transcripts were detected by dotblot hybridization. B, Results
from dot-blot hybridization
were quantified by PhosphoImager analysis, which is shown
as relative expression level
after being normalized against
that of GAPDH. Error bars represent SD of two experiments.
C, Neonatal rat cardiomyocytes were transfected with
ANF promoter luciferase
reporters and expression plasmids for myocardin and
HDAC5, as described in Materials and Methods. Forty-eight
hours later, cells were harvested and luciferase activities
were measured. Values are
expressed as the fold increase
in luciferase activity in the
presence of expression plasmid and hypertrophic stimuli
above the level of activity with
reporter plasmid alone. All
experiments were repeated
four times in duplicate. Error
bars represent SD of at least
two experiments. Statistical
differences were determined
using the Student t test;
*P⬍0.05.

Previous studies have shown that hypertrophic signals induce
the translocation of HDAC5 from the nucleus to the cytoplasm,36 which would be expected to relieve myocardin of its
inhibitory influence. In addition to modulating the association
of positive or negative transcriptional cofactors with myocardin, we speculate that hypertrophic signals could directly
modify myocardin, such as by phosphorylation and acetylation, and therefore enhance its transactivity. Consistent with
the notion that myocardin expression is enhanced in response
to pathological signaling in the heart, recent studies reported
that myocardin expression is upregulated in failing human
hearts and in the ventricles of neonatal piglet hearts with
doxorubicin-induced cardiomyopathy.33

Activation of ANF in Cardiac Hypertrophy
ANF is a cardiac-restricted endocrine peptide that is a widely
used marker for cardiac hypertrophy.2 The transcriptional
regulation of ANF has been explored extensively, and it has
been documented that multiple transcription factors can bind
to the promoter of the ANF gene to control its expression.37– 41
Our previous studies showed that myocardin activates the
ANF promoter through two CArG-boxes.16 In this study, we
found that myocardin induced cardiomyocyte hypertrophy,
evidenced by increased expression of ANF and other hypertrophic marker genes. These data are consistent with our

hypothesis that ANF is a direct transcriptional target of
myocardin.16,42
The ANF promoter contains multiple cis-regulatory elements that are important for the binding of other transcription
factors. It has been shown previously that the zinc finger
transcription factor GATA4 and others can directly bind to
the ANF promoter and regulate its expression in response to
hypertrophic signals.8,43 Although myocardin appears to be
the most potent transactivator of the ANF promoter identified
to date, we found recently that GATA4 can repress
myocardin-mediated transactivation of an ANF reporter
gene.35 Because both myocardin and GATA4 have been
demonstrated to activate the expression of cardiac genes and
to induce cardiomyocyte hypertrophy, this seemingly paradoxical observation suggests that the transcriptional program
for cardiac hypertrophic gene expression is tightly regulated
and dependent on a precise stoichiometry of transcriptional
activators and repressors.

Potential Involvement of p300 in
Myocardin-Dependent Hypertrophy
We have shown recently that the transcriptional activity of
myocardin is enhanced through a direct interaction with p300,
a transcriptional coactivator with histone acetyltransferase
activity,24 which strongly stimulates myocardin activity by
associating with the C-terminal TAD.24 Interestingly, ectopic
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overexpression of p300 in cardiomyocytes was reported
recently to induce hypertrophy.44 Because p300 is not a
tissue-specific transcriptional coactivator, it is intriguing to
speculate that p300-induced hypertrophy is mediated, at least
in part, by myocardin. This view is consistent with the
observation that a myocardin C-terminal deletion mutant,
which lacks the p300 interacting domain, was unable to
activate cardiac gene expression or hypertrophy16 and further
suggests that the transcriptional activity of myocardin is
required for hypertrophic gene expression.

Do Myocardin-Related Transcription Factors Also
Participate in Hypertrophic Regulation?
Myocardin shares homology with the myocardin-related transcription factors A and B (MRTF-A and MRTF-B), both of
which have been shown to act as SRF cofactors.42 Unlike
myocardin, which is specifically expressed in cardiac and
smooth muscle cells, MRTFs are expressed in a wide range of
tissues.42 Whereas mice with a targeted deletion in the
myocardin gene die during midgestation from severe vascular
defects, heart formation in mutant embryos appears to be
normal.18 One explanation for this observation is that MRTFs
may complement the function of myocardin in the developing
heart. In the present study, we show that a dominant-negative
mutant of myocardin is able to block agonist induced cardiomyocyte hypertrophy (Figures 5 and 6). Given that myocardin and MRTFs interact,17 it is formally possible that part of
the blockade of hypertrophy by the myocardin dominantnegative mutant reflects inhibition of MRTF function.
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Note Added In Proof
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