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Myocardin is a transcriptional coactivator that regulates cardiac and smooth muscle gene expression by
associating with serum response factor. We show that GATA transcription factors can either stimulate or
suppress the transcriptional activity of myocardin, depending on the target gene. Modulation of myocardin
activity by GATA4 is mediated by the physical interaction of myocardin with the DNA binding domain of
GATA4 but does not require binding of GATA4 to DNA. Paradoxically, the transcription activation domain of
GATA4 is dispensable for the stimulatory effect of GATA4 on myocardin activity but is required for repression
of myocardin activity. The ability of GATA transcription factors to modulate myocardin activity provides a
potential mechanism for fine tuning the expression of serum response factor target genes in a gene-specific
manner.

Serum response factor (SRF) is a widely expressed transcrip-
tion factor belonging to the MADS (MCM1, Agamous, Defi-
ciens, SRF) box family of proteins (28, 34). SRF binds as a
homodimer to a DNA consensus sequence known as a CArG
box (CC[A/T]6GG), which is found in the control regions of
numerous growth factor-regulated and muscle-specific genes
(30). The spectrum of SRF target genes expressed by a cell is
dependent on association of SRF with a wide variety of posi-
tive and negative cofactors, many of which are signal respon-
sive and tissue restricted (35).

Myocardin is a powerful SRF coactivator expressed specifi-
cally in cardiac and smooth muscle cells (37, 38). Myocardin
belongs to the SAP (scaffold-attachment factor A/B, Acinus,
PIAS) domain family of nuclear proteins, which bind A/T-rich
genomic regions known as scaffold or matrix attachment re-
gions and have been implicated in chromatin remodeling (1).
Although myocardin lacks sequence-specific DNA binding ac-
tivity, it forms a stable DNA-protein complex with SRF, re-
sulting in activation of SRF target genes in muscle cells (37).
Myocardin is necessary (19) and sufficient (8, 39, 40) to activate
smooth muscle gene expression in nonmuscle cells and uses
SRF as an obligate partner in this process (38, 39). Expression
of a dominant negative myocardin mutant in Xenopus embryos
is also sufficient to extinguish cardiac gene expression (37),
suggesting an essential role for myocardin or other members of
the myocardin family in cardiogenesis. Two myocardin-related
transcription factors (MRTFs), referred to as MRTF-A (21,
22, 32, 38) and MRTF-B (38), also interact with SRF and
stimulate transcription through the CArG box, but these fac-

tors are not muscle restricted and are likely to modulate SRF
activity in response to growth factor signaling (24).

SRF has also been shown to stimulate expression of smooth
and cardiac muscle genes in association with a variety of ho-
meodomain proteins (6, 9), LIM domain proteins (4), and
GATA transcription factors (2, 26, 33). The six GATA factors
share homology in two zinc finger domains that mediate DNA
binding and cofactor interactions (5, 23). GATA4, -5, and 6 are
expressed predominantly in cardiac and smooth muscle cell
lineages, where they play diverse roles in differentiation, mor-
phogenesis, and growth (15). GATA 4 is required for proper
embryonic folding and heart tube formation (13, 25). GATA 4
and 5 have also been implicated in cardiac gene expression (14,
31), and GATA 6 is essential for mesoderm formation during
gastrulation (12, 27).

Because myocardin and GATA factors both interact with
SRF and participate in cardiac and smooth muscle gene ex-
pression, we investigated whether they might modulate each
other’s activities. Here, we show that GATA4 augments the
activity of myocardin on some genes, such as the cardiac ho-
meobox gene Nkx2.5, whereas it interferes with the activity of
myocardin on other genes, such as the atrial natriuretic factor
(ANF) gene. Modulation of myocardin activity by GATA4 is
mediated by the direct physical interaction between the factors
and is dependent on SRF DNA binding sites (CArG boxes) but
not on GATA4 DNA binding. Modulation of myocardin ac-
tivity by GATA4 provides a mechanism for fine tuning the
expression of SRF target genes in a promoter-specific manner.

MATERIALS AND METHODS

Cell culture and transfection assays. COS cell transfections and luciferase
assays were performed as described (37). Unless otherwise indicated, 100 ng of
reporter plasmid and 100 ng of each activator plasmid were used. The total
amount of DNA per well was kept constant by adding the corresponding amount
of expression vector without a cDNA insert.

The myocardin and SRF expression vectors have been described (6, 37, 38).

* Corresponding author. Mailing address: Department of Molecular
Biology, University of Texas Southwestern Medical Center, 6000
Harry Hines Blvd., Dallas, TX 75390-9148. Phone: (214) 648-1187.
Fax: (214) 648-1187. E-mail: eolson@hamon.swmed.edu.

† J.O., Z.W., and D.-Z.W. contributed equally.

8519

brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by Carolina Digital Repository

https://core.ac.uk/display/345218315?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1


Myocardin and GATA4 deletion mutants were generated through PCR-based
mutagenesis with the QuikChange kit from Stratagene. GATA4 point mutants in
the DNA binding domain were generously provided by Bruce Markham and
have been described (7). All mutations were confirmed by DNA sequencing. The
SM22-luciferase reporter contained the 1,343-bp promoter (17). The 4� SM22-
CArG-luciferase reporter has been described (3). pCMV-lacZ was included as
an internal control for variations in transfection efficiency.

The NK-tk-luciferase reporter was constructed by linking 5� upstream se-
quences from �9432 to �8923 of the mouse Nkx2.5 gene (20) to a luciferase
reporter with a thymidine kinase promoter. The NK-CArG-mutant-luciferase
reporter has mutations in the CArG box from CCTTTTAAGG to AAGCTTA
AGG. All the other reporters have been described previously (37).

GST protein binding assays. The plasmid encoding a glutathione S-transferase
(GST) fusion protein was transformed into Escherichia coli BL21-Codon Plus
cells (Stratagene). The cells were grown at 37°C in 2XYT medium to an optical
density of 1.0. Isopropylthiogalactopyranoside (IPTG) (50 �M) was then added
to the culture to induce protein expression. After shaking at room temperature
for 4 to 6 h, the cells were harvested and the GST protein was purified with
glutathione beads according to Amersham’s procedure.

Proteins translated in vitro were labeled with [35S]methionine with a TNT T7
reticulocyte lysate system (Promega). Glutathione beads conjugated with 1 �g of
protein were incubated with 10 �l of TNT product at 4°C for 2 h in 500 �l GST
binding buffer (20 mM Tris, pH 7.3, 150 mM NaCl, 0.5% NP-40, protease
inhibitor cocktail from Roche, and 1 mM phenylmethylsulfonyl fluoride). The
beads were washed three times with GST binding buffer. Fifty microliters of
sodium dodecyl sulfate (SDS) loading buffer was then added to the beads. After
boiling, 20 �l was loaded onto an SDS-polyacrylamide gel electrophoresis
(PAGE) gel.

Reverse transcription-PCR. Total RNA was isolated with Trizol reagent (In-
vitrogen). After treatment with DNase I, 1 �g of RNA was used as a template for
reverse transcription with random hexamer primers that spanned introns in the

genes. Sequences of primers are available upon request. Reverse transcription-
PCRs were performed under conditions of linearity with respect to input RNA.

Gel mobility shift assays. SRF and myocardin were translated in vitro with a
TNT T7-coupled reticulocyte lysate system (Promega), and gel mobility shift
assays were performed with double-stranded probes as described (3). The se-
quence of the top strand of the Nkx2.5 CArG box probe was GCCCCCCCAA
GTTTAAATGCTCCTTTAAGGGCTTGAGTGTCTGCAGC (CArG box is in
italics).

RESULTS

Synergistic activation of the Nkx2.5 enhancer by myocardin
and GATA4. A dominant negative myocardin mutant sup-
presses Nkx2.5 expression in Xenopus embryos and in the P19
embryonal carcinoma cell line (36, 37). To test whether myo-
cardin was able to stimulate the expression of Nkx2.5 in cardiac
myocytes, we infected primary rat neonatal cardiac myocytes
with an adenovirus encoding myocardin (Ad-myocardin). In-
deed, the myocardin-expressing virus up-regulated Nkx2.5 ex-
pression by fivefold compared to a control virus expressing
lacZ (Ad-lacZ) (Fig. 1A).

Based on the above findings, we examined the early cardiac
enhancer of the mouse Nkx2.5 gene for CArG boxes that might
confer responsiveness to myocardin. The enhancer, which is
located between bp �9432 and �8923 upstream of the Nkx2.5
gene, contains a single CArG box (20). In gel mobility shift

FIG. 1. Myocardin and GATA4 synergistically activate the Nkx2.5 enhancer. (A) Primary neonatal cardiomyocytes were infected with adeno-
viruses encoding myocardin or lacZ (as a negative control). Four days later, expression of Nkx2.5 transcripts was measured by semiquantitative
reverse transcription-PCR. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) transcripts were detected as a loading control. (B) Gel mobility
shift assays were performed with a radiolabeled oligonucleotide corresponding to the CArG box in the Nkx2.5 enhancer and in vitro-translated SRF
and myocardin proteins, as indicated. Myocardin formed a stable ternary complex with SRF on this sequence (lane 3). Anti-SRF antibody
supershifted the SRF complex (lane 2), and anti-Flag antibody supershifted the ternary complex formed by SRF and Flag-myocardin (lane 4).
(C) COS cells were transiently transfected with the luciferase reporter plasmids shown above each panel and the indicated amounts (in nanograms)
of myocardin expression vector. Luciferase activity was assayed and is expressed as fold activation above the level of expression of the reporter gene
alone. (D) COS cells were transiently transfected with the luciferase reporter plasmids shown above each panel and the indicated amounts (in
nanograms) of myocardin expression vector with and without a GATA4 expression vector (100 ng), and luciferase activity was determined as in
panel C.
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assays, SRF bound avidly to this sequence and gave rise to a
ternary complex in the presence of myocardin (Fig. 1B).

Transfection of COS cells with a myocardin expression vec-
tor and a luciferase reporter linked to the Nkx2.5 enhancer and
the viral E1b promoter (NK-E1b-luc) showed that myocardin
was able to transactivate the enhancer (Fig. 1C). Similar results
were obtained when the enhancer was combined with the thy-
midine kinase (tk) basal promoter (NK-tk-luc), whereas an
enhancer with a mutation in the CArG box (NK-CArGmut-
tk-luc) was refractory to the activity of myocardin (Fig. 1C).
Myocardin also activated the Nkx2.5 enhancer in transfected
HeLa and 10T1/2 cells (data not shown).

Myocardin is a relatively weak activator through single
CArG boxes (37). We therefore tested whether its transcrip-
tional potency might be enhanced in the presence of GATA4,
which binds two essential GATA sites in the Nkx2.5 enhancer
(20). As shown in Fig. 1D, GATA4 alone was a very weak
activator of the Nkx2.5 enhancer, but it synergized with myo-
cardin to activate the enhancer. The synergy between GATA4
and myocardin was abolished by mutation of the CArG box
(NK-CArG mut-tk-luc; Fig. 1D). Surprisingly, however, the
synergy was not affected when the two GATA sites were mu-
tated (NK-GATA-mut-tk-luc; Fig. 1D). We conclude that
myocardin transactivates the Nkx2.5 enhancer by associating
with SRF on the CArG box in this enhancer and that GATA4
can potentiate the effect of myocardin on the enhancer
through a mechanism independent of GATA4 DNA binding.

Repression of myocardin activity by GATA4. We next tested
whether myocardin and GATA4 could cooperate to activate
the ANF promoter, which contains a pair of binding sites for
both factors (10, 16, 26). Myocardin activates this promoter
much more effectively than the Nkx2.5 enhancer, at least in
part because it contains two CArG boxes (Fig. 2A) (37). Un-
expectedly, GATA4 potently repressed myocardin-dependent
activation of the ANF promoter, such that as little as 10 ng of
GATA4 expression plasmid resulted in a near-complete inhi-
bition of ANF-luciferase expression (Fig. 2A).

To determine whether the GATA sites in the promoter were
required for repression, we examined the effects of myocardin
and GATA4 on a mutant ANF promoter in which the two

GATA sites were mutated. The mutant promoter (GATA-less
ANF-luc) was activated by myocardin and repressed by
GATA4 as effectively as the wild-type promoter (Fig. 2A).
These results suggested that the repressive effect of GATA4
did not require direct binding of GATA4 to DNA.

To further investigate the potential modulation of myocar-
din activity by GATA4, we tested the effect of GATA4 on the
SM22 promoter, which is extremely sensitive to myocardin and
contains two essential CArG boxes but no GATA sites (8, 11).
GATA4 potently suppressed the ability of myocardin to acti-
vate the SM22 promoter (Fig. 2B), supporting the notion that
DNA binding by GATA4 was not involved in the repressive
mechanism.

GATA4 enhances myocardin activity on a multimerized
CArG box. To determine whether the CArG box was sufficient
to confer responsiveness of myocardin to GATA4, we tested a
reporter gene containing the tk promoter linked to four tan-
dem copies of the promoter-proximal SM22 CArG box
(4xSM22 CArG-luc). As shown in Fig. 2C, this reporter was
activated by myocardin but, in contrast to the behavior of the
ANF and SM22 promoters, activation by myocardin was dra-
matically augmented by GATA4. In the absence of myocardin,
GATA4 had no effect on the reporter, demonstrating that the
stimulation of transcription by GATA4 required myocardin.
Myocardin did not affect the expression of a reporter contain-
ing six tandem copies of the GATA binding site without a
CArG box (data not shown), further suggesting that the posi-
tive and negative influences of GATA4 on myocardin were
dependent on the presence of SRF binding sites and were
independent of GATA4 DNA binding. Together, the above
results demonstrated that GATA4 was able to discriminate
between myocardin target genes and modulate myocardin ac-
tivity, either positively or negatively, in a promoter context-
dependent manner.

Mapping the GATA4-responsive region of myocardin. To
determine whether stimulation and suppression of myocardin
activity by GATA4 were dependent on the same domain of the
myocardin protein, we examined the effects of GATA4 on a
series of myocardin deletion mutants (Fig. 3A to C). The
transcriptional activity of a myocardin deletion mutant lacking

FIG. 2. Differential effects of GATA4 on myocardin-dependent transcription. COS cells were transiently transfected with luciferase reporter
plasmids controlled by (A) the ANF promoter or a mutant promoter lacking the two GATA4 binding sites, (B) the SM22 promoter, or (C) four
copies of the SM22 CArG box and the indicated amounts (in nanograms) of myocardin and GATA4 expression vectors. Luciferase activity was
assayed and is expressed as fold activation above the level of expression of the reporter gene alone.
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FIG. 3. Mapping the region of myocardin that responds to GATA. (A) Schematic diagrams of myocardin mutants. The potential of each
protein to be stimulated by GATA4 on the 4xSM22-CArG promoter or repressed by GATA4 on the SM22 promoter is indicated. (B and C) COS
cells were transiently transfected with the luciferase reporter plasmids shown above each panel and expression vectors encoding GATA4 (100 ng)
and myocardin or myocardin mutants (100 ng) shown in panel A, as indicated. Luciferase activity was assayed and is expressed as fold activation
above the level of expression of the reporter gene alone. (D) Schematic diagrams of GAL4-myocardin fusion proteins. The potential of each
protein to be stimulated by GATA4 is indicated. (E) COS cells were transiently transfected with an upstream activation sequence-luciferase
reporter plasmid and expression vectors encoding GAL4-myocardin fusion proteins (100 ng) shown in panel D with and without a GATA4
expression vector (100 ng), as indicated. Luciferase activity was assayed and is expressed as fold activation above the level of expression of the
reporter gene alone.
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the conserved N-terminal domain (�NTD) was stimulated by
about an order of magnitude in the presence of GATA4 when
assayed with the reporter controlled by the multimerized SM22
CArG box (4xSM22-CArG-luc; Fig. 3B). Deletion mutants in
which residues from amino acid 513 to the C terminus, includ-
ing the transcription activation domain (TAD), were deleted
and replaced with VP16 (mutants 129-513-VP16 and 129-713-
VP16) were also stimulated by GATA4 (Fig. 3A and B and
data not shown). Deletion mutants that were stimulated by
GATA4 on the multimerized SM22 CArG box reporter re-
tained the ability to be repressed by GATA4 on the SM22 and
ANF promoters (Fig. 3A to C and data not shown). These
results suggested that the positive and negative effects of
GATA4 were dependent on the same region of myocardin.

To determine whether the effects of GATA4 were mediated
by myocardin or SRF (or another protein), we tested whether
GATA4 affected the transcriptional activity of myocardin
fused to the GAL4 DNA binding domain (Fig. 3D and E).
GATA4 stimulated activity of a GAL4-myocardin fusion pro-
tein extending from amino acid 129 to the C terminus (GAL4-
129-935). The TAD of myocardin, located between amino acid
713 and the C terminus, shows a greater than 10-fold increase
in activity when it is isolated from the remainder of the protein
(37). The TAD fused to the GAL4 DNA binding domain
(GAL4-670-935) showed only a marginal response to GATA4.
In contrast, residues 129 to 713, which are inactive alone
(GAL4-129-713), showed about a sevenfold increase in tran-
scriptional activity in the presence of GATA4. The finding that
GATA4 was able to stimulate transcription via a portion of
myocardin lacking its own transcription activation domain sug-
gested that myocardin acted as a bridge between GATA4 and
the transcriptional machinery (see below).

Mapping the GATA4 binding region of myocardin. To de-
termine whether the modulation of myocardin activity by
GATA4 required direct physical interaction between the pro-
teins, we performed GST pulldown assays with GST-GATA4
fusion protein and myocardin deletion mutants translated in
vitro. As shown in Fig. 4, GATA4 interacted efficiently with
myocardin. Amino-terminal deletion mutants up to residue
348 retained the ability to interact strongly with GATA4. A
deletion mutant lacking residues 1 to 438 (mutant 439-935) was
also able to interact with GATA4, albeit less strongly than
mutants containing additional N-terminal sequences. The
TAD of myocardin, contained within residues 713 to 935, did
not interact with GATA4.

Deletions from the C terminus showed that residues 129 to
513 retained strong GATA4 binding activity. A smaller dele-
tion mutant lacking additional C-terminal sequences (mutant
129-438) also bound GATA4, but its binding activity was re-
duced. Further deletions from the C-terminal end to residue
348 or 298 (mutants 129-348 and 129-298, respectively) abol-
ished binding.

The above deletions suggested that myocardin contained
two GATA4-binding regions, one between residues 129 and
438 (region 1) and another between residues 439 and 713
(region 2) (Fig. 4B). Since the former region encompasses the
SRF-binding domain and SAP domains, which are critical to
the functions of myocardin, we created a series of smaller
deletions within this region in order to further pinpoint this
GATA4-binding domain. As shown in Fig. 4C and D, deletion

of the SAP domain (amino acids 380 to 414) severely impaired
but did not eliminate GATA4-binding activity (mutant 129-
513�SAP). Similarly, deletion of residues 326 to 377 reduced
GATA4 activity, and a deletion combining both regions (mu-
tant �326 to 438) abolished GATA4 binding. We conclude that
the GATA4-binding region 1 of myocardin maps to an ex-
tended sequence from 348 to 438 that encompasses the SAP
domain. This GATA4-binding region of myocardin defined by
GST pulldown assays correlated with the region of myocardin
required for stimulation and suppression of myocardin activity
by GATA4.

Mapping the myocardin-interacting region of GATA4. The
region of GATA4 that interacted with myocardin was mapped
by coimmunoprecipitation and GST pulldown assays with a
GST-myocardin fusion protein containing residues 129 to 510
and a series of GATA4 deletion mutants translated in vitro
(Fig. 5A and B, and data not shown). Deletion of residues from
amino acid 332 to the C terminus (mutant 1-332) did not affect
binding of GATA4 to myocardin. Residues 1 to 177 of
GATA4, which encompass the two TADs, did not interact with
myocardin, whereas a strong interaction was observed with
residues 177 to 332 and 190 to 332, which encompass the two
zinc fingers and the nuclear localization sequence (NLS). De-
letion of the N-terminal zinc finger (Nf) did not affect binding
to myocardin (mutant 239 to 332), whereas deletion of the
C-terminal zinc finger (Cf) or the NLS abolished myocardin
binding (mutants 1-332�Cf and 190-302, respectively).
GATA5 and GATA6, which share extensive homology with
GATA4, also interacted with myocardin (Fig. 5B).

The ability of GATA4 deletion mutants to interact with
myocardin correlated precisely with the ability to synergize
with myocardin to activate the Nkx2.5 enhancer or the mul-
timerized SM22 CArG box (Fig. 5A and C). Thus, only the Cf
and NLS of GATA4 appeared to be required for myocardin
binding and stimulation of myocardin activity. In contrast,
binding to myocardin and repression of myocardin activity on
the SM22-luciferase reporter could be uncoupled in certain
deletion mutants. For example, repression required the amino-
terminal TADs of GATA4 and the myocardin-binding region;
deletion mutants containing only one domain or the other were
unable to repress myocardin activity (e.g., mutants 1-177 and
177-332). In fact, the only GATA4 deletion mutant able to
repress myocardin activity was mutant 1-332, which lacks the
extreme C-terminal residues. GATA5 and GATA6 also acti-
vated and repressed myocardin activity as effectively as
GATA4.

To further pinpoint the residues in the Cf of GATA4 that
are critical for myocardin binding, we tested a series of point
mutants for their abilities to bind the GST-myocardin fusion
protein. Mutations that disrupted myocardin binding were also
defective in stimulation of the multimerized SM22 CArG box
and repression of the SM22 promoter with myocardin (Fig. 5D
to F). The two mutants (WRR and C1) that were defective in
myocardin binding also failed to interact with SRF (data not
shown). Thus, we cannot distinguish whether GATA4 modu-
lates myocardin activity on SRF-dependent promoters by as-
sociating with myocardin directly or with SRF or both. How-
ever, the ability of GATA4 to enhance the activity of a GAL4-
myocardin fusion protein, which is SRF independent, suggests
that GATA4 can act through a direct effect on myocardin.
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DISCUSSION

The major finding of this study is that GATA4 can stimulate
or suppress myocardin activity in a target gene-specific man-
ner. Modulation of myocardin activity by GATA4 is mediated,
at least in part, by the direct interaction of GATA4 with myo-
cardin and does not require binding of GATA4 to DNA. Par-
adoxically, stimulation of myocardin activity by GATA4 re-
quires only the DNA binding domain, but not the TAD of
GATA4, whereas repression of myocardin activity by GATA4
requires the DNA binding domain and the TAD (shown in Fig.
6). These findings reveal an unusual complexity to the mech-
anism(s) involved in myocardin- and GATA-dependent gene
regulation with the potential to provide gene-specific transcrip-
tional control and fine tuning of the expression of SRF target
genes.

Interaction of GATA4 with myocardin. Our results demon-
strate that GATA4 can interact with two regions of myocardin.
GATA4-binding region 1 of myocardin maps to residues 326 to
438. This region encompasses the SAP domain (residues 380 to
414), but deletions to either side of this domain impair GATA4
binding, indicating that binding requires an extended sequence
of myocardin such that deletions throughout this region per-
turb this protein-protein interaction. GATA4 can also interact
with residues 439 to 713 independently of binding region 1. We
have not further defined this region, which includes the TAD,
since replacing it with VP16 does not diminish the responsive-
ness of myocardin to GATA4.

What mechanism(s) might account for the opposite effects
of GATA factors on myocardin activity? Because GATA4 can
stimulate myocardin activity on some regulatory regions (e.g.,
the Nkx2.5 enhancer) and inhibit activity on others (e.g., the
ANF promoter), it is likely that the differential effects of
GATA4 are dependent on other factors that bind myocardin
target genes. Stimulation of myocardin activity by GATA4 was
observed with an artificial reporter containing multimers of the
SRF binding site, which suggests to us that this type of stimu-
latory activity may reflect a simpler mechanism and that re-
pression may involve more complex interactions between
GATA4 and other nuclear factors. The ANF and SM22 pro-
moters were both repressed by GATA4 in the presence of
myocardin, suggesting that they are regulated by the same
mechanism. The ANF promoter contains two GATA binding
sites, neither of which is required for repression by GATA4,
and the SM22 promoter contains no GATA sites. Inspection of
these promoters has not revealed any obvious binding sites for
common factors that might mediate the repressive influence of
GATA4.

Understanding the mechanisms involved in GATA-depen-
dent modulation of myocardin activity is complicated by the
fact that both myocardin and GATA4 interact with SRF (2, 26,
37). This raises the possibility that some of the observed effects

of GATA4 may reflect competition between myocardin and
GATA4 for interaction with SRF or recruitment of both fac-
tors by SRF, independent of their interaction with each other.
The finding that GATA4 can stimulate the activity of a GAL4-
myocardin fusion protein that activates transcription indepen-
dently of SRF suggests that the stimulatory effects of GATA4
do not require its direct association with SRF and are likely to
be mediated by direct physical association with myocardin.
This conclusion is supported by the precise correlation be-
tween the ability of GATA4 mutants to interact with myocar-
din and to stimulate myocardin activity.

Although GATA4 interacts with myocardin and enhances
myocardin activity, myocardin cannot stimulate transcription
through GATA binding sites. The inability of myocardin to
activate transcription by tethering to GATA factors on DNA
may be explained by the fact that myocardin interacts with the
same residues in the C-terminal zinc finger of GATA4 that
mediate GATA4 DNA binding, which could preclude the for-
mation of a stable GATA-myocardin ternary complex on
DNA. In contrast, GATA4 interacts with domains of myocar-
din that are not required for association with SRF. Therefore,
GATA4 can interact with myocardin without perturbing myo-
cardin’s ability to interact with SRF.

It is intriguing that stimulation of myocardin activity requires
only the Cf and NLS of GATA4, whereas suppression of myo-
cardin activity requires these domains in addition to the N-
terminal transcription activation domain. The ability to sepa-
rate the stimulatory and suppressive effects of GATA4 by
deletion of the TAD suggests that these occur through distinct
mechanisms. We can envision at least three mechanisms that
might account for the ability of GATA4 to stimulate myocar-
din activity. GATA4 could induce a conformational change in
myocardin that augments its transcriptional activity, possibly
by unmasking the TAD or stabilizing its interaction with the
transcriptional machinery. GATA4 could recruit a coactivator
to the myocardin-SRF complex, or it could displace an inhib-
itory protein from the complex.

With respect to the mechanism for GATA4-mediated sup-
pression of myocardin activity, the requirement for the TAD in
this process suggests that the presence of GATA4 may cause
“squelching” (29) such that this domain competes with an
activation domain of another factor, which could be myocardin
itself, SRF, or another factor required for activation of the set
of genes that are suppressed by GATA4. Another mechanism
may involve competition between myocardin and GATA4 for
SRF interaction. It is not obvious, however, how the TAD of
GATA4 would contribute to such a repressive mechanism.

Our finding that GATA4 can suppress the activity of myo-
cardin on SRF target genes is somewhat surprising in light of
numerous previous studies demonstrating that GATA4 can
stimulate SRF-dependent transcription (2, 26, 33). The stim-

FIG. 4. Mapping the region of myocardin that interacts with GATA4. (A) A GST-GATA4 fusion protein encompassing amino acids 177 to 332
was incubated with [35S]methionine-labeled myocardin proteins translated in vitro. Myocardin proteins associated with GST-GATA4 are shown
at the top, and 10% of the input proteins are shown at the bottom. (B) Summary of the GST-GATA4 pulldown and coimmunoprecipitation assays
(data not shown). (C) GST pulldown assays were performed with the indicated myocardin mutants and GST-GATA4 as described for panel A.
(D) Summary of the GST-GATA4 pulldown assays in panel C.
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ulatory effect of GATA4 on SRF is mediated by the direct
interaction of the SRF MADS box with the Cf of GATA4 (2,
26, 33), the same region that we showed to mediate interaction
of GATA4 with myocardin. This seeming discrepancy from
previous studies may be explained, at least in part, by the fact
that SRF and GATA4 are relatively weak activators that stim-
ulate transcription by about an order of magnitude under op-
timal conditions. In contrast, myocardin stimulates expression
of target genes with two or more SRF binding sites by several
orders of magnitude. Thus, a modest stimulatory effect of
GATA4 on SRF activity would be overcome by the dramatic
repressive effect of GATA4 on myocardin activity.

Modulation of myocardin activity through the stoichiometry
of its partners. We have previously shown that the transcrip-
tional activity of myocardin is exquisitely sensitive to the level
of SRF, such that relatively minor increases in SRF expression
above an optimal level result in pronounced suppression of
myocardin activity analogous to the effects of GATA4 seen in
this study (37). These findings illustrate the importance of
precise control over the stoichiometry of these transcriptional
activators. Given the importance of myocardin and GATA
factors in smooth and cardiac muscle development, it will be
especially interesting to explore whether perturbations in the
relative levels of expression of the genes encoding these factors
in vivo influences development of the cardiovascular system.
The importance of GATA factors and the myocardin-related
transcription factor MRTF-A in hematopoietic development
also suggests that the types of regulatory interactions described
in this study will be of importance in that system as well.
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FIG. 6. Schematic diagram of myocardin and a model. (A) The
domains of myocardin are shown. (B) The regions of GATA4 that
associate with myocardin and mediate activation and repression are
shown.
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