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Rho-like GTPases play a pivotal role in the orchestration of changes in the actin cytoskeleton in response to
receptor stimulation, and have been implicated in transcriptional activation, cell growth regulation, and
oncogenic transformation. Recently, a role for RhoA in the regulation of cardiac contractility and hypertrophic
cardiomyocyte growth has been suggested but the mechanisms underlying RhoA function in the heart remain
undefined. We now report that transcription factor GATA-4, a key regulator of cardiac genes, is a nuclear
mediator of RhoA signaling and is involved in the control of sarcomere assembly in cardiomyocytes. Both
RhoA and GATA-4 are essential for sarcomeric reorganization in response to hypertrophic growth stimuli and
overexpression of either protein is sufficient to induce sarcomeric reorganization. Consistent with convergence
of RhoA and GATA signaling, RhoA potentiates the transcriptional activity of GATA-4 via a p38
MAPK-dependent pathway that phosphorylates GATA-4 activation domains and GATA binding sites mediate
RhoA activation of target cardiac promoters. Moreover, a dominant-negative GATA-4 protein abolishes
RhoA-induced sarcomere reorganization. The identification of transcription factor GATA-4 as a RhoA
mediator in sarcomere reorganization and cardiac gene regulation provides a link between RhoA effects on
transcription and cell remodeling.
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Sarcomeres are the contractile units of the heart. They
are composed of highly organized actin and myosin fila-
ments, stabilized by �-actinin. Other muscle-specific
proteins such as troponins and tropomyosins also com-
pose the contractile filaments and are involved in regu-
lating contraction (Seidman and Seidman 2001). Altered
sarcomere assembly or function profoundly influences
cardiac function as best exemplified by human cardio-
myopathies, which result from mutation of any one of
the sarcomeric proteins (Kamisago et al. 2000; Seidman
and Seidman 2001). Cardiac development and cardiac hy-
pertrophy—the growth response of terminally differenti-
ated cardiomyocytes—are associated with major changes
in contractile protein gene expression and sarcomeric or-
ganization, which in turn regulate heart function. Car-
dioregulatory hormones and neurotransmitters that act

through G protein-coupled receptors—like adrenergic
agonists and vasoactive peptides—also alter cardiomyo-
cyte size, contractility, and sarcomeric protein gene ex-
pression and are implicated in the pathogenesis of hu-
man cardiac dysfunction and heart failure (Hunter and
Chien 1999). At present the mechanisms and transcrip-
tion factors involved in regulating cardiac genes and sar-
comere organization during normal or pathologic cardiac
growth are not fully understood.
Members of the Rho family of small GTPases are key

regulators that link membrane receptors to cytoskeletal
organization and gene transcription thereby affecting di-
verse biological responses including cell shape and pro-
liferation. Although many downstream effectors of Rho
GTPases have been identified (Bar-Sagi and Hall 2000),
the transcription factors that mediate Rho-dependent
changes in gene expression remain essentially unknown.
In fact, few Rho target genes have been analyzed and
only a handful of transcription factors have been shown
to be regulated by Rho GTPases. These include NF�B,
AP-1, and the serum response factor (SRF). The best-
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studied transcription target of Rho is the c-fos promoter,
which is activated by RhoA through the serum response
element (SRE) (Hill et al. 1995). The exact mechanism by
which RhoA regulates SRE function is not well under-
stood, but it does not appear to involve direct modula-
tion of either SRF or its associated ternary complex
(TCF) (Hill et al. 1995). Rather, it has been suggested that
RhoA activation leads to recruitment by DNA-bound
SRF of an as-yet-unidentified accessory factor (Treisman
et al. 1998). RhoA has also been shown to potentiate
phorbol ester activation of AP-1 elements through asso-
ciation with and activation of PKC � (Chang et al. 1998).
Finally, RhoA enhances I�B phosphorylation leading to
its dissociation from NF�B; this, in turn, promotes the
nuclear translocation and transcriptional effects of NF�B
(Perona et al. 1997). Whether any of these transcription
factors is involved in RhoA-dependent alteration of nor-
mal or abnormal cell growth is not clear; effector domain
mutants of RhoA suggest dissociation of SRE activation,
cytoskeletal reorganization, and cellular transformation
(Sahai et al. 1998; Zohar et al. 1998).
In cardiomyocytes, overexpression of RhoA induces

sarcomere reorganization (Hoshijima et al. 1998) and
contractile dysfunction (Sah et al. 1999); it also up-regu-
lates the atrial natriuretic factor (ANF) gene (Sah et al.
1996; Hoshijima et al. 1998), which represents a hall-
mark of the genetic reprogramming in cardiac hypertro-
phy. RhoA (but not RhoB) is expressed in cardiomyo-
cytes, and treatment with a hypertrophic growth factor
(angiotensin II) was shown to induce RhoA translocation
to the cell membrane (Aoki et al. 1998). Although these
studies support a role for RhoA in cardiomyocyte hyper-
trophy, the exact role of RhoA in mediating sarcomeric
reorganization in response to hypertrophic stimuli re-
mains controversial (Thorburn et al. 1997; Hoshijima et
al. 1998). There is, however, general agreement for an
involvement of RhoA in the transcriptional changes ob-
served in hypertrophy; two inhibitors of Rho function,
the C3 transferase and the dominant-negative RhoAN19
protein, were shown to inhibit �1-adrenergic stimula-
tion of ANF transcription (Sah et al. 1996; Thorburn et
al. 1997), and the selective Rho-kinase inhibitor Y27632
was recently reported to block endothelin-1 (Et-1) induc-
tion of the ANF promoter (Kuwahara et al. 1999). Inter-
estingly, although the ANF promoter contains both AP-1
and SRE elements (McBride and Nemer 1998; Morin et
al. 2001), neither was required to mediate the inhibitory
effect of Y27632 (Kuwahara et al. 1999); and whereas C3
transferase inhibited �1-adrenergic activation of the
ANF promoter, it did not affect that of an AP-1 depen-
dent reporter (Thorburn et al. 1997). This suggests that
Rho regulation of cardiac transcription is independent of
AP-1 or SRE activation. However, the effectors of RhoA
in cardiomyocytes remain undefined (Clerk and Sugden
2000).
The cardiac-enriched transcription factor GATA-4 re-

cently has been implicated in transcriptional regulation
of the ANF promoter in response to hypertrophic stimu-
lation by Et-1 (Morin et al. 2001). GATA-4 is a key regu-
lator of cardiac genes including many contractile protein

genes (Charron and Nemer 1999; Charron et al. 1999).
Moreover, GATA binding sites are required for in vivo
activation of cardiac promoters during cardiac hypertro-
phy (Hasegawa et al. 1997; Herzig et al. 1997; Morimoto
et al. 2000). In this paper, we report that GATA-4 is a
transcriptional effector of RhoA in cardiomyocytes and
is involved in sarcomere assembly. We show that RhoA
potentiates GATA-4 transcriptional activity both on iso-
lated GATA elements and on cardiac promoters known
to be GATA targets. Potentiation of GATA-4 activity
results from RhoA enhancement of its N- and C-termi-
nal domains and involves p38 MAPK-dependent phos-
phorylation and activation of these transactivation do-
mains. Together, these results identify for the first time
a transcription factor that controls sarcomere reorgani-
zation and suggest that RhoA, in addition to its direct
effect on myofibrillar assembly, could regulate cardiac
transcription including sarcomeric protein gene expres-
sion by modulating the transcriptional activity of tissue-
specific transcription factors.

Results

GATA-4 is essential for cardiomyocyte sarcomere
reorganization

It has been shown previously that GATA-4 regulates the
expression of many contractile proteins, such as �-myo-
sin heavy-chain, �-myosin heavy-chain, and cardiac tro-
ponin I in cardiomyocytes (Charron et al. 1999) and ac-
tivates the promoter of several contractile protein genes,
such as cardiac troponin C, slow myosin heavy-chain,
and cardiac �-actin, alone or in combination with other
transcription factors (Ip et al. 1994; Molkentin et al.
1994; Murphy et al. 1997; Sepulveda et al. 1998; G.F.
Wang et al. 1998; Morin et al. 2000). This suggested that
GATA-4 could be important for sarcomere formation in
cardiomyocytes. To test this possibility, we have used
neonatal cardiomyocyte cultures, where sarcomere reor-
ganization can be induced by the hypertrophic stimuli
Et-1 and phenylephrine (Phe, an �1-adrenergic agonist) as
observed by the appearance of striated acto-myosin fibers
upon phalloidin staining (Fig. 1a). Because GATA-4 null
mice are embryonic lethal (Kuo et al. 1997; Molkentin et
al. 1997), they are not amenable to study the role of
GATA-4 in cardiomyocyte sarcomere reorganization.
We have therefore used an adenovirus expressing an an-
tisense GATA-4 cDNA (AS GATA-4) to specifically
down-regulate GATA-4 in postnatal cardiomyocyte cul-
tures. In these cells, GATA-4 protein levels are specifi-
cally decreased by 80% (Fig. 1b) as reported previously
(Charron et al. 1999). Down-regulation of GATA-4 in
cardiomyocytes blocked sarcomere reorganization in-
duced by Et-1 and Phe, whereas a control adenovirus
expressing a nls-lacZ cDNA (lacZ) had no effect on sar-
comere reorganization (Fig. 1a). Quantification of reor-
ganized cardiomyocytes showed that although Et-1 and
Phe induced, respectively, a 3.2- and 4.0-fold increase in
the number of cardiomyocytes that underwent sarco-
mere reorganization, this effect was almost abolished
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(1.3- and 1.6-fold, respectively) in cardiomyocytes where
GATA-4 expression was down-regulated (Fig. 1c).
To test the effect of enhanced GATA-4 activity, car-

diomyocytes were infected with an adenovirus express-
ing the GATA-4 cDNA. This led to significantly in-
creased GATA-4 protein levels and GATA-4 DNA
binding activity as assessed by Western blot, immuno-
fluorescence, and gel shift analyses (Fig. 2a,b,d). This was
accompanied by up-regulation of several GATA-4 target
genes including B-type natriuretic peptide (BNP) and
�-skeletal actin (�-SA) (Fig. 2c). Remarkably, overexpres-
sion of GATA-4 was sufficient to induce sarcomere re-
organization (Fig. 2d) as efficiently as Et-1 or Phe (Fig.
2e). Together, these results indicate that GATA-4 is an
essential mediator of Et-1- and Phe-induced cardiomyo-
cyte sarcomere reorganization and that up-regulation of
GATA-4 enhances cardiac gene expression and induces
cardiomyocyte sarcomere reorganization.

RhoA is required for Et-1- and Phe-induced
sarcomere reorganization

The small GTPase family member RhoA is known to
govern the assembly of cytoskeletal actin fibers in sev-

eral cell types (Hall 1998). However, conflicting results
have been obtained regarding its role in cardiomyocyte
sarcomere reorganization in response to hypertrophic
stimuli (Thorburn et al. 1997; Hoshijima et al. 1998).
Therefore, we decided to test the role of RhoA in cardio-
myocyte sarcomere reorganization and its effect, if any,
on the transcription factor GATA-4.
Using a recently developed assay specific for GTP-

bound cellular Rho (Ren et al. 1999), we determined that
cardiomyocyte stimulation with Phe increases GTP
loading of Rho in a time-dependent manner (Fig. 3a), rais-
ing the possibility that enhanced Rho activity may me-
diate Phe-induced sarcomeric reorganization. Consistent
with this idea, cardiomyocytes transfected with a con-
stitutively active form of RhoA (RhoA V14) underwent
sarcomere reorganization (Fig. 3b). To directly test the
involvement of RhoA in Phe-induced cardiomyocyte sar-
comere reorganization, a dominant-negative form of
RhoA (RhoA N19) was transfected in cardiomyocytes
stimulated with Phe. Interestingly, RhoA N19 inhibited
Phe-induced sarcomere reorganization, whereas the
wild-type form of RhoA (RhoA WT) did not (Fig. 3c).
These results strongly support an essential role for RhoA
as a mediator of Et-1- and Phe-induced cardiomyocyte

Figure 1. GATA-4 is essential for Et-1 and Phe-induced cardiomyocyte sarcomere reorganization. (a) Cardiomyocytes infected with
a lacZ control adenovirus (lacZ) or with the antisense GATA-4 adenovirus (AS GATA-4) were stimulated for 48 h with vehicle (Veh),
Et-1, or Phe. Cardiomyocytes were fixed and actin filaments were revealed using phalloidin-FITC. (b) Western blot analysis of GATA-4
protein confirming that the GATA-4 antisense adenovirus specifically decreases GATA-4 protein levels. (c) Quantification of the
percentage of reorganized cardiomyocytes. Cells were scored as described in Materials and Methods. The data are the average of two
independent experiments.
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sarcomere reorganization and suggest that GATA-4 and
RhoA may act in the same signaling pathway.

RhoA potentiates GATA-4 transcriptional activity

To test whether GATA-4 could modulate RhoA activity,
the amount of active (GTP-loaded) RhoA was deter-
mined in cardiomyocytes where GATA-4 activity was

down- or up-regulated. Altering the levels of GATA-4
had no effect on RhoA activity (Fig. 4a), suggesting that
GATA-4 does not regulate RhoA activity. Thus, if RhoA
and GATA-4 are in the same signaling pathway,
GATA-4 would lie downstream of RhoA.
To determine if this is indeed the case, we tested

whether RhoA effect on sarcomere formation is GATA
dependent. As shown in Figure 4b, the ability of RhoA

Figure 2. Up-regulation of GATA-4 activity induces contractile protein gene expression and sarcomere reorganization in cardiomyo-
cytes. (a) Western blot analysis of nuclear extracts from cardiomyocytes and 293 cells infected with a lacZ control or with GATA-
4-expressing adenovirus. (b) Increased GATA DNA-binding activity in cardiomyocytes infected with the GATA-4 adenovirus. EMSAs
were performed using nuclear extracts from cardiomyocytes infected with lacZ or GATA-4 adenovirus and the ANF −120-bp GATA
probe. (c) Overexpression of GATA-4 induces cardiac gene expression. Total RNA (20 µg) extracted from cardiomyocytes infected with
lacZ or GATA-4 adenovirus was analyzed by Northern blot and quantified by PhosphorImager, as described in Materials and Methods.
(d) Up-regulation of GATA-4 activity induces cardiomyocyte sarcomere reorganization. Cardiomyocytes infected with lacZ or
GATA-4 adenovirus were fixed and costained using phalloidin-FITC (green) and anti-GATA-4 antibody (red). (e) Quantification of the
percentage of reorganized cardiomyocytes. Cells were scored as described in Material and Methods.
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V14 to induce sarcomere reorganization was abolished
by a dominant-negative form of GATA-4 (GATA-4 DBD)
consisting of the DNA-binding domain but lacking both
N- and C-terminal transactivation domains (Durocher et
al. 1997). This result is consistent with a role for
GATA-4 as an essential nuclear mediator of RhoA. Be-
cause overexpression of GATA-4 can mimic RhoA ef-
fects, RhoA action likely involves up-regulation of
GATA-4 expression and/or activity. Therefore, we exam-
ined the effect of RhoA on GATA-4. Cardiomyocyte
transfection with RhoA V14 did not affect endogenous
GATA-4 protein level or subcellular localization (Fig.
5a). The ability of RhoA to regulate GATA-4 transcrip-
tional activity was also assessed. To this end, we co-
transfected GATA-4 with RhoA V14 and tested whether
RhoA V14 is able to potentiate GATA-4 transcriptional
activity in serum-starved NIH 3T3 cells, which do not
express GATA factors (F. Charron, G. Nemer, and M.

Figure 3. RhoA is required for Et-1- and Phe-induced cardio-
myocyte sarcomere reorganization. (a) Phe induces Rho activity
in a time-dependent manner. Whole-cell extracts were prepared
from cardiomyocytes stimulated with Phe for 5 and 30 h. The
active form of Rho (Rho-GTP) was selectively affinity-precipi-
tated using a GST–Rhotekin protein and revealed using anti-
Rho antibody. Extracts were incubated in presence of an excess
of GDP (Ctl−) or GTP-�-S (Ctl+) as negative and positive con-
trols, respectively. The panel below shows total RhoA protein
level as assessed byWestern blot analysis. (b) RhoA V14 induces
sarcomere reorganization in cardiomyocytes. Cardiomyocytes
transfected with 2 µg of pCDNA3 or pCDNA3–myc–RhoA V14
were fixed and costained using phalloidin-FITC (green) and anti-
myc antibody (red). (c) RhoA N19, but not RhoA WT, inhibits
Phe-induced cardiomyocyte sarcomere reorganization. Cardio-
myocytes transfected with 2 µg of pCDNA3–myc–RhoA WT or
pCDNA3–myc–RhoA N19 were stimulated for 48 h with Phe,
fixed, and costained using phalloidin-FITC (green) and anti-myc
antibody (red). The arrow indicates myc-positive cardiomyo-
cytes.

Figure 4. (a) Overexpression or down-regulation of GATA-4
does not affect RhoA activity in cardiomyocytes. Cardiomyo-
cytes were infected with lacZ, AS GATA-4, or GATA-4 adeno-
virus, at MOIs of 2 or 8, for 48 h. Rho activity was assessed as
described in Figure 3a. Extracts were incubated in presence of an
excess of GDP (Ctl−) or GTP-�-S (Ctl+) as negative and positive
controls, respectively. The panel below is from a Western blot
showing the level of total RhoA protein in the extracts. (b)
GATA-4 activity is required for RhoA-induced sarcomeric reor-
ganization. Cardiomyocytes were transiently transfected with
myc–RhoA V14 in presence or absence of an expression vector
encoding a HA-tagged dominant-negative GATA-4 protein lack-
ing transcriptional activation domain (HA–GATA-4 DBD).
Cells were fixed and costained with anti-myc antibody (red),
anti-HA (nuclear green staining), and phalloidin-FITC (cytoplas-
mic green staining). Note how the presence of the GATA-4 DBD
abolishes the effects of RhoA on cell size and sarcomeric reor-
ganization.
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Figure 5. RhoA potentiates GATA-4 transcriptional activity. (a) RhoA V14 does not affect GATA-4 protein level or subcellular
localization. Cardiomyocytes transfected with 2 µg of pCDNA3 or pCDNA3–myc–RhoA V14 were fixed and costained using an
anti-myc antibody (red) and an anti-GATA-4 antibody (green). (b) RhoA potentiates GATA-4 transcriptional activity. NIH 3T3 cells
were transfected with 100 ng of pCDNA3 or pCDNA3–GATA-4 and increasing amounts of pCDNA3–myc–RhoA V14 (0, 50, and 100
ng), together with the indicated reporter plasmid. BNP−50bp and TK−81bp are the minimal BNP and thymidine kinase promoters cloned
upstream of a luciferase reporter gene, respectively. (GATA)2–BNP−50bp contains two GATA elements from the BNP promoter in front
of BNP−50bp. Reporter activity was assayed 48 h after transfection. (c) RhoA-mediated potentiation of GATA-4 transcriptional acti-
vation requires RhoA activity. NIH 3T3 cells were transfected with 100 ng of pCDNA3 or pCDNA3–GATA-4 and increasing amounts
of pCDNA3–myc–RhoA V14, pCDNA3–myc–RhoA N19, or pCDNA3–myc–RhoA WT, together with the (GATA)2–BNP−50bp reporter
plasmid. (d) RhoA potentiates GATA-4 activity on cardiac gene promoters. NIH 3T3 cells were transfected with 100 ng of pCDNA3
or pCDNA3–GATA-4 and increasing amounts of pCDNA3–myc–RhoA V14, together with the indicated reporter plasmid. The data
shown in b–d are the mean ± S.D. of 4–6 independent determinations. (e) GATA elements mediate transcriptional regulation by RhoA
in cardiomyocytes. ANF, �-cardiac actin, and �-skeletal actin–luciferase reporter constructs were cotransfected with 300 ng of RhoA
expression vectors into primary neonate cardiomyocyte cultures. (f) Functional RhoA proteins are also required for transcriptional
activation of the ANF promoter in response to Phe stimulation. The ANF-luciferase reporter (1.5 µg) was cotransfected with 1 µg of
RhoA N19 or the corresponding empty vector (pCDNA3). Phe treatment was as described in Figure 1. The results in e and f are each
from a representative experiment carried out in duplicate.
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Nemer, unpubl.) and have low endogenous RhoA activ-
ity (Hill et al. 1995). For these transactivation assays, a
GATA-responsive promoter composed of two GATA el-
ements cloned upstream of the BNP −50 bp minimal
promoter [(GATA)2-BNP−50bp] was used (Grépin et al.
1994). Although RhoA V14 had no effect on its own on
this promoter, it strongly potentiated GATA-4 transcrip-
tional activity (Fig. 5b). RhoA enhancement of GATA-4
function required RhoA activity, because the inactivated
form of RhoA (RhoA N19) or the wild-type form of RhoA
(RhoA WT; which is not active in serum-starved condi-
tions) were not able to potentiate GATA-4 activity (Fig.
5c). RhoA V14 potentiation of GATA-4 activity was also
observed on cardiac promoters known to be GATA-4 tar-
gets (Charron et al. 1999), such as ANF (ANF−137bp), BNP
(BNP−114bp), �-MHC, and �-skeletal actin (Fig. 5d). Mu-
tation of the GATA elements completely abolished the
effect of RhoA V14 on GATA-4 transactivation of the
ANF and BNP promoters.
To ascertain the in vivo role of GATA factors in me-

diating the transcriptional effects of RhoA, we cotrans-
fected ANF promoter driven luciferase plasmids with
RhoA expression vectors into cardiomyocytes. RhoA
V14 enhanced ANF promoter activity by 3.5-fold
whereas the dominant-negative form RhoA N19 de-
creased it by 50% (Fig. 5e). Moreover, and consistent
with previous reports (Sah et al. 1996; Thorburn et al.
1997), RhoA N19 blocked Phe-stimulation of ANF pro-
moter activity (Fig. 5f). This demonstrated that RhoA
proteins are required for transcriptional and cytoskeletal
response to �1-adrenergic stimulation. The findings also
indicated the presence of endogenous transcription fac-
tors targeted by RhoA in cardiomyocytes. Mutation of
the high-affinity GATA element greatly reduced RhoA
V14 activation and completely abolished the negative
effect of RhoA N19 (Fig. 5e). Neither RhoA V14 nor
RhoA N19 had any effect on a minimal, GATA-indepen-
dent ANF promoter (ANF−57bp). Under the same condi-
tions, other GATA-dependent cardiac promoters includ-
ing �-MHC, BNP, and skeletal and cardiac �-actin were
also induced by RhoA V14 or inhibited by RhoA N19
(Fig. 5e; data not shown). Together, these results suggest
that in cardiomyocytes, GATA elements mediate tran-
scriptional regulation by RhoA and that GATA depen-
dent pathways are nuclear targets for RhoA.

RhoA stimulates the activity of GATA-4
transcriptional activation domains

We next sought to determine the mechanism by which
RhoA potentiates GATA-4 activity. The effect of RhoA
on GATA-4 was not due to increased nuclear GATA-4
protein levels or DNA-binding activity (Fig. 6a,b), sug-
gesting that RhoA modulation of GATA-4 activity may
be the result of enhanced transactivation properties. To
determine the domain(s) of GATA-4 required for poten-
tiation by RhoA, various GATA-4 deletions and point
mutants were tested. Deletion of either the C-terminal
(GATA-4 1–332) or N-terminal (GATA-4 200–440) trans-
activation domain of GATA-4 had no effect on the ca-

pacity of RhoA to potentiate GATA-4 activity (Fig. 6c).
However, deletion of both activation domains (GATA-4
200–332) completely abolished the effect of RhoA on
GATA-4, suggesting that at least one transactivation do-
main of GATA-4 is required for potentiation by RhoA.
As expected, RhoA had no effect on a transcriptionally
inactive GATA-4 protein that no longer binds DNA
(GATA-4 C273G; Charron et al. 1999).
To determine whether the N- and C-terminal transac-

tivation domains of GATA-4 are sufficient to support
potentiation by RhoA, these domains were fused to the
DNA-binding domain of Gal4 (Gal4-DBD) and tested in
reporter gene transactivation assays. The N-terminal ac-
tivation domain of GATA-4 (Gal4–GATA-4 1–207) acti-
vated transcription on its own and RhoA V14 (Fig. 6d)
further potentiated this response. The C-terminal do-
main of GATA-4 (Gal4–GATA 329–440) had little au-
tonomous activity in the low serum conditions used;
however, in presence of RhoA V14, it activated transcrip-
tion by 2.7-fold (Fig. 6e). Taken together, these results
indicate that RhoA stimulates the transcriptional activ-
ity of GATA-4 activation domains.

GATA-4 phosphorylation by p38 MAPK

RhoA was recently shown to be a potent activator of the
p38 mitogen-activated protein kinases (Marinissen et al.
2001), and p38 MAPK activation is sufficient to up-regu-
late the ANF promoter (Nemoto et al. 1998) and to in-
duce sarcomeric reorganization of cardiomyocytes
(Zechner et al. 1997). Moreover, Phe and Et-1 activate
the p38 pathway in cardiomyocytes and p38 inhibitors
attenuate Phe- and Et-1-dependent myocyte hypertrophy
(Zechner et al. 1997; Clerk et al. 1998; Nemoto et al.
1998; Y. Wang et al. 1998). We therefore tested whether
RhoA activated p38 MAPK in cardiomyocytes and
whether RhoA enhancement of GATA-4 activity occurs
through a p38 MAPK pathway. Overexpression of RhoA
V14 in cardiomyocytes enhanced the level of activated
p38 MAPK as assessed by immunohistochemistry using
an anti-phospho-p38 antibody (Fig. 7a). This finding sug-
gests that RhoA activation of p38 MAPK is not restricted
to NIH 3T3 cells (Marinissen et al. 2001). Next, we
tested the effect of activation of the p38 MAPK pathway
on GATA-4 function. p38 or the p38 upstream activator
MKK6 markedly induced GATA-dependent transcrip-
tion in cardiomyocytes (Fig. 7b) and addition of domi-
nant-negative forms of p38 blocked RhoA potentiation of
GATA-4 activity (Fig. 7c). Thus, GATA-4 activity is
positively regulated by p38 MAPK.
The GATA-4 protein contains several potential MAP

kinase phosphorylation sites within the N- and C-termi-
nal activation domains. We tested whether p38 MAPK
directly phosphorylates GATA-4 activation domains.
Using pull-down assays with recombinant p38 proteins,
we found that several p38 isoforms interacted directly
with GATA-4 through its N-terminal domain (Fig. 7d).
Furthermore, p38� efficiently phosphorylated both N-
and C-terminal GATA-4 activation domains in vitro
(Fig. 7e). These results suggested that GATA-4 activity
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may be regulated by p38 MAPK phosphorylation. To
confirm the in vivo relevance of these observations, we

analyzed the phosphorylation status of endogenous
GATA-4 in quiescent and in Et-1- and Phe-stimulated

Figure 6. RhoA potentiates GATA-4 activity by stimulating the transcriptional activity of its activation domains. RhoA V14 does not
affect (a) GATA-4 protein level or (b) GATA-4 DNA-binding activity, as assessed by Western blot and EMSA, using nuclear extracts
of NIH 3T3 cells ectopically expressing either one or both proteins respectively. (c) The N- or C-terminal transactivation domain of
GATA-4 is required for potentiation by RhoA. NIH 3T3 cells were transfected with 100 ng of pCDNA3 or pCDNA3–GATA-4 mutants
and increasing amounts of pCDNA3–myc–RhoA V14, together with the (GATA)2–BNP−50bp reporter plasmid. The results are expressed
as the ratio of the activity of the GATA-dependent reporter in presence of GATA-4 and RhoA proteins over the activity of the same
reporter in presence of GATA-4 proteins alone. The GATA-4 mutants are depicted at right. (d) The N- and (e) C-terminal transacti-
vation domains of GATA-4 are sufficient to support potentiation by RhoA. NIH 3T3 cells were transfected with 100 ng of pCMX–
Gal4–DBD, pCMX–Gal4–GATA-4 1–207, or pCMX–Gal4–GATA-4 329–440 and 100 ng of pCDNA3 or pCDNA3–myc–RhoA V14,
together with the (UAS)5–TK−81bp reporter plasmid. The Gal4–GATA-4 constructs are depicted in f. The data in c, d, and e are the
mean ± S.D. of 2 to 3 experiments each carried out in duplicate.

RhoA potentiates GATA-4 transcriptional activity

GENES & DEVELOPMENT 2709



cardiomyocytes. As shown in Figure 8a, GATA-4 is a
phosphoprotein and its phosphorylation is enhanced by
Et-1 and Phe treatment. Phosphorylation occurs mainly

on serine residues as determined by phosphoamino acid
analysis (Fig. 8b). Phosphopeptide analysis following
tryptic digest revealed four major phosphopeptides, one

Figure 7. RhoA potentiates GATA-4 transcriptional activity through a p38MAPK-dependent mechanism. (a) RhoA V14 activates p38
MAPK in cardiomyocytes. Cardiomyocytes were transfected with 1 µg of pCDNA3–myc–RhoA V14. Twenty-four hours later, the cells
were fixed and costained with anti-myc (red) and anti-phospho-p38 (green) antibodies. Note the induced nuclear and perinuclear
phospho-p38 staining in RhoA V14 positive cells. (b) TheMKK6/p38MAPK pathway potentiates endogenous cardiac GATA-4 activity.
Cardiomyocytes were transfected with 100 ng of pCDNA3 or activated MKK6 [MKK6b(e)] or p38� MAPK, together with the (GATA)2–
BNP−50bp reporter plasmid. (c) Dominant-negative p38 constructs block the potentiation of GATA-4 transcriptional activity by RhoA.
NIH 3T3 cells were transfected with 100 ng of pCDNA3 or pCDNA3–GATA-4, 100 ng of pCDNA3–myc–RhoA V14, various domi-
nant-negative (d.n.) isoforms of p38 MAPK, together with the (GATA)2–BNP−50bp reporter plasmid. (d) p38 MAPKs interact with the
N-terminal domain of GATA-4. Pull-down assays were performed by incubating GST, GST–GATA-4 1–207, or GST–GATA-4 329–440
with [35S]methionine-labeled luciferase or p38 MAPK isoforms. The complexes were washed and resolved by 10% SDS-PAGE. (e) p38�

phosphorylates GATA-4 in vitro. Activated p38� adsorbed on agarose beads was incubated with GST, GST–GATA-4 1–207, or
GST–GATA-4 329–440 recombinant proteins in the presence of [�-32P]ATP. The reaction mixtures were resolved by SDS-PAGE and
analyzed by autoradiography. The asterisk denotes a degradation product containing the GATA-4 protein.
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Figure 8. The RhoA-activating agonists Et-1 and Phe induce GATA-4 phosphorylation in cardiomyocytes. (a) Cardiomyocytes were
labeled with [32P]orthophosphate and stimulated for 1 h with Et-1 or Phe. GATA-4 was immunoprecipitated and the immune complex
was resolved by SDS-PAGE (32P-GATA-4; middle). In parallel, nuclear extracts were prepared from non-radiolabeled cardiomyocytes
and total GATA-4 protein levels were analyzed byWestern blot (GATA-4; top). In addition, Western blot analysis of whole-cell extracts
using a phospho-specific antibody showed that Et-1 and Phe induce p38 activation in cardiomyocytes (phospho-p38; bottom). (b) Et-1
and Phe induce GATA-4 phosphorylation on serine residues. Radiolabeled GATA-4 bands from a were excised and subjected to
phosphoamino acid analysis, as described inMaterials andMethods. Note that GATA-4 is phosphorylated almost exclusively on serine
residues. (c) Phosphopeptide mapping analysis of 32P-labeled wild-type (left) and N-terminal deleted (right) GATA-4; note the absence
of spot ‘a‘ when the N-terminal domain is removed. (d) A conserved MAPK phosphorylation site is essential for maximal GATA-4
transcriptional activity. Indicated amount of GATA-4 and GATA-4 S105A were transfected with the (GATA)2–BNP−50bp or the
ANF−700bp reporter plasmids in NIH 3T3 cells and reporter activity was measured 48 h later. Note the drastic effect of the MAPK
consensus site S105A mutation on GATA-4 transcriptional activity, even though both proteins are expressed at equal levels as shown
by Western blot analysis (e).
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of which is clearly present within the N-terminal acti-
vation domain (Fig. 8c). The highest scoring MAPK phos-
phorylation site (based on computer-assisted protein ki-
nase substrate search programs) is present in the N-ter-
minal transactivation domain of GATA-4 (S105) and is
conserved in all known GATA-4 proteins from Xenopus
to human. Mutation of this serine residue to alanine
(S105 → A) markedly decreased GATA-4 transcriptional
activation function without affecting the level of
GATA-4 nuclear protein (Fig. 8d,e), indicating that
GATA-4 activity may be modulated by MAPK phos-
phorylation of S105. Mutation of S105 also significantly
decreased in vitro phosphorylation of the N-terminal do-
main of GATA-4 by p38 MAPK (Fig. 9a). To confirm that
S105 is a direct target of p38 MAPK, the in vitro phos-
phorylated GATA-4 1–207 protein was digested with a
combination of trypsin and endoprotease GluC, and the
resulting labeled peptides were separated by HPLC (Fig.
9b). The major radioactive peak was recovered and sub-
jected to Edman degradation. From the amino acid se-
quence of GATA-4, this peptide was unambiguously
identified as the fragment Gly 96–Arg 107. As shown in
Figure 9c, two residues, T100 and S105, within this frag-

ment contained radioactivity. These results identify
T100 and S105 as two novel p38 MAPK phosphorylation
sites within the N-terminal domain of GATA-4. To con-
firm the in vivo relevance of phosphorylation at S105 in
the regulation of GATA-4, a phospho-specific antibody
was generated. Using this reagent, GATA-4 was shown
to be phosphorylated on S105 in cultured neonatal car-
diomyocytes and Et-1 stimulation led to an approximate
threefold increase in S105 phosphorylation. These re-
sults indicate that GATA-4 is phosphorylated at Ser 105
in response to agonist stimulation of cardiomyocytes.
Together, these data suggest that RhoA enhancement of
GATA-4 transcriptional activity is likely mediated by a
p38 MAPK pathway that phosphorylates GATA-4 tran-
scriptional activation domains.

Discussion

Rho-like GTPases play a pivotal role in the orchestration
of changes in the actin cytoskeleton in response to re-
ceptor stimulation and have been implicated in tran-
scriptional activation, cell growth regulation, and onco-
genic transformation (Hall 1998). RhoA function in these

Figure 9. p38 MAPK phosphorylates GATA-4 on Ser 105 in vitro. (a) Recombinant active p38� was incubated with GST, GST–
GATA-4 1–207, or GST–GATA4 1–207 S105A in the presence of [�-32P]ATP. The reaction products were analysed by SDS-PAGE and
autoradiography. (b) The labeled GST–GATA-4WT band from awas excised from the gel and digested with trypsin and endoproteinase
GluC. The resulting peptides were separated by HPLC on a microbore C18 column developed with a nonlinear acetonitrile gradient.
The fractions were collected manually and the radioactivity was measured by Cerenkov counting. (c) The major 32P-containing peptide
in GST–GATA-4 1–207 was subjected to automatic Edman degradation. The amount of radioactivity released from each degradation
cycle was determined by Cerenkov counting. The radioactivity in the first cycle corresponds to noncovalently bound 32P released by
the TFA wash during the first cycle. (d) Western blot analysis of lysate proteins from cultured cardiomyocytes treated with vehicle
(Veh) or ET-1 for 3 h using the phospho-S105 GATA-4 or the GATA-4 specific antibodies. Cardiomyocytes were infected with a
GATA-4-expressing adenovirus to increase the signal intensity, as described in Liang et al. (2001). Note that Et-1 treatment increases
the level of S105 phophorylated GATA-4.

Charron et al.

2712 GENES & DEVELOPMENT



diverse processes is likely mediated by different effectors
(Sahai et al. 1998; Zohar et al. 1998), which remain
poorly defined. The data presented in this paper reveal
that, in cardiomyocytes, the cardiac-enriched transcrip-
tion factor GATA-4 is a downstream target of RhoA that
regulates a cell-specific pathway of contractile protein
gene expression and sarcomere assembly. RhoA and
GATA-4 regulate the expression of many genes encoding
sarcomeric proteins and both are required for sarcomeric
reorganization induced by Et-1 and Phe. RhoA acts on
GATA-4 to enhance its transcriptional properties
through a p38 MAPK-dependent pathway that phos-
phorylates GATA-4 on conserved MAPK sites in the N-
and C-activation domains. At least, one direct p38 phos-
phorylation site, S105, is phosphorylated in vivo and its
mutation severely impairs GATA-4 activation of target
genes, indicating that GATA-4 transactivation domains
are modulated by p38 and likely other MAP kinases.
Consistent with its role as an effector of RhoA, a domi-

nant-negative GATA-4 protein blocks RhoA-induced
sarcomere formation whereas overexpression of intact
GATA-4 is sufficient to induce sarcomeric reorganiza-
tion of cardiomyocytes. These results identify for the
first time a signaling pathway converging on a tissue-
specific transcription factor to control sarcomere reorga-
nization and suggest that the cell type-dependent effects
of RhoA reflect RhoA modulation of cell-specific tran-
scription factors. At the level of cardiomyocytes, the
work presented is consistent with a dual role for RhoA in
the cyctoskeletal and transcriptional changes associated
with cardiomyocyte hypertrophy. In addition to its di-
rect effect on myofibrillar assembly, RhoA also regulates
the expression of sarcomeric proteins and sarcomere re-
organization by inducing the transcriptional activity of
GATA-4, thereby linking the transcriptional effects of
RhoA with its regulatory effects on the cytoskeleton and

insuring both rapid and persistent changes in cell shape
and function (Fig. 10).

RhoA modulation of transcription

Several effects of RhoA such as cell growth regulation
and transformation imply a role for RhoA in gene expres-
sion modulation and RhoA was shown to activate three
transcription factors that play important roles in growth
factor regulation of gene expression, namely AP-1,
NF-�B, and SRF (Hill et al. 1995; Perona et al. 1997;
Chang et al. 1998). By far, the most extensively studied
RhoA target is the SRE element of c-fos, which is re-
quired for RhoA activation of c-fos transcription (Hill et
al. 1995). The exact mechanisms by which RhoA induces
SRE activity is not defined but has been suggested to
involve recruitment of an as-yet-unidentified accessory
factor to SRF. More recently, RhoA-mediated SRF acti-
vation was shown to require Diaphanous family proteins
and Src tyrosine kinase (Tominaga et al. 2000). As deple-
tion of the free cellular actin pool activates SRF (Sotiro-
poulos et al. 1999), the Diaphanous family proteins may
mediate their effect on SRF through their actin polymer-
ization-inducing activity (Watanabe et al. 1999). Never-
theless, the role of the cytoskeleton in RhoA activation
of SRE remain unclear given that RhoA effector loop
mutants dissociated cytoskeletal changes from SRE ac-
tivation (Sahai et al. 1998; Zohar et al. 1998).
In addition to its role in cell growth, there is accumu-

lating evidence for a role of RhoA in cell differentiation
and organogenesis. Loss-of-function studies in Dro-
sophila and Xenopus revealed that RhoA is required for
normal embryonic patterning and eye and neural tube
formation (Magie et al. 1999; Wunnenberg-Stapleton et
al. 1999). Interference with Rho function also inhibits
skeletal myogenesis in vitro and down-regulates expres-

Figure 10. Hypothetical model for the role of
GATA-4 as an effector of RhoA and a regula-
tor of cardiomyocyte sarcomere reorganiza-
tion. Hypertrophic stimuli induce RhoA ac-
tivity, which in turn potentiates GATA-4
transcriptional activity via p38 MAPK, lead-
ing to genetic reprogramming and induction
of sarcomeric gene expression. p38 MAPK
regulation of GATA-4 involves direct
GATA-4 phosphorylation and possibly activa-
tion of GATA-4 cofactors like Mef2. RhoA,
through activation of effectors such as mDia
and ROK, induces polymerization of existing
and newly synthesized sarcomeric proteins
into contractile filaments, leading to sarco-
mere formation. Together, these two RhoA-
dependent pathways would insure initiation
and maintenance of the sarcomere reorgani-
zation and the hypertrophic state.
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sion of several myogenic factors including Mef2, MyoD,
and myogenin (Takano et al. 1998). More recently, it was
shown that in addition to up-regulating Mef2 mRNA
levels, RhoA could also activate the Mef2 protein in fi-
broblast cells through a p38� cascade (Marinissen et al.
2001). Whether RhoA regulation of Mef2 activity can
account for RhoA regulation of skeletal muscle differen-
tiation remains to be established.
In the case of GATA-4, RhoA stimulates the transcrip-

tional activity of GATA-4 through potentiation of its
transcription activation domains. This may occur
through RhoA-mediated induction of GATA-4 phos-
phorylation and/or regulation of GATA-4 interaction
with co-factors such as SRF or Mef2 (Morin et al. 2000,
2001). At present, we cannot exclude the possibility that
RhoA regulates GATA interaction with these two fac-
tors that are themselves RhoA targets. However, because
we had previously shown that both SRF and Mef2 inter-
act with the second zinc finger of GATA-4, RhoA regu-
lation of GATA-4 N- and C-terminal activation domains
is most likely independent of SRF and Mef2. The finding
that RhoA activation of GATA-4 is p38 MAPK-depen-
dent and that p38 phosphorylates both GATA-4 activa-
tion domains is consistent with direct modulation of
GATA activity by RhoA. In this respect, it is noteworthy
that the p38 pathway has been implicated in the regula-
tion of cardiomyocyte hypertrophy and gene expression
in response to Phe and Et-1 (Zechner et al. 1997; Clerk et
al. 1998; Nemoto et al. 1998; Y. Wang et al. 1998). Given
that Et-1 and Phe augment both p38 (Nemoto et al. 1998;
this study) and RhoA (this study) activities in cardio-
myocytes, that activated RhoA enhances phospho-p38
levels, and that GATA-4 is necessary for Et-1 and Phe as
well as RhoA induced sarcomere reorganization, it is
tempting to suggest the existence of a linear RhoA-p38-
GATA-4 cascade linking the Et-1 and �1-adrenergic G
protein-coupled receptors to cytoskeletal and nuclear
changes. Such a pathway would be required for the in-
duction and/or maintenance of the hypertrophic pheno-
type. The p38 MAPK pathway was also shown to be im-
portant for in vitro cardiomyocyte differentiation
(Davidson andMorange 2000). Given the role of GATA-4
as a survival factor for cardiomyocytes (Grépin et al.
1997), it is tempting to suggest that p38 may directly
regulate GATA-4 activity during various stages of myo-
cyte differentiation. In addition to p38, activation of the
ERK and JNK kinases has been linked to regulation of
various myocyte functions including growth and sur-
vival (Y. Wang et al. 1998; Andreka et al. 2001; Molken-
tin and Dorn 2001). Interestingly, S105 is robustly phos-
phorylated in vitro by ERK1/2 and infection of cardio-
myocytes with adenovirus vectors expressing activated
MEK1, MKK7, or MKK6 induces phospho S105 GATA-4
to varying degrees without altering total GATA-4 levels
(Q. Liang and J.D. Molkentin, unpubl.). Thus, GATA-4,
and more specifically phosphorylation of ser 105, may
represent a converging nuclear target for various MAPK
cascades. Whether this involves Rho or other members
of the small GTPase family that were shown to act up-
stream of different MAPKs (Minden et al. 1995; Renshaw

et al. 1996; Marinissen et al. 1999; Clerk et al. 2001) will
be worth testing because the kinases linking Rho to
GATA proteins may vary depending on the cell environ-
ment as already suggested in yeast (Evangelista et al.
1997; Chandarlapaty and Errede 1998).

Evolutionary conservation of the Rho/GATA
signaling pathway

In addition to its role in adaptive cardiomyocyte re-
sponse, the Rho–GATA pathway may be important for
embryonic heart and possibly other tissue development.
Both Rho GTPase and GATA factors are involved in cell
motility during development. For example, the GATAc/
grainGATA transcription factor has been shown to regu-
late cell movement in Drosophila (Brown and Castelli-
Gair 2000) and GATA-4 null mice exhibit cardia bifida
because of a migration defect of the heart precursors to
the midline (Kuo et al. 1997; Molkentin et al. 1997).
Mice harboring a mutation in another gene, fibronectin,
that has been linked to the Rho signaling pathway pre-
sent a phenotype similar to that of the Gata4 null mice
(George et al. 1993, 1997). Fibronectin, a component of
the extracellular matrix and a ligand for integrin adhe-
sion receptors, is known to signal to the actin cytoskel-
eton through Rho GTPase proteins to effect cytoskeletal
changes necessary for cell motility during development
(Schwartz and Shattil 2000). Together with the estab-
lished role of Rho GTPases in cell motility, these results
raise the possibility that defective Rho/GATA-4 signal-
ing (either because of the lack of GATA-4 or the lack of
Rho activation by fibronectin) may be the unifying
theme that could explain why mutations in such differ-
ent gene types (a transcription factor and an extracellular
matrix component) cause a similar phenotype.
The role of GATA transcription factors in Rho-in-

duced cytoskeletal reorganization likely extends to other
muscle and non-muscle cell types. RhoA and two of its
effectors, ROK� and ROK�, have been shown to be in-
volved in smooth muscle contraction (Hirata et al. 1992;
Gong et al. 1996; Kimura et al. 1996; Kureishi et al. 1997;
Uehata et al. 1997). Given that the GATA transcription
factor family member GATA-6 is expressed in smooth
muscle cells (Suzuki et al. 1996) and that our results
indicate that RhoA also modulates GATA-6 transcrip-
tional activity (data not shown), it is tempting to specu-
late that a RhoA/GATA-6 pathway might regulate
smooth muscle contraction. In addition, it is well estab-
lished that Rho family GTPases act as unique molecular
switches at several critical checkpoints in lymphocyte
development and function and more particularly in the
organization, via the actin cytoskeleton, of a specialized
zone required for sustained signaling between T cells and
antigen presenting cells (Acuto and Cantrell 2000).
Given the essential function of GATA-3 in T cell differ-
entiation and activation (Kuo and Leiden 1999), it would
be worthwhile to test the role of GATA-3 as a mediator
of Rho signaling in these cells.
Finally, during cell-fate determination in yeast, the
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Cdc42p/Rho signaling pathway effector Bni1p (a Diapha-
nous family protein) (Evangelista et al. 1997; Takizawa
et al. 1997). In addition, Ash1p is also regulated by the
Cdc42p effector Ste20p (a Ser/Thr kinase homologous to
the mouse Cdc42 effector p65/PAK) during regulation of
filamentous pseudohyphal growth in response to nitro-
gen starvation (Chandarlapaty and Errede 1998). Despite
the fact that the molecular mechanism underlying
Ash1p regulation by Rho proteins remains unknown, it
is nonetheless interesting to note that the functional in-
teraction between GATA transcription factors and Rho
GTPases is evolutionarily conserved from yeast to mam-
mals.

Materials and methods

Plasmids and adenoviral vectors

The recombinant replication-deficient adenoviruses type 5
(Ad5) expressing a nuclear localization signal (nls)–lacZ and an-
tisense directed specifically toward GATA-4 were described pre-
viously (French et al. 1994; Charron et al. 1999). The GATA-4
overexpressing adenovirus was a kind gift from A. Aplin and
C.E. Murry (University of Washington) and was generated by
subcloning the XbaI fragment from the rat GATA-4 cDNA
(Grépin et al. 1994) into the Ad1-RSV shuttle vector. Putative
adenovirus clones were plaque-purified, screened for inserts,
propagated, isolated, and titered according to the protocol of
Graham and Prevec (1991), to produce viral stocks with titers
>2 × 109 PFU/mL.
ANF and BNP reporter plasmids and the various GATA-4,

GATA-5, and GATA-6 constructs have been described previ-
ously (Argentin et al. 1994; Grépin et al. 1994; Durocher et al.
1996; Charron et al. 1999; Nemer et al. 1999; Morin et al. 2000).
The Gal4–DNA-binding domain (DBD)–GATA-4 fusions were
generated by subcloning the PCR-amplified N-terminal (codons
1–207) and C-terminal (codons 329–440) fragments of the rat
GATA-4 cDNA into pCMX–Gal4–DBD. All constructs were
confirmed by sequencing. pCDNA3–myc–RhoA wild type,
pCDNA3–myc–RhoA V14, and pCDNA3–myc–RhoA N19 ex-
pression vectors were kind gifts from Dr. Nathalie Lamarche
(McGill University, Montréal, Canada). Expression vectors en-
coding wild-type as well as catalytically inactive mutants of p38
isoforms [P38(AF)] were kindly provided by Dr. J. Han (The
Scripps Research Institute) and were described previously (Lud-
wig et al. 1998).

Cell culture, infections, and transfections

Neonatal cardiomyocytes were prepared from 4-day-old Spra-
gue-Dawley rats as described previously (Charron et al. 1999).
The following day, the medium was changed for serum-free
hormonally defined medium (SFHF) (Argentin et al. 1994). Four
hours later, cardiomyocytes were either infected or transfected.
Infections were performed at a multiplicity of infection (MOI) of
4 (unless indicated otherwise) by adding the appropriate recom-
binant adenovirus to the culture media overnight. Transfections
were done using calcium phosphate precipitation with 1.5 µg of
luciferase reporter plasmid and various amounts of RhoA and
GATA expression vectors (see Figures 5–7, legends) per 9.5 cm2

culture dish. The amount of DNA was kept constant using the
empty expression vector. Sixteen to twenty hours later, cardio-
myocytes were washed twice with Dulbecco’s modified Eagle’s
medium (DMEM, Canadian Life Technologies) and SFHF me-

dium was added. Cardiomyocytes were fixed or harvested 48–72
h after infection or transfection. When required, SFHF was
supplemented with vehicle, Et-1 (100 nM), or Phe (100 µM) for
a period of 48 h before fixation or harvesting. Luciferase activity
was assayed using a Berthold LB 953 luminometer. The results
shown are the mean ± SD of at least two independent experi-
ments carried out in duplicate.
NIH 3T3 cells were plated at a density of 100,000 cells per 9.5

cm2 in 6-well plates (Falcon) in DMEM supplemented with 10%
FBS (Qualified grade, Canadian Life Technologies). Transfec-
tions were carried out as in cardiomyocytes, except that after
the DMEM washes, DMEM supplemented with 0.5% FBS was
added and cells were harvested 48 h after transfection.

RNA extraction and Northern blots

Total RNAwas isolated from cardiomyocytes by the guanidium
thiocyanate–phenol–chloroform method and blotted as de-
scribed previously (Charron et al. 1999). Blots were hybridized
with random prime-labeled cDNA probes for BNP, �-SA, �-CA,
and GAPDH, exposed to a PhosphorImager screen, and analyzed
with ImageQuant (Molecular Dynamics).

Nuclear extracts and electrophoretic mobility shift
assays (EMSAs)

Nuclear extracts were prepared as described previously (Morin
et al. 2000). Binding reactions were performed in 20-µL reaction
mixtures with 3 µg of nuclear extracts in a buffer containing 12
mMHEPES (pH 7.9), 5 mMMgCl2, 60 mMKCl, 4 mMTris-HCl
(pH 7.9), 0.6 mM EDTA, 0.6 mM DTT, 0.5 mg/mL BSA, 1 µg of
poly[d(I-C)], 12% glycerol, and 20,000 cpm of radiolabeled
double-stranded −120 bp ANFGATA probe (Charron et al. 1999)
for 20 min at room temperature. Reactions were loaded on a 4%
polyacrylamide gel and run at 200 V at room temperature in
0.25× TBE. The gel was dried and exposed to a PhosphorImager
screen (Molecular Dynamics).

Western blots

Protein extracts were boiled in Laemmli buffer and resolved by
SDS-PAGE. Proteins were transferred on Hybond-PVDF mem-
brane, immunoblotted, and revealed using ECL Plus (Amer-
sham Pharmacia Biotechnology) as described by the manufac-
turer. Goat GATA-4 supershift antibody (Santa Cruz Biotech-
nology) was used at a dilution of 1/1000 and was revealed with
an anti-goat horseradish peroxydase antibody (Sigma) at a dilu-
tion of 1/100,000.

Immunofluorescence

Cardiomyocytes were washed twice with PBS, fixed with 3%
paraformaldehyde in PBS for 15 min at room temperature, per-
meabilized with 0.3% Triton X-100 and 3% paraformaldehyde
in PBS for 1 min at room temperature, and washed three times
with PBS. Cardiomyocytes were then processed for immunoflu-
orescence as described (Viger et al. 1998). The GATA-4 antibody
was used at a dilution of 1/500 and was revealed with a bioti-
nylated anti-goat antibody (1/200; Vector Laboratories) followed
by avidin–rhodamine or avidin–FITC antibody (1/200; Vector
Laboratories). The anti-myc monoclonal antibody (Santa Cruz
Biotechnology) was used at a dilution of 1/1000 and was re-
vealed with an anti-mouse-FITC or anti-mouse-rhodamine an-
tibody (1/200; Vector Laboratories). Phalloidin–FITC (Sigma)
was used at 1 µg/mL. To score for reorganized cells, random
fields (minimum of 10 per dish) were taken and the number of
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cardiomyocytes harboring striated acto-myosin fibers extending
from one extremity of the cell to the other was counted and
divided by the total number of cardiomyocytes in the same
field. These observations were performed blindly.

Rho activity assays

Whole-cell extracts were prepared from cardiomyocytes and the
active form of Rho (Rho–GTP) was selectively affinity-precipi-
tated from these extracts using a GST-Rhotekin fragment
coupled to glutathione–Sepharose, according to the manufac-
turer protocol (Upstate Biotechnology). The affinity-precipi-
tated complexes were resolved by SDS-PAGE, transferred to
PVDF, and revealed using an anti-Rho antibody.

Kinase pull-down assays

The recombinant GST–GATA-4 1–207 and GST–GATA-4 329–
440 proteins were produced according to the manufacturer’s
protocol (Pharmacia Biotech). [35S]methionine-labeled lucifer-
ase, p38�, p38�, p38� dominant-negative, and p38� dominant-
negativeMAPK proteins were produced by in vitro transcription
and translation using the TNT system (Promega). Pull-down
assays were performed by incubating 2 µg of GST–GATA-4 pro-
teins with 5 µL of glutathione–Sepharose in binding buffer (50
mM Tris at pH 7.7, 150 mMNaCl, 0.3% NP-40, 0.5 mM PMSF,
0.25% BSA) for 30 min at 4°C. Then, 1 µL of labeled luciferase
or p38 MAPK was added to the binding reactions and further
incubated for 2 h. The complexes were washed 3 times with
binding buffer, once with binding buffer without BSA, resolved
by SDS gel electrophoresis, and exposed to a PhosphorImager
screen.

In vitro phosphorylation of GATA-4

To isolate the activated form of p38�, quiescent Rat1 cells were
subjected to a heat-shock treatment at 42°C for 15 min. Cell
lysates were then prepared and incubated for 4 h at 4°C with the
p38�-specific antibody HSK592 as described (Meloche et al.
2000). The immune complexes were washed three times with
lysis buffer, and twice with kinase assay buffer (10 mMHepes at
pH 7.4, 10 mM MgCl2, 1 mM DTT, 10 mM �-glycerophos-
phate). The beads were then resuspended in a total volume of 40
µL of kinase assay buffer containing 5 µg of GST–GATA-4, 50
µM ATP, and 5 µCi [�-32P]ATP. The reaction was initiated with
ATP, incubated at 30°C for 60 min and stopped by addition of 2×
Laemmli’s sample buffer. The proteins were resolved by SDS-
PAGE and transferred to a PVDF membrane. The membrane
was stained with Ponceau-S and analyzed by autoradiography.

HPLC and peptide sequencing

For sequencing analysis, purified GST–GATA-4 1–207 proteins
(10 µg) were phosphorylated by 50 ng of recombinant active
p38� (Upstate Biotechnology) in 40 µL of kinase buffer contain-
ing 5 µCi [�-32P]ATP for 60 min at 30°C, according to the manu-
facturer’s instructions. After SDS-PAGE and staining, the pro-
tein bands were excised from the gel and subjected to DTT
reduction and iodoacetamide alkylation prior to enzymatic di-
gestion (Hellman et al. 1995; Williams et al. 1997). The proteins
were first digested with sequencing grade trypsin (Promega)
overnight at 37°C, followed by addition of sequencing grade
endoproteinase GluC (Promega) for another 4 h. The peptides
were extracted with 1% TFA/60% acetonitrile at 60°C and
separated by HPLC on a Vydac microbore C18 column using an
Applied Biosystems 130A Separation System. The column was

developed at a flow rate of 150 µL/min using the following
gradient program: 3 min in solvent A (0.1% trifluoroacetic acid
[TFA] in water), 0%–50% solvent B (0.08% TFA in 70% aceto-
nitrile) during the next 60 min, and 50%–100% solvent B in the
remaining 7 min. The fractions were detected by absorbance at
220 nm, manually collected, and counted by Cerenkov to iden-
tify the radioactive phosphopeptides. The major labeled peptide
was coupled to a Prosorb disc (Applied Biosystems) and sub-
jected to automatic Edman degradation on a model 494 cLC
procise Sequencer using the general protocol of Hewick et al.
(1981). Fractions were collected after each degradation cycle and
the radioactivity measured by Cerenkov counting.

Analysis of endogenous GATA-4 phosphorylation
and phosphoamino acid analyses

Neonatal cardiomyocytes were plated at 4 × 106 cells per 100-
mm dish. Three days after plating, cardiomyocytes were meta-
bolically labeled by washing and replacing the SFHF medium
with 4 mL of phosphate-free DME supplemented with 2 mCi
[32P]phosphoric acid for 3 h. Cardiomyocytes were subsequently
stimulated by adding Et-1 (100 nM) or Phe (100 µM) for 1 h.
Cells were washed and harvested in RIPA buffer, and radiola-
beled GATA-4 was immunoprecipitated using 5 µL of anti-
GATA-4 antibody (Santa Cruz), at 4°C. After 2 h, 20 µL of pro-
tein-A/G agarose (Santa Cruz) was added and the immunocom-
plexes were further incubated for 2 h at 4°C. Following four
washes in RIPA buffer, the immunocomplexes were resus-
pended in Laemmli’s sample buffer, boiled 5 min, resolved by
SDS-PAGE, and transferred to a PVDF membrane. The mem-
brane was analyzed by autoradiography. For phosphoamino acid
and phosphopeptide analyses following trypsin digestion, the
radiolabeled GATA-4 bands were excised from the PVDF mem-
brane and processed as described (Gopalbhai andMeloche 1998).

Anti-phospho-GATA-4 (105) antibody and Western blotting

Phospho-specific rabbit antiserum was generated using the fol-
lowing peptide sequence in GATA-4; YTPPPV-phospho-serine-
PRFSFP (amino acids 99–111) by Research Genetics (Huntsville,
AL). Collected antiserum was cross-absorbed with an identical
peptide, but without the phosphorylation group at Ser 105, then
affinity purified. The resulting antiserum was used at a 1:600
dilution in 5% milk in TBST overnight at 4 °C. Secondary an-
tibody was applied at a dilution of 1:1000 in 5% milk in TBST
for 1 h at room temperature for quantitative chemiluminescent
detection using the Vistra enhanced chemiflorescence protocol
(Amersham). Images were scanned utilizing a Storm 860 (Mo-
lecular Dynamics).
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