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ABSTRACT

Congenital heart defects in children and cardiac
disease in adults are the leading cause of mortali-
ty in industrialized countries. In recent years,
identification of a number of transcription fac-
tors involved in cardiogenesis has greatly
enhanced our understanding of the mechanisms
underlying heart formation and function. The
present review will focus on the zinc finger tran-
scription factor GATA-4 that has emerged as a key
regulator of cardiac gene expression, and an
important survival factor for cardiomyocytes.
GATA-4 is also a nuclear effector of several sig-
nalling pathways, which modulate its function
through post-translational modification of the
GATA-4 protein, or regulation of its co-factors.

RESUME

Les maladies cardiaques sont les principales caus-
es de mortalité dans les pays industrialisés. Au
cours des dernieres années, 'identification de
plusieurs facteurs de transcription impliqués dans
la cardiogenese, ont contribué a améliorer notre
compréhension des mécanismes moléculaires qui
régissent la formation et le fonctionnement du
coeur. Cette syntheése portera plus particuliere-
ment sur le facteur de transcription GATA-4, un
régulateur-clé de DIexpression genique et de la
survie des cardiomyocytes. De plus, GATA-4

s’avere étre un indispensable effecteur nucléaire
de plusieurs voies de signalisation qui convergent
sur GATA-4 et modulent sa fonction soit en affec-
tant la protéine GATA-4 directement ou par le
biais de leurs effets sur ses co-facteurs.

INTRODUCTION

Cardiomyocytes respond to growth stimulation
via two distinct pathways depending on their
developmental stage (Fig. 1). During embryon-
ic life, heart growth involves cell proliferation
but the post-natal heart grows essentially by
increasing the size but not the number of its
cardiomyocytes, a phenomenon known as
hypertrophic growth. In the ventricles, post-
natal growth (i.e. physiologic hypertrophy) is
accompanied by a genetic switch that involves
down-regulation of embryonic genes -like the
atrial natriuretic peptide (ANP) - and upregu-
lation of the adult pattern of gene expression.
Another type of hypertrophic growth often
referred to as compensatory or pathologic
hypertrophy, occurs in response to work-over-
load of the post-natal heart; work-overload
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FIGURE 2, Schematic representation of the GAT A4 protein
showing the funetional donaing and potative
phosphorylation sites, TAID = tramsactivation
domain; DED = DNA binding domaing K1LS5 =
nuchear localization signal. The * denotes a
comflirmed MAPK phosphiorylation sie

may be due to a variety of physical or hormon-
al stimuli such as increased pressure, mechani-
cal stretch, vasoactive hormones and myocar-
dial infarction. Although in these cases,
myocyte hypertrophy is initially a compensato-
ry response, it often leads to decompensatory,
cardiac dysfunction and ultimately, heart fail-
ure. Understanding the molecular mechanisms
required for proper myocyte function is there-
fore of great scientific, medical and economic
relevance. Because each stage of heart develop-
ment is characterized by a distinct pattern of
gene expression, defining the mechanisms that
regulate gene transcription constitutes an
important step towards understanding the mol-
ecular basis of myocyte function. Interestingly,
many embryonic genes are reexpressed during
pathologic hypertrophy, a finding that has lead
to the hypothesis that the mechanisms of gene
transcription in embryonic and hypertrophic
(pathologic) growth are similar.

The ANP gene, an exquisite mark-
er of cardiac growth

In order to define transcriptional control of car-
diac growth, we have used as marker the gene
encoding atrial natriuretic peptide (ANP), the
major secretory product of the heart. ANP is a
hypotensive hormone with natriuretic and
diuretic properties that acts on target organs via
membrane receptors that have guanylate cyclase

activities. The physiologic importance of the
ANP system was evidenced by the phenotype of
mice in which the ANP receptor or the ANP
genes were inactivated leading in both cases to
hypertension [reviewed in (13)]. The ANP gene
is expressed predominantly in the heart, where
its transcription is dynamically regulated in a
spatial and temporal manner. In particular, ven-
tricular expression of ANP characterizes the
embryonic but not postnatal heart as ANP tran-
scription is rapidly downregulated after birth
but is again upregulated in conditions of patho-
logic hypertrophy, be it in animal models or
human subjects [reviewed in (16)]. In fact,
increased ventricular ANP level is a widely
accepted hallmark of the genetic switch that
accompanies pathologic hypertrophy, and mea-
surement of the resulting increased plasma ANP
is routinely used in clinical settings for the diag-
nosis of cardiac dysfunction (13). A genomic
fragment containing the first 700 bp of ANP
upstream sequences is sufficient to recapitulate
the cardiac and temporal expression of the ANP
gene. Work carried out in our laboratory over
the past 10 years identified, within this region,
numerous cis-regulatory elements required for
proper cardiac transcription. The transcription
factors that bind these DNA sequences were also
characterized, including GATA-4 (Fig. 2), a car-
diac-enriched member of the GATA family of
zinc finger proteins, which were shown to play
crucial roles in hematopoiesis (6).

GATA-4 and cardiac transcription
factor

Members of the GATA family of transcription fac-
tors are zinc finger proteins that bind specifically
to (AfT)GATA(A/G) DNA sequences (1). The
founding member of this family, GATA-1, as well
as GATA-2 and GATA-3, is largely restricted to the
hematopoietic lineage, and targeted disruption of
their genes have revealed an essential non-redun-
dant function for each of these factors in
hematopoiesis. Analysis of cardiac-specific pro-
moters led to the cloning of an additional mem-
ber of the GATA family, GATA-4, whose expres-
sion is mainly restricted to the heart and gonads
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(6). GATA-4 can be detected in the bilateral car-
diac primordia and, together with Nkx2-5, consti-
tutes the earliest markers of heart field induction.
Later, GATA-4 transcripts and proteins are detect-
ed throughout the myocardium and endocardium
and persist at all stages of heart development.
Transfection studies in noncardiac cells estab-
lished that GATA-4 is a potent transactivator of
numerous cardiac promoters.

As shown in Figure 3, GATA-4 binds the proxi-
mal ANP promoter where it physically and func-
tionally interacts with several other transcription
factors to regulate compartment-specific gene
expression as well as hormonal response (4,19,20).
Thus, a multimeric protein complex coordinated by
GATA-4 is targeted by various extracellular stimuli
and controls transcriptional changes of ANP and
other cardiac genes. How cell signalling modulates
this multimeric complex has not been fully eluci-
dated. Bioinformatic analysis mapped several puta-
tive phosphorylation sites on GATA-4 (Fig. 2) and
work in our laboratory and elsewhere confirmed
that GATA-4 can be regulated by several kinases,
including the ERK and p38 MAP kinases (3,14). In
fact, GATA-4 appears to be an essential nuclear
mediator of the Rho family of small GTPases that
coordinate Rho effects on gene expression and
cytoskeletal remodeling (3). Although recent work
in our lab indicates that other kinases also directly
regulate GATA-4 (Wang et al, unpublished data), it
is important to note that GATA-4 activity may be
indirectly regulated by numerous intracellular
pathways that target GATA-4 collaborators (Fig. 4).
These include the calcium-calcinurin pathway
which targets transcription factor NFAT which was
shown to playa role in cardiac hypertrophy (18) as
well as the protein kinase C and JNK pathways
which target the AP1 proteins jun/fos, and the CAM
kinase and p38 MAPK which target the Mef2 pro-
teins (11,21). In the next years, it will be interesting
to determine, through proteomics and mass spec-
troscopy, the exact composition of the GATA com-
plex in cardiomyocytes at different developmental
stages and in response to various agonists, and how
different post-translational modifications influence
the ability of GATA-4 to assemble distinct,tran-
scriptionaly active complexes.

Figura 3. The Proximal ANP Enhanceasome

GATA-4, a survival factor for car-
diomyocytes

In addition to its function as a potent activator
of cardiac genes, gain- and loss-of-function
studies in various experimental models indicat-
ed that GATA-4 is essential for cardiomyocyte
survival, proliferation and differentiation. For
example, in drosophila, the GATA-4 ortholog
pannier, is required for proliferation of car-
dioblasts (5), a result consistent with our finding
that embryonic stem cells in which GATA-4 pro-
tein was downregulated undergo apoptosis at a
cardioblast stage (7). Mice lacking both GATA-4
alleles die in utero due to a migration defect of
precardiac cells which fail to form a primitive
heart tube (17). In human, GATA-4 haplo-insuf-
ficiency is associated with congenital heart
defects (22). These results indicate that GATA-4
is an essential component of cardiogenesis and
suggest that GATA-4 may be required for the
action of one or more growth factors required
for cardiomyocyte survival/ proliferation/differ-
entiation. Indeed, GATA-4 is one of the earliest
targets of the TGF/BMP family of cardiac induc-
ers (23). GATA-4 is also a target of retinoic acid
and may mediate its effects during cardiac devel-
opment (12). In support of the hypothesis that
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GATA-4 is a target of cardioregulators, we found
that overexpression of GATA-4 enhances in vitro
cardiogenesis of embryonic stem cells (7).

The essential role of GATA-4 during develop-
ment prompted us to analyze its role in the ter-
minally differentiated postnatal heart. For this,
we engineered adenoviral vectors that express
sense or antisense GATA-4 transcripts and used
them to infect post-natal cardiomyocytes in pri-
mary cultures. Decreased GATA-4 protein levels
led to decreased expression of several cardiac
genes including ANP, BNP, and amyosin heavy
chain (2). Remarkably, the cellular response of
myocytes to hypertrophic stimuli like endothe-
lin-1 (ET1) and o.l-adrenergic agonists was also
blunted as evidenced by the inability of cells to
reorganize their cytoskeletal or increase their size
(3). Ectopic expression of GATA-4 mimicked the
hypertrophic changes elicited by ET-1 and ol
adrenergic agonists suggesting that GATA-4 is
essential, and its activation, sufficient for the
adaptive response of post-natal cardiomyocytes.
This conclusion is supported by several studies
showing that GATA elements are required for
activation of cardiac genes in response to in vivo
pressure or volume overload (8,10,15), and that
GATA-4 levels and/or activity are upregulated in
in vivo models of cardiac hypertrophy (9) and
our unpublished data.

Conclusions and perspectives

The discovery and characterization of GATA-4
represent a major advance in our understanding of
the mechanisms underlying cardiac function.
GATA-4 is central to embryonic cardiomyocyte
growth, to maintenance of the differentiated state
of postnatal cardiomyocytes and their adaptive
response to work overload. That a single tran-
scription factor can exert such pleitropic effects
highlights the efficiency of the cell but also raises
important questions as to how a given protein can
mediate distinct function. Obviously, protein-pro-
tein interactions as well as post-translational mod-
ifications must play essential roles in this process.
In coming years, the identification of GATA-4 tar-
get genes as well as GATA-4 collaborators at differ-
ent stages of cardiomyocyte growth will further

enhance our understanding of the role of GATA-4
in the heart and also of the molecular basis of
myocyte growth and function. Finally, knowledge
of GATA-4 upstream regulators might offer new
avenues for pharmacologic regulation of GATA-4
for purposes of cardioprotection.
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