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ABSTRACT
Members of the GATA family of transcription factors are evolutionary

conserved DNA-binding proteins that play critical roles in cell differentiation. They

share a highly conserved zinc finger domain responsible for specifie binding to a

consensus (AIT)GATA{AlG) sequence. Three GATA factors, GATA-4, GATA-5,

and GATA-6, are expressed in the heart and two of them, GATA-4 and GATA-6,

are coexpressed in cardiomyocytes. Given the early embryonic lethality of GATA-4

and GATA-6 null mice, their exact role in cardiomyocytes was unclear. The

objective of my doctoral work was to elucidate the role of GATA-4 and GATA-6 in

postnatal cardiomyocytes and the molecular basis for their specificity. Since the

identification of GATA-4 and GATA-6 target genes would help to elucidate their

functions, we inhibited GATA-4 and GATA-6 protein production in postnatal

cardiomyocytes and assessed its effect on cardiac gene expression. The results

demonstrated that GATA-4 and GATA-6 are required for the maintenance of

cardiac gene expression. Importantly, the work showed that GATA-4 and GATA-6

differentially regulate target genes and that this specificity is due, at least in part, to

their differential DNA-binding affinity. In addition to differential DNA-binding affinity,

we showed that GATA factors also acquire specificity by differential interaction with

cofactors, such as MEF2 and Nkx2-S. Thus, GATA factor specificity is achieved at

three levels: differential spatio-temporal expression, differential DNA-binding

affinity, and differential interaction with cofactors.

The crucial role of GATA-4 and its cofactors in the regulation of contractile

actin and myosin protein gene expression suggested that GATA-4 might regulate

sarcomere formation. Indeed, we found that, similarly to RhoA GTPase, GATA-4 is

essential for sarcomere formation in cardiomyocytes. Moreover, we showed that

RhoA acts upstream of GATA-4 and potentiates GATA-4 transcriptional activity.

These results suggest that RhoA regulates the expression of sarcomeric proteins

and sarcomere formation by inducing the transcriptional activity of GATA-4.

Collectively, the work described in this thesis provides important information on the

role, regulation, and mechanisms of specificity of GATA transcription factors in

cardiomyocytes and in other cells where they are expressed.
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RÉSUMÉ

Les facteurs de transcription de la famille GATA jouent un rôle important

dans la différenciation cellulaire. Ils sont caractérisés par un domaine de liaison à

l'ADN hautement conservé de type doigt de zinc qui lie spécifiquement une

séquence consensus (AIT)GATA(AlG). Trois facteurs GATA sont exprimés dans le

cœur: GATA-4, GATA-5 et GATA-6, et deux d'entre eux, GATA-4 et GATA-6, sont

co-exprimés dans les cardiomyocytes. Étant donné la létalité embryonnaire

précoce des souris déficientes en GATA-4 ou GATA-6, le rôle exact de ces

protéines dans les cardiomyocytes demeurait inconnu. L'objectif de mes

recherches était donc d'élucider le rôle de GATA-4 et GATA-6 dans les

cardiomyocytes postnataux, ainsi que de définir la base moléculaire de leur

spécificité d'action. Résonnant que l'identification des gènes-cibles de GATA-4 et

GATA-6 nous aiderait à déterminer leur fonction, nous entreprimes de bloquer

l'expression de GATA-4 et GATA-6 dans les cardiomyocytes postnataux et de

vérifier l'effet de cette inhibition sur l'expression des gènes cardiaques. Ces

résultats ont démontré que GATA-4 et GATA-6 sont requis pour le maintient de

l'expression de nombreux gènes cardiaques. Des plus, ces résultats ont montré

que GATA-4 et GATA-6 contrôlent de façon différentielle l'expression de certains

gènes-cibles. Cette spécificité est due, au moins en partie, à une affinité de liaison

à l'ADN différentielle de GATA-4 et GATA-6. De plus, nos résultats démontrent que

les facteurs GATA acquièrent également une spécificité d'action par leur capacité

d'interagir différentiellement avec des cofacteurs, tels que MEF2 et Nkx2-S. Les

facteurs GATA acquièrent donc leur spécificité à trois niveaux: patron

d'expression différentiel, affinité de liaison à l'ADN différentielle et interaction

différentielle avec des cofacteurs.

Le rôle crucial joué par les facteurs GATA et leurs cofacteurs dans la

régulation de l'expression des protéines contractiles d'actines et de myosines

suggérait que GATA-4 puisse être un régulateur de la formation des sarcomères.

En accord avec cette hypothèse, nous résultats démontrent que GATA-4, tout

comme la GTPase RhoA, est essentiel pour la formation de sarcomères dans les

cardiomyocytes. De plus, nos résultats montrent que RhoA agit en amont de
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GATA-4 et induit son activité transcriptionelle. Ces résultats suggèrent que RhoA

contrôle l'expression des protéines sarcomériques et la formation des sarcomères

en induisant l'activité transcriptionelle de GATA-4. Collectivement, ces travaux

apportent d'importantes informations sur le rôle, la régulation et les mécanismes

de spécificité des facteurs de transcription de la famille GATA.
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PREFACE AND CONTRIBUTIONS OF AUTHORS

The present thesis, consisting of five chapters, describes the raies,

regulation, and mechanisms of specificity of GATA transcription factors in

cardiomyocytes. Chapter 1is a literature review which, first, presents the molecular

mechanisms underlying GATA transcription factor activity in many tissues and at

various developmental stages and, secondly, presents the embryological and

molecular processes leading to the formation of the mature four-chambered heart.

A particular emphasis is given ta the genetic control and transcriptional regulation

mechanisms of cardiac gene expression and development. Where appropriate, to

ensure the progression of the logical order developed in this second section, the

roles and properties of certain relevant transcription factors discussed in the tirst

section will be briefly re-stated.

Chapters Il to IV, inclusively, are comprised of three scientific papers: two of

them (Chapters Il and III) are published papers, whereas Chapter IV is a

manuscript submitted for publication. For convenience, reprint copies of Chapters Il

and III and other published papers are included in the Appendices section.

Chapter Il, Cooperative interaction between GATA-4 and GATA-6 regulates

myocardial gene expression, is a multi-authored work in which Dr Pierre Paradis

advised and helped me ta generate the recombinant adenoviruses. Odile

Bronchain cloned the GATA-6 cDNA. Georges Nemer produced Figure 2.8. 1

generated ail the other results and constructions as weil as writing the paper under

the supervision of Dr Mona Nemer.

Chapter III, GATA-dependent recruitment of MEF2 proteins to target

promoters, is a co-authored work in which Steves Morin and myself contributed

equally. 1 started this study and trained Steves Morin, a summer student at that

time, ta finalize it with me. Lynda Robitaille gave technical help with transfections. 1

wrote the paper under the supervision of Dr Mona Nerner.

Chapter IV, The cardiac transcription factor GA TA..4 is an effector of the

small GTPase RhoA and mediates sarcomere reorganization, is a multi-authored

work. 1started this study and trained George Tsimiklis, a summer student at that
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time, ta finalize it with me. Lynda Robitaille gave technical help with transfections. 1

wrote the paper under the supervision of Dr Mona Nemer.

Finally, Chapter V includes a detailed discussion of the relevance of the

findings presented in this thesis and attempts to describe the future prospects of

the studies on gene expression regulation by GATA factors. A general bibliography

follows and includes the references for Chapters 1 and V. The references for

Chapters Il ta IV, incfusively, are found at the end of each chapter.
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CHAPTER 1. INTRODUCTION

1 GENE TRANSCRIPTION SY RNA POLYMERASE Il

Promoters are DNA sequences responsible for gene expression (reviewed in

(Mitchell and Tjian, 1989; Blackwood and Kadonaga, 1998; Zawel and Reinberg,

1992; Buratowski, 1994; Buratowski, 1995». Eukaryotic promoters are composed

of two critical elements: the enhancer and the TATA box. The latter binds the TATA

box binding protein (TBP), a polypeptide composing the general transcription factor

(GTF) complex, and serves to initiate transcription by RNA polymerase Il (RNAP

Il). Enhancers are composed of cis-regulatory DNA elements recognized by

specifie transcription factors; their role is to regulate gene expression. Transcription

factors are typically composed of two domains: a DNA binding domain that

recognizes specific sequences within its target promoters and an activation damain

that is required for transcriptional activation.

Transcription by RNAP 1( begins with the binding of transcription activator proteins

to their cognate cis element (reviewed in (Lemon and Tjian, 2000; Hirose and

Manley, 2000». The activators then recruit the GTFs, which accurately position the

RNAP 1( over the transcription start site. RNAP 1( then begins transcription, clears

the promoter, and enters the elongation phase. Before initiating transcription,

RNAP Il is hypophosphorylated on its C-terminal domain (CTD), allowing it to

interact with the mediator complex, a multi-protein assembly involved in the

recruitment of RNAP Il to active promoters. After transcription initiation, the

polymerase breaks its interactions with transcription initiation factors and its CTD

becomes hyperphosphorylated, allowing RNAP Il to interact with proteins involved

in RNA polyadenylation, capping, and splicing. Finally, directed by DNA sequences

at the end of a genet RNAP Il terminates transcription and releases the newly

synthesized RNA.

2 THE GATA MOTIF AS A C/S·REGULATORY ELEMENT

The GATA cis-regulatory element was first defined in analyses of globin gene

regulation by three independent groups who showed that many, if not ail, globin

gene promoters in chicken and human contained at least one copy of the

consensus (AIT)GATA(A1G) sequence which was important for maximal globin

1



promoter activity (Evans et aL, 1988; Wall et al., 1988; Martin et al., 1989). The

subsequent finding that GATA elements were required for maximal promoter

activity of erythroid genes other than globins (Mignotte et aL, 1989a; Mignotte et

al., 1989b; Zon et aL. 1991a; Heberlein et aL, 1992; Chiba et aL, 1991; Tsai et aL,

1991; Aplan et aL. 1990) suggested a broader role for these elements in erythroid

cells. As will be discussed below, it is now clear that GATA elements are not only

restricted to erythroid cell gene expression but are also involved in the regulation of

tissue-specifie gene expression in numerous other cell types.

An interesting aspect of the GATA elements is the variety of locations where they

may be found within genes. In addition ta their presence within promoters (either

upstream or near the transcription initiation site) and enhancers (usually located 3'

in the globin genes), GATA elements are also found in the active core region of the

locus control regions (LCRs) of the human a- and J3-globin gene clusters (Orkin,

1990; Talbot and Grosveld, 1991; Talbot et aL, 1990; Strauss and Orkin, 1992;

Strauss et aL, 1992; Jarman et aL, 1991; Philipsen et aL, 1990). LCRs have the

property of insulating genes from chromosomal position effects, independent of

integration site (Felsenfeld, 1992) and they play a critical role in globin gene

expression by facilitating the opening of the chromatin structure, which is

necessary for globin gene expression (Schubeler et aL, 2000). The LCRs are

usually found far upstream of the transcription initiation site and their activity

appear to be dependent on GATA elements (Talbot and Grosveld, 1991; Talbot et

aL, 1990; Strauss and Orkin, 1992; Strauss et aL, 1992; Philipsen et aL, 1990).

3 THE GATA ELEMENT BINDING PROTEINS

Two independent groups initially cloned the gene coding for the erythroid protein

binding to the globin GATA elements, now known as GATA-1 (Evans and

Felsenfeld, 1989; Tsai et al., 1989). Subsequently, using low stringency

hybridization screening, related genes were cloned in many vertebrate species and

named GATA-1 through GATA-6 (Figure 1.1) (Arceci et aL, 1993; Evans and

Felsenfeld, 1989; Grépin et aL, 1994; Kelley et aL, 1993; Laverriere et aL, 1994;

Morrisey et aL, 1996; Morrisey et aL, 1997a; Suzuki et aL, 1996; Tamura et aL,

1993; Tsai et aL, 1989; Yamamoto et aL, 1990). Each of these GATA factor binds

2
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GATA-3 and GATA-4, GATA-5, and GATA-6 form two high-homology
subfamily groups. c chicken; h human; m mouse, r rat.



specifically ta GATA elements and exhibits a characteristic pattern of expression

during development, as will be discussed below.

3.1 The non-vertebrale GATA proteins

ln addition ta vertebrates, GATA binding proteins were also identified in lower

organisms, where they play diverse roles. However, as this review is mainly

intended ta discuss the roles of the vertebrate GATA family members, this section

will only briefly overview the raies of GATA factors in non-vertebrate species.

Nonetheless, throughout this review, relevant studies performed in non-vertebrate

species will be presented and put in perspective ta wark done in vertebrate

species.

ln unicellular organisms, GATA factors regulate cell fate determination and

metabolism. For example, in S. cerevisiae, the GATA transcription factor Ash1 p is

involved in mating-type switching (Sobola et aL, 1996; Sil and Herskowitz, 1996)

and regulation of pseudohyphal growth (Chandarlapaty and Errede, 1998), while

the Gln3p, Gat1p/Nil1p, Da180p, and Deh1p/Gzf3p GATA factors are involved in

nitrogen-catabolic gene expression (reviewed in (Marzluf, 1997».

ln multicellular organisms, GATA factors appear ta be especially important for cell

type specification. In C. elegans, elt-1 is required for the production of epidermal

cells (Page et aL, 1997), while end-1 specifies endoderm precursors (Zhu et aL,

1997; Zhu et aL, 1998) and elt-2 is essential for formation of the intestine

(Fukushige et aL, 1998). In addition, another GATA factor, elt-3, has been

identified in C. elegans (Gilleard et aL, 1999); however, its role remains unknown.

Sequence analysis of the C. e/egans genome revealed that this organism cantains

9 potential GATA family members (Clarke and Berg, 1998). Since most of them

remain to be functionally characterized, we expect C. elegans GATA factors to play

even more diverse roles than the ones presented here.

ln Drosophila, three GATA factors have been described: pannier plays a role in

embryonic dorsal closure, generation of the medial and lateral dorsal body

subdivisions, specification of cardiac cells, bristle determination, and dorsal eye

disc development (Gajewski et aL, 1999; Heitzler et aL, 1996; Ramain et aL, 1993;

Winick et aL, 1993; Maurel-Zaffran and Treisman, 2000; Calleja et aL, 2000),
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serpent is essential for specification of hematopoietic lineages, development of the

fat body (an insect organ analogous ta the 1iver), and differentiation and

morphogenesis of the endodermal gut and extraembryonic amnioserosa (Rehom

et al., 1996; Lebestky et al., 2000; Reuter, 1994; Riechmann et al., 1998; Frank

and Rushlow, 1996; Sam et aL, 1996; Azpiazu et aL, 1996; Moore et aL, 1998),

and grainldGATAc is required for cell rearrangement during organ morphogenesis

(Brown and Castelli-Gair, 2000). Together, these studies indicate very diverse

roles for GATA transcription factors in non-vertebrates. As will be described below,

sorne of these raies are remarkably conserved in vertebrates.

3.2 The vertebrate GATA proteins

The six vertebrate transcription factors of the GATA family share a highly

conserved domain composed of two zinc finger motifs each having the consensus

CX2CX17CX2C (Figure 1.2). This zinc finger motif represents a relatively ancient

protein domain that is conserved in transcription factors from yeast to human and

is essential for specific DNA-binding ta GATA elements. This domain appears to be

restricted to eukaryotic organisms since prokaryotic organisms such as E. coli and

M. jannaschii do not contain any sequence homologous to GATA zinc fingers in

their genome (Clarke and Berg, 1998). In addition to the two central zinc finger

domains, the vertebrate GATA factors are also composed of N- and C-terminal

transactivation domains (Figure 1.2). The next section will describe the structure

and the role of these domains in more details.

3.2.1 Structure·function analysis of the GATA factors

3.2.1.1 The zinc finger domains

3.2.1.1.1 Roles and structures of zinc fingers

ln 1983, the tirst structural role for zinc in transcription factors Vias proposed for

TFIIiA (Hanas et aL, 1983) and further analysis revealed the presence of small

zinc-based protein domains termed "zinc fingers" (Miller et aL, 1985). These

domains ail have in common tetrahedral zinc binding sites with four ligands from

the side chains of cysteine, histidine, and occasionally aspartate or glutamate

(reviewed in (Berg and Shi, 1996». The role of the zinc atom in a zinc finger is to

stabilize the structure of the protein domaine
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Nuclear

Localization
Signal
r--ï -400 aa

Transcriptional
Activation
Domain

DNABinding
Domain

Transcriptional
Activation
Domain

B mGATA-4 RECVNCGAMS TPLWRRDGTG HYLCNACGLY HKMNGINRPL IKPQRRLSAS RRVGLSCANC
rGATA-4 RECVNCGAMS TPLWRRDGTG HYLCNACGLY HKMNGINRPL IKPQRRLSAS RRVGLSCANC
hGATA-4 RECVNCGAMS TPLWRRDGTG HYLCNACGLY HKMNGINRPL IKPQRRLSAS RRVGLSCANC
cGATA-4 RECVNCGAMS TPLWRRDGTG HYLCNACGLY HKMNGINRPL FKPQRRLSAS RRVGLSCANC
mGATA-6 RECVNCGSIQ TPLWRRDGTG HYLCNACGLY SKMNGLSRPL IKPQKRVPSS RRLGLSCANC
rGATA-6 RECVNCGSIQ TPLWRRDGTG HYLCNACGLY SKMNGLSRPL IKPQKRVPSS RRLGLSCANC
hGATA-6 RECVNCGSIQ TPLWRROGTG HYLCNACGLY SKMNGLSRPL IKPQKRVPSS RRLGLSCANC
cGATA-6 RECVNCGSIQ TPLWRRDGTG NYLCNACGLY TKMNGLSRPL IKPQKRVPSS RRLGLSCANC
cGATA-S RECVNCGAMS TPLWRKDGTG HYLCNACGLY HKMNGINRPL .KPQKRLSSS RRAGLCCTNC
mGATA-S RECVNCGALS TPLWRRDGTG HYLCNACGLY HKMNGVNRPL VRPQKRLSSS RRSGLCCSNC
hGATA-3 RECVNCGATS TPLWRRDGTG HYLCNACGLY HKMNGQNRPL IKPKRRLSAA RRAGTSCANC
mGATA-3 RECVNCGATS TPLWRRDGTG HYLCNACGLY HKMNGQNRPL IKPKRRLSAA RRAGTSCANC
cGATA-3 RECVNCGATS TPLWRRDGTG HYLCNACGLY HKMNGQNRPL IKPKRRLSAA RRAGTSCANC
hGATA-2 RECVNCGATA TPLWRRDGTG HYLCNACGLY HKMNGQNRPL IKPKRRLSAA RRAGTCCANC
mGATA-2 RECVNCGATA TPLWRRDGTG HYLCNACGLY HKMNGQNRPL IKPKRRLSAA RRAGTCCANC
cGATA-2 RECVNCGATA TPLWRRDGTG HYLCNACGLY HKMNGQNRPL IKPKRRLSAA RRAGTCCANC
mGATA-l RECVNCGATA TPLWRRDRTG HYLCNACGLY HKMNGQNRPL IRPKKRMIVS KRAGTQCTNC
rGATA-l RECVNCGATA TPLWRRDRTG HYLCNACGLY HKMNGQNRPL IRPKKRMIVS KRAGTQCTNC
hGATA-l RECVNCGATA TPLWRRDRTG HYLCNACGLY HKMNGQNRPL IRPKKRLIVS KRAGTQCTNC
cGATA-l RECVNCGATA TPLWRRDGTG HYLCNACGLY HRLNGQNRPL IRPKKRLLVS KRAGTVCSNC

Cona. RECVNCG--- TPLWR-D-TG -YLCNACGLY ---NG--RPL --P--R---- -R-G--~

mGATA-4 QTTT'l'TLWRR NAEGEPVCNA CGLYMKLHGV PRPLAMRKEG IQTRKRKPKN LNKSKTPAGP
rGATA-4 QTTTTTLWRR NAEGEPVCNA CGLYMKLHGV PRPLAMRlŒG IQTRKRKPKN LNKSKTPAGP
hGATA-4 QTTT'l'TLWRR NAEGEPVCNA CGLYMKLHGV PRPLAMRKEG IQTRKRKPKN LNKSKTPAAP
cGATA-4 HTTTTTLWRR NAEGEPVCNA CGLYMKLHGV PRPLAMRKEG IQTRKRKPKN LNKTKTPAGP
mGATA-6 HTTTTTLWRR NAEGEPVCNA CGLYMKLHGV PRPLAMKlŒG IQTRKRKPKN INKSKACSGN
rGATA-6 HTTT'l'TLWRR NAEGEPVCNA CGLYMKLHGV PRPLAMKlŒG IQTRKRKPKN INKSKACSGN
hGATA-6 HTTTTTLWRR NAEGEPVCNA CGLYMKLHGV PRPLAMKIŒG IQTRKRKPKN INKSKTCSGN
cGATA-6 HTTTTTLWRR NAEGEPVCNA CGLYMKLHGV PRPLAMKlŒG IQTRKRKPKN INKSKACSGN
cGATA-S HTTNTTLWRR NAEGEPVCNA CGLYMKLHGV PRPLAMKIŒS IQTRKRKPKN ITKGKTSTGS
mGATA-S HTATTTLWRR NSEGEPVCNA CGLYMKLHGV PRPLAMKIŒS IQTRKRKPEN PAKIKGSSGS
hGATA-3 QTTT'l'TLWRR NANGDPVCNA CGLYYKLHNI NRPLTMKKEG IQTRNRKMSS KSKKCKKVHD
mGATA-3 QTTTTTLWRR NANGDPVCNA CGLYYKLHNI NRPLTMKKEG IQ'tRNRKMSS KSKKCKKVHD
cGATA-3 QTTT'l'TLWRR NANGDPVCNA CGLYYKLHNI NRPLTMKKEG IQTRNRKMSS KSKKCKKVHD
hGATA-2 QTTT'l'TLWRR NANGDPVCNA CGLYYKLHNV NRPLTMKlŒG IQTRNRI<MSN KSKKSKKGAE
mGATA-2 Q'IIIIILWRR NANGDPVCNA CGLYYKLHNV NRPLTMK1ŒG IQTRNRKMSS KSKKSKKGAE
cGATA-2 Q'l'TI'TTLWRR NANGDPVCNA CGLYYKLHNV NRPLTMK1ŒG IQTRNRKMSN KSKKSKKGSE
mGATA-l Q'T'l'TTTLWRR NASGDPVCNA CGLYFKLHQV NRPLTMRKDG IQTRNRKASG KGKK.KRGSN
rGATA-l Q'TTTTTLWRR NASGDPVCNA CGLYYKLHQV NRPLTMRKDG IQTRNRKASG KGKK.KRGSS
hGATA-l QTTT'l'TLWRR NASGDPVCNA CGLYYKLHQV NRPLTMRKDG IQTRNRKASG KGKK.KRGSS
cGATA-l QTSTTTLWRR SPMGDPVCNA CGLYYKLHQV NRPLTMRKDG IQTRNRKVSS KGKK.RRPP.

Cona. -T--TTLWRR ---G-PVCNA CGLY-KLH-- -RPL-M-K-- IQTR-RK--- --K-------

Figure 1.2. A) Schematic representation of a typical vertebrate GATA
transcription factor. The CC CC indicates the zinc finger cysteines and the ++
indicates the basic region. B) Alignment of the N- and C-terminal zinc fingers
and basic region of the vertebrate GATA factors. The two zinc fingers are
underlined and their cysteines are in bold. Cons. consensus; c chicken; h
human; m mouse, r rat.



Since their identification in TFIIIA, zinc fingers were found in a wide variety of other

proteins (reviewed in (Schwabe and Klug, 1994». These zinc fingers are mainly

thought to be involved in macromolecular interactions. For example, the zinc finger

of the steroid and thyroid hormone receptors are involved in DNA-binding

(reviewed in (Pabo and Sauer, 1992», the retroviral nucleocapsid protein zinc

fingers are involved in RNA binding (Summers, 1991), and the RING zinc finger

domains are involved in protein-protein interactions (reviewed in (Borden, 2000».

3.2.1.1.2 The GATA DNA-binding C-terminal zinc finger

Numerous studies have shown that the minimal DNA-binding domain of the GATA

factors consist of the C-terminal zinc finger core plus the adjacent basic region

(Figure 1.2) (Martin and Orkin, 1990; Yang and Evans, 1992; Charron et aL, 1999;

Morrisey et al., 1997b). In addition ta being essential for DNA-binding, this basic

region is also thought to direct nuclear localization of GATA factors (Charron et aL,

1999; Morrisey et aL, 1997b). The solution structure of the minimal DNA-binding

domain of chicken GATA-1 complexed to its binding site was determined by

nuclear magnetic resonance (NMR) spectroscopy (Omichinski et aL, 1993). The

overall structure reveals that the C-terminal zinc finger core domain, which is

composed of two antiparallel ~ sheets and an Cl helix, is located into the major

groove. This zinc finger core is followed by a basic region that is composed of a

long loop that wraps around the DNA and lies in the minor groove. Most of the

specifie contacts (7 out of 8) are between the zinc finger core and the major groove

and are hydrophobie. The adjacent basic region interacts mainly with the minor

groove sugar-phosphate backbone. The overall appearance is analogous to that of

a right hand holding a rope, with the rope representing the DNA, the palm and

fingers of the hand the zinc finger and the thumb the basic region.

The DNA-binding specificities of the GATA transcription factor family members

GATA-1, GATA-2, GATA-3, and GATA-6 have been determined using polymerase

chain reaction site selection (Ko and Engel, 1993; Merika and Orkin, 1993; Sakai et

aL, 1998). GATA-1, GATA-2, and GATA-3 were each shown to bind to the

consensus site (AfT)GATA(A1G), with a preference for AGATAA (Ko and Engel,

1993). In addition, GATA-2 and GATA-3, but not GATA-1, were also able to bind
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with high affinity to a AGATCT site. A similar study performed with GATA-6

revealed that it binds ta a (AlT/C)GAT(AIT/C)A consensus, with a preference order

of GATA > GATT> GATC (Sakai et aL, 1998). These studies suggest that most

GATA factors are capable of mediating transcriptional effects via a common

(AIT)GATA(AlG) consensus site, but that some GATA factors may possess

additional recognition properties. Indeed, work form our laboratory have shown that

differential DNA-binding affinity is one of the mechanisms by which GATA factors

regulate distinct downstream target genes: despite that GATA-4 and GATA..6 are

co-expressed in cardiomyocytes, the a-MHC gene is preferentially regulated by

GATA-4, due to higher affinity of GATA-4 for its promoter GATA element (Charron

et aL, 1999). These results will be presented and discussed in more details in

Chapter Il of this thesis.

ln addition ta serve as a DNA-binding damain, the C-terminal zinc finger is also

essential for interactions with many co-factors, as will be discussed in the

Interaction with co..factors section.

3.2.1.1.3 The GATA N·terminal zinc finger

The mammalian GATA proteins ail contain a second N-terminal zinc-binding motif.

This motif, which is encoded by a different exon from the C-terminal zinc finger

motif, seems to have evolved by duplication of the C-terminal zinc finger motif

since most GATA homologues found in non..vertebrate species contain only one

zinc finger motif which bears more similarities to the C-terminal than the N-terminal

zinc finger motif.

Although early studies focusing on the ability of GATA-1 ta transactivate promoters

in heterologous ceUs indicated that the N-terminal zinc finger was not essential

(Martin and Orkin, 1990), more physiologically relevant experiments investigating

the ability of GATA-1 ta induce erythroid differentiation have revealed a critical role

for this zinc finger (Weiss et aL, 1997).

The solution structure of the N-terminal zinc finger domain of murine GATA-1 was

determined by NMR spectroscopy (Kowalski et aL, 1999). The overaIl structure

reveals that the backbone fold of the N-terminal zinc finger domain is very similar

to that of the C-terminal zinc finger core domaine Although the precise raie of this

6



N-terminal zinc tinger motif is controversial, it is clearly different from the C-terminal

zinc finger motif. This suggests that the differences in function are due to specific

contacts made by functional groups on the side chains of the two fingers. Three

functions, which may not necessarily be exclusive of each other, have been

attributed to this domaine

3.2.1.1.3.1 Protein-protein interaction

A tirst function of the N-terminal zinc finger is to mediate protein-protein interaction.

Zinc fingers are known for their capacity to interact with other proteins (reviewed in

(Mackay and Crossley, 1998a». For example, the GATA finger-related N-terminal

finger of GR mediates homodimerization (Luisi et al., 1991); the transcription

factors YV1 and Sp1 interact via their zinc finger domains (Seto et aL, 1993); and

the zinc finger region of the E1A transactivation domain binds to the TATA box

binding protein (TBP) (Geisberg et aL, 1994).

For the GATA proteins, it has been shown that the N- and the C-terminal zinc

tingers of GATA-1 are able to mediate homodimerization (Crossleyet aL, 1995).

Further studies indicated that the N...terminal zinc tinger of GATA-1 does not

homodimerize but instead makes intermolecular contacts with the C-terminal zinc

finger. suggesting that GATA-1 dimers are maintained by reciprocal N-finger-C

finger contacts (Mackay et aL, 1998). Importantly. they show that mutations that

impair GATA-1 self-association reduce its ability to activate transcription, especially

on promoters containing multiple GATA sites.

Within the last three years a new zinc finger protein family was identified: the

Friend of GATA (FOG)/U-shaped (Ush) family (Tsang et aL, 1997; Haenlin et aL,

1997; Lu et aL, 1999; Svensson et aL, 1999; Tevosian et aL, 1999; Holmes et aL,

1999). The founding member ofthis family, FOG-1 (Friend of GATA-1), was cloned

by the yeast two-hybrid system using the N-terminal zinc finger of GATA-1 as a

bait (Tsang et aL, 1997). As FOG-1 interacts with GATA-1 but not with a mutant

lacking the N-terminal zinc finger, it is the first protein found to specifically interact

with the N-terminal zinc finger of a GATA factor. Subsequently, the GATA-1 N

terminal zinc finger residues essential for interaction with FOG-1 were identified

(Fox et aL, 1998). Interestingly, these residues are conserved in the N-terminal
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zinc fingers of ail GATA proteins known ta bind FOG-1, but are not found in the C

terminal zinc fingers, suggesting that these residues account for the particular

specificity of FOG-1 for the N-terminal zinc tingers. Moreover, when mapped onto

the GATA-1 N-terminal zinc finger three-dimensienal structure, these residues form

a contiguous surface which is non-overlapping with the putative DNA-binding

surface of the N-terminal zinc finger (see below), likely allowing simultaneous DNA

binding and interaction with FOG-1 (Fox et aL, 1998; Kowalski et aL, 1999). As will

be discussed in the Interaction with co-factors section, this interaction is essential

for synergistic activation of transcription and potentiation of erythroid and

megakaryocytic differentiation by GATA-1 and FOG-1.

3.2.1.1.3.2 DNA-binding specificity

A second function of the N-terminal zinc finger is to enhance DNA-binding

specificity and stability of the GATA factors (Martin and Orkin, 1990; Whyatt et aL,

1993; Yang and Evans, 1992; Trainer et aL, 1996). More specifically, Trainor et al.

found that the N-terminal zinc finger is required ta bind with high affinity a subset of

GATA elements harboring the ATC(AIT)GATA(AlG) sequence. These particular

GATA elements consist of a consensus GATA element (AIT)GATA(AlG) fused to a

partial inverted GATA element GAT (underlined). In these "palindromic" GATA

elements, like in every other GATA elements identified, the C-terminal zinc finger

binds the (AfT)GATA(AlG) sequence. In addition, in the special case of a

palindromic GATA element, the N-terminal zinc finger is involved in binding the

partial inverted GAT sequence. These palindromic GATA elements occur very

infrequently in vertebrate genes known to be regulated by GATA factors, although

such a GATA element is present in the GATA-1 promoter and is conserved

amongst species, suggesting functional relevance. Moreover, mutation of the

partial GATA sequence significantly decreases GATA-1 promoter activity. These

results suggest that the N-terminal zinc finger could be involved in distinguishing

between subsets of GATA elements found in various promoters and thereby

bringing differential regulation to various GATA-1 targets. For example, the GATA

1 gene is thought to be positively autoregulated once it is activated (Hannon et aL,

1991; Tsai et aL, 1991). Therefore, the presence ofthis high affinity GATA element
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in the GATA-1 promoter could favor GATA·1 activation and/or autoregulation over

the transcription of other targets at a stage when GATA·1 is limiting.

3.2.1.1.3.3 Independent DNA-binding

The studies described above argue that although in some cases the N·terminal

zinc finger can contribute to specificity and affinity, it does not bind DNA

independently, whereas the C-terminal zinc finger is both necessary and sufficient

for binding. However, a study from Pedone et al. showed that the N-terminal zinc

finger of GATA-2 and GATA-3 are capable of independent high affinity binding with

a preference for the motif GATC; this property is not shared by the N-terminal zinc

finger of GATA-1 (Pedone et aL, 1997). These results suggest that the DNA

binding properties of the N-terminal zinc finger may help distinguish GATA-2 and

GATA-3 from GATA-1 and the other family members and contribute to their

functional specificity.

3.2.1.2 The N- and C-terminal transactivation domains

ln addition to the two central zinc finger domains, the vertebrate GATA factors are

also composed of N- and C-terminal transactivation domains showing low to

modest conservation among GATA family members (Figure 1.2). Both the N- and

C-terminal domains of GATA-1 are required for maximal transcriptional activity

(Martin and Orkin, 1990; Yang and Evans, 1992). The N-terminal GATA-1

activation domain (aa 1-66) is an acidic and serine-rich domain with sequence

homology ta other acidic activation domains such as that present in the herpes

virus transcriptional activating protein VP16 (Mitchell and Tjian, 1989). In contrast,

the transcriptional activation domain identified within GATA-3 (aa 30-74) has a

neutral charge and shares little sequence homology to previously described

transcriptional activation domains, including those within other GATA factors (Yang

et aL, 1994). Finally, in addition to the C-terminal domain, two transcriptional

activation domains were identified in the N-terminal domain of GATA-4 (aa 1-74

and aa 130-177) (Morrisey et aL, 1997b; Arceci et aL, 1993; Durocher et aL, 1997;

Charron et al., 1999). These twa domains are not present in the GATA-1, GATA-2,

and GATA-3 subfamily, but are conserved in the GATA-4, GATA-5, and GATA-6
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subfamily, suggesting a conserved mechanism of transcriptional activation within

the GATA-4, GATA-5, and GATA-6 subfamily.

3.2.2 Tissue distribution and roles of the GATA transcription factors

The family of GATA proteins can be divided into two subgroups based on tissue

distribution and sequence homology (Figure 1.1). The tirst subgroup comprises

GATA-1, GATA-2, and GATA-3, which are prominently expressed in hematopoietic

cells. The second subgroup of GATA factors comprises GATA-4, GATA-5, and

GATA-6, which are expressed in various mesoderm- and endoderm-derived

tissues such as heart, liver, lung, gonad, and gut. The conservation of the

expression patterns among orthologs and across species suggests that each

GATA factor has conserved properties and raies during development and in adults.

The roles of these factors and their expression pattern will be discussed in details

in the following sections.

3.2.2.1 GATA·1

1n the hematopoietic system, GATA-1 expression is restricted to multipotent

hematopoietic progenitor cells, erythrocytes, mast cells, and megakaryocytes

(reviewed in (Simon, 1995)). Inactivation of the murine Gata1 gene results in

embryonic lethality between day 10.5 and 11.5 (E10.5-E11.5) of gestation from

anemia (Pevny et al., 1991; Fujiwara et aL, 1996). Although GATA-1 is expressed

in multipotential progenitor cells prior to their commitment, disruption of the Gata1

gene results in maturation arrest relatively late in both erythroid and

megakaryocytic development (Pevny et aL, 1991; Fujiwara et aL, 1996; Pevnyet

aL, 1995). Indeed, proerythroblasts, but not erythrocytes, are found in these mutant

embryos. Moreover, during in vitro differentiation of GATA-1 null cells, detinitive

erythroid precursors are also arrested at the proerythroblast stage and undergo

premature cell death by apoptosis (Weiss et aL, 1994; Simon et aL, 1992; Weiss

and Orkin, 1995). These results show that GATA-1 is essential for late erythroid

cell differentiation and survivaL

ln addition to the globin genes, GATA-1 activates the promoter of many other

erythroid genes, such as porphobilinogen deaminase (PBG-D), glycophorin B,

erythropoietin receptor (Epo-R), SCLlTal-1, and GATA-1 itself (Mignotte et al.,
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1989a; Mignotte et aL, 1989b; Rahuel et aL, 1992; Zon et aL, 1991b; Heberfein et

aL, 1992; Chiba et aL, 1991; Aplan et aL, 1990; Tsai et aL, 1991). Surprisingly,

putative GATA-1 targets such as the globins and other genes whose promoter are

activated in vitro by GATA-1 are still expressed in GATA-1 null proerythroblasts

(Weiss et aL, 1994). Since GATA-2 levels in these arrested cells are highly

upregulated compared to normal proerythroblasts, it has been proposed that partial

compensation by GATA-2 may account for expression of GATA target genes and

the initiation of erythroid development to the proerythroblast stage (Weiss et aL,

1994). This possibility needs to be tested by examining embryos lacking both

GATA-1 and GATA-2.

Outside the hematopoietic system, GATA-1 is also expressed in the Sertoli cells of

the testis, starting at the prepubertal stage and lasting during adulthood (Ito et aL,

1993; Yomogida et aL, 1994; Viger et aL, 1998), where it may control target genes

like the inhibin a-subunit promoter (Feng et aL, 1998). However, the precise raie of

GATA-1 in postnatal gonads remains to be investigated.

3.2.2.2 C;~"~·2

ln the hematopoietic system, GATA-2 has a distinct but overlapping expression

pattern with GATA-1: GATA-2 is expressed in multipotent hematopoietic progenitor

cells, immature erythroid cells, mast cells, and megakaryocytes (Simon, 1995).

Disruption of the Gata2 gene results in embryonic lethality at E10-E11, due to

anemia (Tsai et aL, 1994). Analysis of chimeras generated with GATA-2 null ES

cells and in vitro differentiation of GATA-2 null ES cells revealed a decrease in

multipotent progenitor cells, mainly due to poor proliferative capacity of the GATA-2

mutant cells. This proliferative defect of the progenitors has consequences on ail

blood cell lineages as erythroid, myeloid, and Iymphoid Iineages are drastically

reduced. Nevertheless, the cells produced appear normally differentiated.

Consistent with a potential role in cell proliferation or the choice between self

renewal and differentiation, forced expression of GATA-2 in progenitor cells blacks

erythroid maturation (Briegel et aL, 1993; Persons et aL, 1999). This proliferative

capacity of GATA-2 may reflect its ability to regulate the expression of genes that

control growth factor responsiveness or its role as a nuclear mediator of growth
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factor signal transduction pathways. The role of GATA-2 in the regulation of œil

proliferation is evidenced in other cell types such as preadipocytes, where its

downregulation correlates with the transition from preadipocytes to adipocytes

(Tong et aL, 2000). Consistent with a role in promoting proliferation, constitutive

expression of GATA-2 (or GATA-3) suppresses adipocyte differentiation, at least in

part, through the direct inhibition of the peroxisome proliferator-activated receptor y

(PPARy) gene expression.

GATA-2 is also expressed in endothelial ceUs and in the embryonic brain (Lee et

aL, 1991; Nardelli et aL, 1999; Zhou et aL, 2000; Bell et aL, 1999). However, the

role of GATA-2 in these tissues remains elusive.

3.2.2.3 GATA-3

GATA·3 is expressed in a variety of tissues including embryonic brain, embryonic

liver, placenta, kidney, adrenal glands, endothelial cells, adipocyte precursors,

adult central nervous system (eNS), and adult peripheral nervous system (PNS)

(Simon, 1995; George et aL, 1994; Tong et aL, 2000; Oosterwegel et aL, 1992). In

the hematopoietic system, GATA-3 is restricted ta T lymphocytes and natural killer

(NK) cells (Ho et al., 1991 )(reviewed in (Kuo and Leiden, 1999». Disruption of the

murine Gata3 gene is embryonic lethal at E11-E12 and mice display massive

internai bleeding, marked growth retardation, severe deformities of the brain and

spinal cord, and gross aberrations in fetal Iiver hematopoiesis (Pandolfi et aL,

1995). Further experiments using chimeras between ES ceUs from RAG·2 null

mice (which do not produce mature Band T ceUs) and GATA-3 null mice clearly

demonstrated that GATA-3 is essential for early T lymphocyte development as

these mice fail to give rise to thymocytes and mature peripheral T cells (Ting et al.,

1996). In addition to serving as a critical regulator of early T cell development, a

pivotai role for GATA-3 in CD4+ T helper 2 (Th2) differentiation and Th2-specific

cytokine (IL-4, IL-5, IL·6, IL-10, and IL-13) gene expression has been

demonstrated in vitro and in vivo (Zhang et aL, 1997; Zheng and Flavell, 1997;

Ouyang et aL, 1998; Ouyang et aL, 2000). Finally, a novel raie for GATA-3 in T-cell

survival and homing to secondary Iymphoid organs was recently proposed
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(Yamagata et al., 2000a). Taken together, these results suggest that GATA-3

regulates multiple stages of T cell differentiation and T cell function.

1n addition to cytokine genes, GATA-3 is also thought to regulate many other T-ceIl

specific genes, such as the T-cell receptor a, J}, and ô (TCR- a, 13, and ô) (Leiden,

1993), COBa (Landry et aL, 1993), C04 (Wurster et aL, 1994), and interferon-y

(Penix et aL, 1993), consistent with its essential role in T cell function.

The role of GATA-3 in Th2 cytokine gene expression may have pharmacological

implications (reviewed in (Ray and Cohn, 1999)). Since Th2 cytokines play a

crucial role in the pathogenesis of asthma, it was hypothesized that inhibition of

their expression would prevent, or at least partially block, asthma. Indeed,

expression of a dominant negative mutant of GATA-3 in T cells led to a reduction in

the levels of Th2 cytokines and attenuated key features of asthma, such as airway

eosinophilia, mucus production, and IgE synthesis (Zhang et aL, 1999).

As described in the GATA-2 section, GATA-3 is also co-expressed with GATA-2 in

adipocyte precursors where it appears to regulate adipocyte differentiation by

controlling the preadipocyte to adipocyte transition (Tong et aL, 2000).

Recently, a role for GATA-3 in the nervous system has also been shown (Lim et

aL, 2000). Gata3 null mice have reduced accumulation of tyrosine hydroxylase (Th)

and dopamine ~·hydroxylase (Obh) transcripts, leading ta reduced noradrenaline

biosynthesis in the sympathetic nervous system. Feeding pregnant mice with

catechol intermediates partially rescues the embryonic lethality, showing that

noradrenaline deficiency is a cause of death in Gata3 null embryos.

Finally, GATA-3 haplo-insufficiency was found to cause the hypoparathyroidism,

sensorineural deafness, and renal anomaly (HOR) syndrome (Van Esch et aL.

2000), implicating GATA-3 in the development of the parathyroids, auditory

system, and kidneys.

3.2.2.4 GATA-4

Analysis of cardiac-specific promoters led ta the cloning of an additional member of

the GATA family, GATA-4, which is expressed in the heart (Grépin et aL,

1994)(reviewed in (Charron and Nemer, 1999); see the Appendices for a reprint).

GATA-4 is expressed in the precardiogenic mesoderm and continues to be
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expressed throughout the myocardium and endocardium, where it persists at ail

stages of heart development (Grépin et al., 1994; Laverriere et al., 1994; Arceci et

aL, 1993; Jiang and Evans, 1996; Heikinheimo et aL, 1994). Transfection studies

established that GATA-4 is a potent transadivator of numerous cardiac promoters

(Grépin et aL, 1994; Durocher et aL, 1997; Charron et aL, 1999; Ip et aL, 1994;

Murphy et aL, 1997; Di Lisi et aL, 1998; Rosoff and Nathanson, 1998; Wang et aL,

1998; Thuerauf et aL, 1994; Molkentin et aL, 1994; Nicholas and Philipson, 1999;

Cheng et aL, 1999; Rivkees et aL, 1999). Moreover, ectopic expression of GATA-4

in vivo was shown to activate the transcription of cardiac contractile genes (Jiang

and Evans, 1996). These properties are consistent with a key role for GATA4 in

cardiac transcription.

The tirst evidence for a role of GATA-4 in heart differentiation came from studies in

the pluripotent P19 ernbryonic carcinoma cell Hne, which provides a model of

cardiac differentiation. P19 cells expressing GATA-4 antisense transcripts were

unable to achieve terminal cardiac differentiation; conversely, overexpression of

GATA-4 in P19 cells markedly potentiated cardiomyocyte differentiation (Grépin et

aL, 1997; Grépin et al., 1995). Consistent with an important role for GATA-4 in the

heart, mice homozygous for a null mutation in the Gata4 gene are not viable due to

the inability of the bilateral cardiac primordia to fuse and forrn the heart tube (Kuo

et aL, 1997; Molkentin et aL, 1997). Nevertheless, cardiomyocytes expressing

differentiation markers are detectable in these mice, raising the possibility that

other members of the GATA family may compensate, at least in part, for GATA-4

deficiency during early cardiac development. The roles of GATA-4 in the heart will

be further discussed in the Cardiac development section.

GATA4 is also expressed in Sertoli cells of the testis (Arceci et aL, 1993; Grépin et

aL, 1994; Viger et aL, 1998; Feng et aL, 1998), where its expression is maintained

throughout embryonic development and stops at prepubertal stage, coincident with

the onset of GATA-1 expression in these cells. Moreover, GATA-4 is expressed in

a sexually dimorphic pattern and transactivates, in cooperation with the nuclear

receptor SF-1, the Mullerian inhibiting substance promoter, suggesting that it might
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be involved in eany gonadal development and sex differentiation (Viger et aL,

1998; Tremblay and Viger, 1999).

GATA-4 is also expressed, albeit at lower level, in the lung, extraembryonie

visceral and parietal endoderm, and embryonic endodermal derivatives, such as

the gut and the liver (Arceci et aL, 1993; Morrisey et aL, 1996; Laverriere et aL,

1994). A role for GATA-4 in extraembryonic endoderm formation is supported by

the finding that inactivation of Gata4 in embryonic stem (ES) cells results in a

specifie block in visceral endoderm differentiation in vitro (Soudais et aL, 1995). As

mentioned, mice homozygous for a null mutation in the Gata4 gene present an

inability of the bilateral cardiac primordia to fuse and form the heart tube (Kuo et

aL, 1997; Molkentin et aL, 1997). The cardia bifida phenotype may be due to

absence of ventral closure of the embryo and subsequent malformation of the

foregut, resulting in the absence of morphogenetic movements required for the

fusion of the bilateral primordia. Accordingly, studies with chimeric mice injected

with GATA-4 null ES cells further suggest that the cardiac defect is likely due to an

endodermal defect (Kuo et aL, 1997; Narita et aL, 1997). Taken together, these

studies suggest a role for GATA-4 in embryonie and extraembryonic endoderm

development.

Based on their expression pattern, GATA-4, as weil as GATA-5 and GATA-6, have

been implicated in the regulation of epithelial cell differentiation in the gut: GATA-6

might function within the proliferating progenitor population, while GATA-4 and

GATA-5 might play a role during differentiation to induce terminal-differentiation

genes, such as the ones encoding the intestinal fatty acid-binding protein (IFABP),

H+/K+ ATPase, and the trefoil factor family (Gao et aL, 1998; Tamura et aL, 1993;

Nishi et aL, 1997; AI azzeh et aL, 2000). Support for a role of GATA factors in the

vertebrate gut cornes from work in C. e/egans, where the GATA factor elt-2 is

critical for terminal gut differentiation and has been shown ta be able ta induce

ectopie gut gene expression (Fukushige et aL, 1998). These results suggest an

evolutionary conserved role for GATA factors in gut development between

vertebrales and invertebrates (reviewed in (Zaret, 1999».
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Finally, a role for GATA-4 and GATA-6 in the regulation of liver-specifie gene

expression has been suggested from analysis of the albumin, vitellogenin Il, and

liver-enriched homeobox (Hex) promoters (Bossard and Zaret, 1998; Davis and

Burch, 1996; Denson et aL, 2000).

3.2.2.5 GATA·5

The expression of GATA-5 is very dynamie both spatially and temporally: it is

expressed in the heart, outflow tract, allantois, lung bud, urogenital ridge, bladder,

and gut epithelium during development, and in the small intestine, stomach,

bladder, and lungs in the adult (Morrisey et aL, 1997a; Laverriere et aL, 1994;

Nemer et aL, 1999). In the heart, GATA-5 is initially expressed in the precardiae

mesoderm and developing cardiomyocytes, but then becomes progressively

restrieted to the endocardium (Laverriere et al., 1994; Morrisey et aL, 1997a; Jiang

and Evans, 1996).

GATA-5 is a potent transactivator of GATA-dependent cardiomyoeyte and

endoeardial gene promoters (Nemer et aL, 1999; Morimoto et aL, 1999; Morriseyet

aL, 1997a) and its ectopie expression in Xenopus induces the transcription of

cardiae contractile genes (Jiang and Evans, 1996). Loss-of-function studies in an in

vitro culture model revealed an essential role for GATA-S in endocardial

differentiation that could not be compensated by GATA-4 or GATA-6 (G. Nemer

and M. Nemer, unpublished results). These properties are consistent with a role for

GATA-5 in cardiomyocyte and endocardial cell differentiation and transcription.

Targeted disruption of the Gata5 gene in mouse results in females presenting

defects in genitourinary tract development (Molkentin et aL, 2000a), consistent with

its expression in the urogenital ridge (Morrisey et aL, 1997a). However, it remains

to be defined whether the Gata5 disruption performed effectively results in Gata5

null embryos. In sharp contrast to the mild phenotype obtained in Gata5 null mice,

in zebrafish, mutation of the Gala5 gene causes embryonic lethality and results in

cardia bifida and gut defects (Reiter et aL, 1999), similar to the effect of the

inactivation of the Gata4 gene in mice (Kuo et aL, 1997; Molkentin et aL, 1997). ln

addition, these animais display a decrease in the number of myocardial precursors,

a reduction of expression of several myocardial genes, including Nkx2-5, GATA-4,
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ventricular myosin heavy chain, cardiac troponin T, tropomyosin, cardiac myosin

light chain 1, and cardiac myosin light chain 2. Conversely, overexpression of

GATA-5 induces the ectopie expression of several myoeardial genes and beating

cardiomyocytes (Reiter et aL, 1999). These results implieate GATA-5 in controlling

the growth, morphogenesis, and differentiation of the heart.

Together with the role of GATA..S in gut gene expression discussed in the previous

section, a key role for GATA-S in endoderm development was recently confirmed in

Xenopus, where ectopic expression of GATA-5 re-specifies ectodermal and

mesodermal cells towards an endodermal fate (Weber et aL, 2000). The eapacity

of GATA-5 to convert ail germ layers to endoderm is reminiscent of the role of the

GATA factor end-1, which is necessary and suffieient to specify endoderm

precursors in C. e/egans (Zhu et aL, 1997; Zhu et aL, 1998). These results suggest

an evolutionary conserved role for GATA factors in endoderm development in

vertebrates and invertebrates.

3.2.2.6 (;~T~~

The expression of GATA-6 is also very dynamic: it is expressed in the primitive

streak, allantois, visceral endoderm, heart, lung buds, urogenital ridge, vascular

smooth muscle, and the epitheliallayer of the stomach, small intestine, and large

intestine during development, and in the heart, aorta, stomaeh, small intestine,

bladder, liver, and lungs in the adult (Morrisey et aL, 1996; Suzuki et aL, 1996;

Narita et aL, 1996; Huggon et aL, 1997; Laverriere et aL, 1994; Gove et aL, 1997).

ln the heart, GATA...6 is initiallyexpressed in the precardiogenic mesoderm and

continues to be expressed throughout the myocardium, where it persists at ail

stages of heart development (Morrisey et al., 1996; Jiang and Evans, 1996; Gove

et al., 1997).

GATA-6 is a potent transactivator of GATA..dependent cardiac promoters (Charron

et aL, 1999; Nemer et al., 1999; Morrisey et aL, 1996) and, like GATA-4 and

GATA...5, its ectopie expression in Xenopus embryos induees the transcription of

cardiac contractile genes (Jiang and Evans, 1996). Other gain-of-function studies

in Xenopus revealed that GATA-6 could also be a regulator of the cardiogenic field

(Gove et aL, 1997). Injection of GATA-6, but not GATA-1, mRNA in gastrulating
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embryos resulted in a transient block of cardiac differentiation and enhanced

proliferation of cardioblasts; after the decay of the injected GATA-6 mRNA,

cardiomyocytes resumed differentiation to generate an enlarged heart. This is

reminiscent of the proliferative effect of GATA-2 in hematopoietic progenitors

(Briegel et aL, 1993) and suggests that GATA-6 might regulate proliferation of

cardiac progenitor cells. Unfortunately, inactivation of the Gata6 gene results in

early embryonic lethality (E6.5-E7.5), precluding analysis of GATA-S function in

heart development (Morrisey et aL, 1998; Koutsourakis et aL, 1999).

Nonetheless, analysis of these mutant mice revealed a requirement for GATA-6 in

the formation of the extraembryonic visceral endoderm (Morrisey et aL, 1998), a

result consistent with the expression of GATA-6 in this tissue (Morrisey et al.,

1996). In chimeric mice experiments, GataB null ES cells did not contribute to the

endodermally derived bronchial epithelium (Morrisey et aL, 1998). Moreover,

GATA-6 transactivates the thyroid transcription factor-1 (TTF-1) and surfactant

protein A (SP-A) promoters, two genes which are expressed in the respiratory

epithelium (Bruno et aL, 2000; Shaw-White et aL, 1999). These results are

consistent with a eritieal role for GATA-6 in endoderm development and respiratory

epithelium formation.

ln vaseular smooth cells, GATA-6 plays an important role in modulating cell

proliferation in response to meehanieal or mitogenic stimulation (reviewed in

(Morrisey, 2000». The finding that GATA-6 transcript levels are deereased in

proliferating vascular smooth muscle cells suggests that GATA-6 expression may

inhibit the cell cycle (Suzuki et aL, 1996). Accordingly, forced expression of GATA

6 in vaseular smooth cells induces the expression of the eyelin-dependent kinase

inhibitor p21 and provokes cell cyele arrest (Perlman et aL, 1998). In vivo, gene

transfer of GATA-6 in balloon-injured earotid arteries promoted smaoth muscle

differentiation and inhibited intimai hyperplasia (Mano et aL, 1999). These studies

suggest that GATA-6 inhibits vascular smooth muscle eell proliferation and

subsequent vaseular injury. It will be interesting ta determine whether GATA-6 also

contrais the cell cycle in other tissues.

3.2.3 Regulation of GATA factors
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ln addition to be expressed in the appropriate spatio-temporal manner,

transcription factors are also finely regulated at many other levels. This "fine

tuning" of transcription factor aetivity allows an organism to respond to

developmental signais and environmental stimuli. Accordingly, in addition to their

tissue- and time-specific expression pattern, GATA factors have also been shown

to be regulated at many other levels, allowing them to play specifie roles in sorne

cells, but not in others. In this section, the various transcriptional, translational,

post-translational, and protein-protein interaction mechanisms used to regulate

GATA factor activity will be described in details.

3.2.3.1 Tissue-specific promoters and alternative promoter usage

GATA transcription factors are expressed in a very dynamic pattern, both spatially

and temporally. Ta achieve such a complex expression pattern, many organisms

have elaborated highly sophisticated enhancer and promoter regulatory elements

for GATA genes. Even though the regulation of GATA gene promoter activity is still

poorly understood, a general theme appears ta be the utilization of tissue-specifie

and alternative promoters ta control their expression in various tissues.

The best-characterized regulatory regions of a GATA gene are the flanking

sequences of GATA-1. Two promoters differentially regulate the GATA-1 gene: the

distal promoter specifies the expression of the GATA-1 gene in Sertoli cells,

whereas the proximal promoter directs GATA-1 gene expression in the

hematopoietic lineages (Ito et aL, 1993). The use of more than one promoter to

achieve the required tissue-specifie expression is not restrieted to GATA-1, as

GATA-2, GATA...5, and GATA-6 transcription is also controlled by at Jeast two

different promoters, which appear to control differential spatial and temporal gene

expression (Brewer et aL, 1999; Nony et aL, 1998; MacNeill et aL, 1997). However,

the exact promoter fragments required for their tissue-specifie expression are not

elearly defined and may encompass very large genomic regions, further

complicating their analysis. As an example, even a 625 kbp GATA-3 yeast artificial

chromosome (YAC) containing 450 kbp and 150 kbp of 5' and 3' flanking

sequences, respectively, does not contain the full transcriptional regulatory

potential of the endogenous GATA-3 locus (Lakshmanan et aL, 1999).
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Not only are the GATA genes promoter regions poorty defined, but their cis

regulatory elements and their cognate transcription factors are even less known.

Again, the regulation of the erythroid GATA-1 promoter is the best understood: the

eritieal regulatory region that reeapitulates GATA-1 gene expression in both

primitive and definitive erythroid cells consists of 3.9 kbp of the proximal promoter

(Onodera et aL, 1997). The regulation of this promoter is eharaeterized by a

positive feedbaek loop where GATA-1 regulates its own promoter (Tsai et al.,

1991; Nicolis et aL, 1991; Sehwartzbauer et aL, 1992: Meng et aL, 1999; Nishimura

et aL, 2000). In addition, a CACCC element in the proximal promoter region is

eritieal for initiating and maintaining high level of GATA-1 expression, suggesting

that a member of the Kruppel-Iike factor family, such as EKLF, might regulate

GATA-1 promoter (Meng et aL, 1999; Tsai et aL, 1991). However, given that EKLF

is itself regulated by GATA-1 (Anderson et aL, 2000), these results do not expiain

the erythroid expression of GATA-1. In the heart, the cardiac promoter of GATA-6

appears to be regulated by the cardiac-specific homeodomain transcription factor

Nkx2-S (Davis et aL, 2000; Molkentin et aL, 2000b) and the Nkx2-S promoter was

reciprocally found to be regulated by GATA factors (Lien et aL, 1999; Reecy et aL,

1999; Searcy et aL, 1998). Although these results suggest that mutually reinforcing

networks regulate GATA transcription factor expression, they do not explain the

tissue-specifie expression of GATA factors. Thus, much work remains to be done

before we can understand the tissue-specifie transcriptional regulation of GATA

gene expression in sufficient details.

3.2.3.2 Alternative first exon usage

Alternative promoter usage leads to transcripts characterized by alternative first

exons. Splicing of these alternative first exons will, in some case, lead to

transcripts that will encode functionally distinct isoforms. For example, in the case

of GATA-S, the use of an alternative tirst exon produces a GATA-S isoform which is

composed only of a C-terminal zinc finger and aC-terminai transactivation domain

(MacNeill et al., 1997). Although the physiological role of this isoform remains to be

determined, in vitro assays revealed that it is severely compromised in its

transcriptional activation capacity.

20



3.2.3.3 Alternative translation initiation codon usage

Distinct isoforms of GATA factors are also generated by the use of alternative

translation initiation codons. Calligaris et al. reported that at least two isoforms of

GATA-1 exist in erythroid cells: in addition to the full length GATA..1, a second

GATA-1 isoform results from alternative translation initiation site usage (Calligaris

et aL, 1995). This new GATA-1 isoform lacks 83 amino acids in the N..terminal

transactivation domain and shows a decreased transactivation potential. GATA-6

also possesses two alternative translation initiation codons which result in two

GATA-6 isoforms having different transcriptional properties (Brewer et al., 1999).

While the shorter isoform corresponds to the GATA..6 protein originally identified, a

longer and more active isoform is produced from an upstream AUG initiator codon

and leads to a GATA-6 isoform containing a 146 aa-extended N-terminal damain. It

is possible that the shorter, less active GATA-1 and GATA-6 isoforms serve as

dominant negative proteins which downregulates the longer, more active GATA

factors.

3.2.3.4 Phosphorylation

Phosphorylation has been shown ta play a crucial role in modulating the activity of

transcription factors (reviewed in (Hunter and Karin, 1992)). In murine

erythroleukemia (MEL) cells, GATA-1 is phosphorylated on 6 serines within its N

terminal transactivation domain (Crossley and Orkin, 1994). Induction of MEL cell

differentiation induces phosphorylation at an additional site, serine 310, which lies

in the basic region adjacent to the C-terminal zinc finger. This serine is conserved

in mammalian, avian, and amphibian GATA-1 proteins and serves to make direct

hydrophobie and hydrophilic contacts with the sugar-phosphate DNA backbone

(Omichinski et aL, 1993). However, individual or combined mutation of the

constitutively or inducibly phosphorylated residues does not affect DNA-binding

affinity or specificity, DNA bending, nuelear translocation, or transcriptional

activation by GATA-1. In contrast, another group reported that GATA-1

phosphoryfation increases during differentiation of the human erythroleukemic cell

fine K562 and that phosphorylation induces the DNA-binding affinity of GATA-1
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(Partington and Patient, 1999). The reasons for these discrepancies are not clear,

but may be due to cell type differences.

GATA-2 and GATA-3 are also phosphoproteins (Towatari et aL, 1995; Chen et aL,

2000a). Stimulation of hematopoietic progenitors with interleukin-3 (IL-3) increases

GATA-2 phosphorylation via the ERK MAPK signaling pathway (Towatari et aL,

1995). In Th2 cells, cAMP stimulates the phosphorylation of GATA-3, likely by p38

MAPK (Chen et aL, 2000a). However, it remains to be determined what is the

effect of these induced phosphorylation on GATA-2 and GATA-3 functions. While

the role(s) of GATA factor phosphorylation awaits further characterization, it will be

interesting to test whether phosphorylation modulates the capacity of GATA factors

to associate with other transcription factors.

3.2.3.5 Acetylation

Post-translational modification of histones by acetylation has been intensively

studied (reviewed in (Cheung et aL, 2000». However, the discovery of the role of

acetylation in the regulation of other types of proteins, such as transcription factors,

is relatively recent (reviewed in (Kouzarides, 2000». Bath GATA-1 and GATA-3

have been reported to be acetylated in vivo (Hung et aL, 1999; Boyes et aL, 1998;

Yamagata et aL, 2000b).

Studies by two independent groups showed that CBP and the CBP-related protein

p300, which both possess intrinsic and associated histone acetyltransferase

activity (Bannister and Kouzarides, 1996; Ogryzko et aL, 1996; Chen et al., 1997;

Yang et aL, 1996; Spencer et aL, 1997), acetylate GATA-1 in vitro at the same N

and C-terminal zinc finger lysines which are also acetylated in vivo (Hung et aL,

1999; Boyes et aL, 1998). However, the effect of GATA-1 acetylation on its DNA

binding properties are presently uncertain, with one group reporting that acetylation

does not alter DNA-binding and the other reporting that acetylation enhances DNA

binding. Nevertheless, mutation of the acetylation motifs abrogates GATA-1 ability

to induce erythroid differentiation, suggesting that acetylation of GATA-1

contributes ta regulate its activity.

GATA-3 is acetylated in vivo in T cells (Yamagata et aL, 2000b). In vitro, p300

acetylates GATA-3 at sites mapping to the N- and C-terminal zinc finger domains.
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KRR-GATA-3 is a GATA-3 mutant whieh is hypoacetylated and whieh functions as

a dominant negative construct (Yamagata et al., 2000b; Smith et al., 1995).

Expression of KRR-GATA-3 in peripheral T cells results in defective T-cell homing

to systemic Iymph nodes and prolonged T œil survival after activation, suggesting

that acetylation regulates GATA-3 function in the immune system.

Together, these studies indicate that GATA factors are regulated by acetylation.

Given that the acetylation sites identified in GATA-1 and GATA-3 are conserved in

GATA-2, but not in GATA-4, GATA-5, and GATA-6, these results might suggest a

common, specifie mode of regulation for the "hematopoietic" GATA factors;

conversely, other yet undefined acetylation motifs may exist in GATA-4, GATA-5,

and GATA-6 and contribute to regulate their activity.

3.2.3.6 Cleavage by proteases

The importance of proteolysis as a mean of regulating protein activity is now weil

established (reviewed in (King et aL, 1996». Two GATA factors, GATA-1 and

GATA-6, have been reported to be regulated by proteases, albeit by different

mechanisms (De Maria et aL, 1999; Nakagawa et aL, 1997).

The death receptors are transmembrane receptors mediating activation of a

specialized group of intracellular proteases named caspases (reviewed in (Green,

1998». These caspases play a key role in apoptosis by cleaving specifie

substrates that mediate cell death. The current model accounting for the tight

regulation of mature erythrocyte number stipulates that mature erythroblasts

participate in a negative-feedback loop to inhibit the formation of mature

erythrocytes by activating the Fas death receptor/Fas ligand (Fas/FasL) system in

immature erythroblasts (Orkin and Weiss, 1999). De Maria et al. showed that

activation of the Fas/FasL death receptor system in erythroid cells leads to

selective cleavage and inactivation of GATA-1 and erythrocyte maturation block

(De Maria et aL, 1999), consistent with the requirement of a functional GATA-1 for

erythrocyte maturation. Importantly, expression of a caspase cleavage-resistant

form of GATA-1 or treatment with easpase inhibitors restored maturation of

Fas/FasL activated cells. These results suggest that caspase-mediated cleavage

of GATA-1 is an important control mechanism of erythropoiesis. It will be
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interesting ta determine whether caspase-mediated cleavage targets other GATA

factors in other cellular contexts.

Stimuli which increase the intracellular cAMP concentration trigger the specifie

degradation of GATA-6 (Nakagawa et al., 1997). In contrast ta GATA-1 proteolysis,

this effect is mediated by the proteasome and occurs in a protein kinase A (PKA)

dependent manner. Further studies are required to establish the physiological

relevance of this observation and whether this is a general aspect of GATA factor

regulation.

3.2.3.7 Interaction with co-factors

Gene inactivation experiments of the various GATA factors showed that these

proteins each play a unique role and cannat compensate for each other during

development, although their expression pattern overlaps in certain tissues. How

this uniqueness is acquired at the molecular level remains to be answered.

Differences in DNA-binding specificity for GATA elements may play a role, but

cannot account for ail of the specifie functions of GATA factors in vivo (Ko and

Engel, 1993; Merika and Orkin, 1993; Sakai et al., 1998; Gregory et aL, 1996). One

hypothesis is that specificity amongst GATA proteins is acquired by differential

interactions with co-factors. This section will describe how protein-protein

interactions, either with DNA-binding or non-DNA-binding co-factors, may regulate

the activity of GATA transcription factors. Sorne examples where differential

interactions provide functional speciticity will be presented.

3.2.3.7.1 Interaction with DNA-binding proteins

3.2.3.7.1.1 Homotypic and heterotypic interactions of GATA factors

The tirst documented protein-protein interaction involving GATA factors was the

self-association between GATA factors via their zinc finger region (Yang and

Evans, 1995; Crossley et aL, 1995). As mentioned in the preceding section, it was

shown that GATA-1 participates in homotypic interactions which mediate

transcriptional activation of GATA-responsive promoters (Mackay et aL, 1998).

GATA-1 can also participate in heterotypic interactions with GATA-2 and GATA..3

and the coexpression of GATA-2 with GATA..1 is able to mediate transcriptional

activation; however, the coexpression of GATA-5 with GATA..1 cannot {Yang and
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Evans, 1995). Whether this is caused by a lack of physical interaction between

GATA-1 and GATA-5 or by an unproductive interaction is unknown. Given that

mutations that impair GATA-1 self-association reduce its ability to activate

transcription - especially on promoters containing multiple GATA sites (Mackay et

aL, 1998) - a possible role for these interactions could be the formation of higher

order structures among distant regulatory elements that share GATA sites, such as

the globin LCRs and downstream globin enhancers and promoters.

ln addition, we have shown that GATA-4 and GATA...6 functionally and physically

interact in cardiomyocytes (Charron et aL, 1999). This interaction, which is

essential for the expression of many cardiomyocyte...specific genes, will be

presented and discussed in more details in Chapter Il of this thesis. Together,

these heterotypic interactions might explain, at least partly, why GATA factors

cannot compensate for each other.

3.2.3.7.1.2 Interactions with other transcription factor families

3.2.3.7.1.2.1 The Kruppel family: Spi, EKLF, and VYi

The study of erythroid promoters revealed that GATA elements and CACCC box,

which are elements bound by members of the Kruppel family of zinc finger

transcription factors, are often situated in close proximity and cooperate with each

other to direct tissue-specificity and transcriptional activity (Crossley and Orkin,

1993; Walters and Martin, 1992). These observations suggested a functional

interaction between GATA-1 and Kruppel proteins and led ta the finding that

GATA-1 physically and functionally interacts with two members of the Kruppel

family of proteins: Sp1 and Erythroid Kruppel-Like Factor (EKLF) (Merika and

Orkin, 1995; Gregory et aL, 1996). For this interaction, the C...terminal zinc finger

region of GATA-1 and the zinc finger region of Sp1 are required. GATA-2 and

GATA-3 are also able to physically interact with Sp1. This interaction may be

involved in formation of higher...order structures that bridge the globin LCRs and

promoters. These functional interactions occur differentially on target genes; for

example, GATA-1 acted in synergy with Sp1, but not EKLF, to activate the

pyruvate kinase promoter, while it acted in synergy with EKLF, but not Sp1, to
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activate a p-globin-derived promoter. 1n contrast, both Sp1 and EKLF were able to

interact with GATA-1 to activate the glycophorin B promoter (Gregory et aL, 1996).

More recently, GATA-4 was shown to functionally interact with another Kruppel

family member, VY1 (Bhalla and Nemer, 2000). Although GATA-4 and VY1

synergistically activate a cardiac promoter, no direct physical interaction could be

detected.

3.2.3.7.1.2.2 The steroid hormone receptor family: GR and ER

The GATA factors also interact with another family of zinc finger proteins, the

steroid hormone nuclear receptor family. Transfection of the glucocorticoid receptor

(GR) or the estrogen receptor (ER) inhibits GATA-1 activity in a ligand-dependent

manner (Chang et aL, 1993; Blobel et aL, 1995). Although the N-terminal 106

amino acid domain of GR is essential for this effect, it has not been shawn whether

GATA-1 physically associates with GR. In contrast, ER was shown to physically

interact with the zinc finger and the N-terminal activation domain of GATA-1.

Knowing the role of GATA-1 in erythrocyte differentiation, the finding that activated

GR and ER can interfere with GATA-1 function may provide an explanation for the

inhibition of erythroid differentiation by glucocorticoids and estrogens, respectively.

However, not ail nuclear receptor-GATA factor interactions are inhibitory since

GATA-6 and GATA-1 functionally interact with ER to synergistically activate the

liver-specific vitellogenin Il (VTGII) promoter in an estrogen-dependent manner

(Davis and Burch. 1996). Together, these studies suggest that, depending on the

promoter and cellular contexts, the steroid receptor-GATA factor interaction may

positively or negatively regulate gene expression. Furthermore, given the very

diverse effects of steroids on cellular growth and differentiation, the interaction

between steroid receptors and GATA factors may be relevant to many tissues.

It is interesting to note that ail interactions described so far occur between GATA

factors and other proteins harboring zinc fingers. Moreover, when tested, the zinc

finger region of the GATA factors always seems to be involved in these

interactions, suggesting that the zinc finger ragion of GATA factors is

multifunctional and mediates not only DNA-binding but also protein-protein
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interactions (Mackay and Crossley, 1998b). The following sections will describe

interactions of GATA factors with other classes of transcription factors.

3.2.3.7.1.2.3 The Ets family: PU.1

GATA-1 interacts with the hematopoietic-specitic Ets family member PU.1

(Rekhtman et aL, 1999). PU.1 is required for the development of multiple

hematopoietic lineages, including Band T lymphocytes, monocytes, and

granulocytes (Scott et al., 1994; McKercher et al., 1996). When activated in

erythroid precursors (by events such as proviral insertions), PU.1 causes

erythroleukemia by blocking erythroid differentiation. It was recently proposed that

PU.1 blocks erythroid differentiation by physically interacting with and repressing

the transcriptional activity of GATA-1 (Rekhtman et aL, 1999). This interaction

requires intact DNA-binding domains in both proteins. Furthermore, ectopic

expression of PU.1 in Xenopus embryos is sufficient to block erythropoiesis, which

can be rescued by overexpression of GATA-1. These results suggest that the

stoichiometry of GATA-1 and PU.1 may be a crucial determinant goveming the

process of erythroleukemic transformation. Although this interaction occurs during

pathological conditions, it remains to be determined whether the opposing actions

of PU.1 and GATA-1 (or other hematopoietic GATA factors) contribute to Iineage

determination during normal hematopoiesis.

3.2.3.7.1.2.4 The AP-1 family: c-Jun and c-Fos

Two independent studies reported functional interaction between GATA factors

and the basic leucine zipper (bZip) AP-1 transcription factors (Kawana et al., 1995;

Yamagata et aL, 1997). The tirst study described the cooperative interaction of

GATA-2 and AP-1 proteins to synergistically activate the endothelin-1 promoter

(Kawana et al., 1995). This promoter contains both GATA and AP-1 sites, although

only one of the sites (either GATA or AP-1) is required for synergy. This synergy

also works with GATA-1 and GATA-3. Moreover, GATA proteins co

immunoprecipitate with c-Jun and c-Fos in vivo. The functional relevance of this

interaction remains to be determined.

A subsequent study described that triple synergism between the human T

Iymphotropic virus type 1-encoded Tax, GATA-4, and c-Jun is required for
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activation of the interleukin-S (IL-5) promoter (Yamagata et aL, 1997). This synergy

is phorbol ester (TPA)-dependent, probably due ta an increase in c-Jun DNA

binding following protein kinase C (PKC) activation (Boyle et aL, 1991). This

interaction may play a role during adult T-cell leukemia by leading to constitutive

IL-S gene expression (Yamagata et aL, 1997).

3.2.3.7.1.2.5 The NF-AT family: NF-AT3 and NF-ATc1

NF-AT proteins belong to the Rel family of transcription factors, which also includes

NF-KB (Rao et aL, 1997). These factors are constitutively localized to the

cytoplasm, but upon' Ca2+-dependent activation of the phosphatase calcineurin,

NF-AT proteins are dephosphorylated and shuttled to the nucleus where they bind

DNA and modulate gene transcription.

NF-AT3 was shawn to interact physically and cooperate with GATA-4 to activate

cardiac gene expression in a Ca2+-dependent manner (Molkentin et aL, 1998). This

interaction requires intact DNA-binding domains in both proteins. Although

overexpression of an activated form of calcineurin or its effector NF-AT3 has been

shawn to induce cardiac hypertrophy in transgenic mice, its remains to be

determined whether this effect is dependent on a physical interaction of NF-AT3

with GATA-4.

Another member of the NF-AT family, NF-ATc1, was shown to translocates to the

nucleus and interact physically with GATA-2 during calcineurin-induced skeletal

myocyte hypertrophy (Musaro et aL, 1999). However, it remains to be determined

whether the physical interaction of NF-ATc1 with GATA-2 is important for

calcineurin-induced skeletal myocyte gene expression and hypertrophy.

3.2.3.7.1.2.6 The homeodomain family: Nkx2-5

The most documented interaction involving a cardiac GATA factor is the finding

that GATA-4 and the homeodomain protein Nkx2-S are mutual cofactors

«Durocher et aL, 1997); see the Appendices for a reprint). Both genes are early

markers of precardiac cells (Heikinheimo et al., 1994; Jiang and Evans, 1996;

Kelley et aL, 1993; Laverriere et aL, 1994; Morrisey et aL, 1996; Unts et aL, 1993;

Schultheiss et aL, 1995; Chen and Fishman, 1996) and are essential for heart

formation (Kuo et aL, 1997; Molkentin et aL, 1997; Lyons et aL, 1995), but neither
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can initiate cardiogenesis. However, overexpression of either Nkx2-S or GATA-4 in

committed precursors enhances cardiogenesis (Jiang and Evans, 1996; Grépin et

aL, 1997; Chen and Fishman, 1996; Cleaver et aL, 1996), suggesting that they

require a cardiac-restricted cofactor. Since ANF is a transcriptional target for both

GATA-4 and Nkx2-5 (Charron et aL, 1999; Durocher et aL, 1996), the ANF

promoter was used to demonstrate that GATA-4 and Nkx2-S are mutual cofactors

(Durocher et aL, 1997; Lee et aL, 1998; Shiojima et aL, 1999). Subsequently, this

cooperativity was also shown to occur on other cardiac promoters, such as a.-CA

(Sepulveda et aL, 1998). Transcriptional synergy involves physical interaction

between the homeodomain plus a C-terminal extension of Nkx2-S and the C

terminal zinc finger plus the adjacent basic region of GATA-4. This interaction

seems to be specifie for certain GATA proteins since GATA-6 could not substitute

for GATA-4 in this interaction (Durocher et aL. 1997), suggesting that differential

interaction between GATA factors and other proteins may impart functional

specificity to GATA factors. More detaits on the role of Nkx2-S in the heart will be

discussed in the Cardiac development section.

3.2.3.7.2 Interaction with non-DNA·binding proteins

3.2.:1.7.2.1 The Lim family: RBTN2/LM02

GATA-1 and GATA-2 interact with RBTN2IlM02 both in vitro and in vivo (Osada et

aL, 1995). RBTN2 is a LlM-domain protein essential for erYthropoiesis (Warren et

aL, 1994). llM proteins contain zinc-binding domains known ta be involved in

protein-protein interactions. RBTN2 also interact with the basic helix-Ioop-helix

(bHlH) protein SCLlTAl1, a gene essential for erYthropoiesis and hematopoiesis

(Shivdasani et aL, 1995; Porcher et aL, 1996). Knowing the role of GAlA-1 and

GATA-2 in erYthropoiesis and hematopoiesis, respectively, a close functional

relationship between RBTN2, Sel and GATA-1 or GATA-2 was suspected. Two

hybrid assays indicated that RBlN2 serves as a bridge between GATA-1 or GAlA

2 and SCUE47 heterodimers, thereby forming a quatemary complex (Osada et aL,

1995). Moreover, recent work showed that this complex exists in erYthroid cells,

binds specifically to bipartite DNA elements composed of a SCl (E-Box) and a

GATA sites, and can function in transcriptional activation (Wadman et aL, 1997).
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These results link RBTN2, sel, and GATA-1 or GATA-2 together into a

transcriptionally active DNA-binding complex and suggest that, during

development, variations in the complex equilibrium and in the amount of complex

formed may differentially regulate various stages of hematopoietic differentiation.

3.2.3.7.2.2 The FOG/Ush family: FOG·1, FOG-2, and Ush

As mentioned above, FOG-1, the founding member of the FOG/Ush family, was

cloned by the yeast two-hybrid system using the N-terminal zinc finger of GATA-1

as a bait (Tsang et al., 1997). FOG-1 also interacts with GATA-2 and GATA-3 via

their N-terminal zinc finger domain. During embryonic development, FOG-1 is co

expressed with GATA-1 in the erythrocyte precursors of the yolk sac and fetalliver

and later, they are co-expressed in the erythroid and megakaryocytic cells of the

adult hematopoietic system. When co-expressed in ceillines, GATA-1 and FOG-1

synergistically activate transcription and cooperate during both erythroid and

megakaryocytic cell differentiation (Tsang et al., 1997). Moreover, mice deficient in

FOG-1 do not produce megakaryocytes and display arrested erythropoiesis,

reminiscent of GATA-1-deficient erythroid precursors (Tsang et aL, 1998). Although

these findings strongly suggested that FOG-1 acts as a cofactor for GATA-1 in

erythrocyte differentiation, the formai proof came from the work of Crispino et al.

who generated GATA-1 mutants specifically impaired for interaction with FOG-1

and a compensatory FOG-1 mutant that restores the interaction (Crispino et aL,

1999). The GATA-1 mutants failed to rescue erythroid differentiation of GATA-1

null erythroid cells in the absence of the compensatory FOG-1 mutant, indicating

that the GATA-1-FOG-1 interaction is essential for GATA-1 function in erythroid

differentiation. The importance of the GATA-1-FOG-1 interaction in human

megakaryocyte and erythroid development was further supported by the finding

that a GATA-1 N-terminal zinc finger mutation which abolishes the ability of GATA

1 to interact with FOG-1 causes familial X-linked dyserythropoietic anemia and

thrombocytopenia (Nichais et aL, 2000).

Despite the importance of FOG-1 for GATA-1 action, the GATA-FOG interaction

cannot explain by itself the specificity among GATA members, as FOG-1 also

interacts with GATA-2 and GATA-3. However, given that GATA-2 and GATA-3
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appear to function in a FOG-1-independent manner (Tsang et al., 1998). it is

possible that other FOG/Ush family members may exist that specifically regulate

GATA·2 and/or GATA-3 activity. Moreover. given that the GATA-1 N-terminal zinc

finger residues required for interaction between GATA-1 and FOG-1 are highly

conserved in GATA-4. GATA-5. and GATA-6 (Fox et al.. 1998). it is tempting to

speculate that FOG-1 will also be able to interact with these GATA factors. FOG-1

being present in other GATA-expressing organs such as the spleen (GATA-5). the

liver (GATA-6) and the testes (GATA-1. GATA-4, and GATA-6), it will be interesting

to study its potential role in the development of these tissues in relationship to

other GATA factors.

Another member of the FOG/Ush GATA-cofactor family has been recently

identified. FOG-2 is expressed predominantly in heart, brain, and testis (Lu et aL,

1999; Svensson et aL, 1999; Tevosian et aL, 1999; Holmes et aL, 1999). Its

expression in the heart and its physical interaction with GATA-4, GATA-5. and

GATA-6 make it a likely cofactor for these GATA proteins in the heart. In support

for a role of FOG-2 in the heart, FOG-2 null mice display cardiac defects

characterized by a thin ventricular myocardium, common atrioventricular canal, and

the tetralogy of Fallot malformation, in addition to abnormal coronary

vasculogenesis (Tevosian et aL, 2000). Another group have also reported that

FOG-2 null mice display cardiac defects reminiscent of the tricuspid atresia

syndrome, characterized by an absent tricuspid valve and ventricular and atrial

septal defects (Svensson et aL, 2000); however, this hypothesis still need to be

tested directly.

Oespite good evidence that FOG proteins are cofactors for GATA proteins, it is not

clear whether FOG proteins have a positive or negative transcriptional effect on

GATA factors. Together with GATA-1, FOG-1 was initially shown to synergistically

activate the 7 kb p45 NF-E2 promoter, but not a minimal GATA-responsive

promoter (Tsang et aL, 1997). In fact, subsequent studies showed that FOG-1 was

even able to repress GATA-1 activation (Fox et aL, 1998; Fox et aL, 1999; Tsang

et aL. 1998; Holmes et al., 1999; Turner and Crossley, 1998). Moreover. FOG-2

was shown to either enhance or repress GATA-4 transcriptional activity (Lu et aL,
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1999; Svensson et aL, 2000). Even genetic evidence support a repressive role of

FOG proteins on GATA factors: Ush, a Drosophila FOG/Ush family member,

antagonizes the activity of the GATA factor Pannier in sensory bristle formation

(Haenlin et aL, 1997). Thus, the effects of the FOG proteins on GATA-dependent

transcription may depend on bath the cell types in which they are expressed and

on the promoters that they regulate.

3.2.3.7.2.3 The transcriptional integrator/histone acetyltransferase family:

CBP and p300

CBP (CREB-binding protein) and p300 are coactivators thought ta act as

transcriptional integrators, bridging DNA-bound transcriptional activators to the

basal transcription machinery (reviewed in (Shikama et aL, 1997». Moreover, CBP

and p300 possess intrinsic and associated histone acetyltransferase activity

(Bannister and Kouzarides, 1996: Ogryzko et aL, 1996; Chen et aL, 1997; Yang et

aL, 1996; Spencer et aL, 1997). CBP interacts and cooperates with GATA-1 to

activate erythroid promoters (Blobel et aL, 1998). The C-terminal zinc finger of

GATA-1 and the E1A-binding region of CBP are required for this interaction. A role

for this interaction in erYthroid differentiation is supported by the observation that

expression of E1A in MEL cells blocks differentiation and expression of

endogenous GATA-1 target genes, while a mutant form of E1A impaired in CBP

binding has no effect.

As described in the Regulation of GA TA factors: Acetylation section, CBP and

p300 acetylate GATA-1 in vitro and mutation of the acetylation motifs significantly

decreases GATA-1 ability to cooperate with CBP and abrogates its ability to induce

erythroid differentiation (Hung et aL, 1999; Boyes et aL, 1998). These results

suggest that acetylation of GATA-1 contributes to regulate its activity. p300 was

also shown to interact and cooperate with GATA-S to activate the ANF promoter

(Kakita et aL, 1999). However, it remains to be determined whether GATA-S is

acetylated by p300. Moreover, whether the recruitment of CBP/p300 by GATA

factors also serves ta couple GATA transcription factors ta the basal transcription

machinery or whether it serves to induce changes in chromatin structure by mean

of their histone acetyltransferase activity, or both, remain ta be established.
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3.2.4 Summary of GATA factor regulation

ln summary, the GATA transcription factors are regulated at many levels: (i) tissue

specifie promoters and alternative promoter usage ensure appropriate spatio

temporal expression in various tissues; (ii) alternative exon and translation initiation

codon usage allow different cell types to generate GATA isoforms having

differential properties, such as transcriptional activity or interaction with cofactors;

(iii) similarly, specifie cleavage by proteases, such as caspases, may alter GATA

factor activity by removing a functional domain, while proteolytic degradation may

serve to rapidly downregulate the activity of a specifie GATA transcription factor;

(iv) post-translational modifications, such as phosphorylation and acetylation, may

modulate the DNA-binding properties of GATA factors or their capacity to interact

with cofactors; (v) many DNA-binding and non-DNA-binding cofactors interact

physically and functionally with GATA proteins. 1nteraction of GATA factors with

tissue-restricted cofactors, such as members of the Kruppel (EKLF), Ets (PU.1),

homeodomain (Nkx2-5), FOG/Ush (FOG-1 and FOG-2), and GATA (homotypic

and heterotypic GATA interactions) families, allows for the generation of a

combinatorial code leading to tissue-restricted gene expression and imparts

functional specificity to GATA factors. Interaction of GATA factors with ubiquitously

or nearly-ubiquitously expressed cofactors. such as members of the AP-1 (c-Jun

and c-Fos), steroid hormone receptors (GR and ER), and NF-AT (NF-AT3 and NF

ATc1) families, allows for modulation of GATA factor activity by extracellular

stimuli, allowing cells to respond to their environment. Other GATA cofactors, such

as LIM proteins (RBTN2), are involved in transcription factor complex assembly

and may serve to coordinate the formation of these complexes. Finally, GATA

cofactors such as CBP and p30Q, which possess acetyltransferase activity, may

acetylate GATA proteins themselves or other transcription factors at the same

promoter. 8uch interactions could also lead to histone acetylation, resulting in

chromatin-remodeling activity by GATA factors. Thus, CBP and p300 may directly

modulate GATA factor activity and/or serve as transcriptional integrators, linking

the combined effects of many transcription factors ta chromatin and/or ta the basal

transcription machinery.
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4 TRANSCRIPTIONAL REGULATION Of CARDIAC GROWTH AND

DIFFERENTIATION

This section will review the various stages of vertebrate cardiac development along

with genes known to be involved in these events. A particular emphasis will be

given to genes coding for transcription factors, given the crucial role that these

proteins play in the regulation of tissue-specifie gene expression and in the control

of eell tate determination. We will tocus primarily on the development of the three

layers of the heart, namely the myocardium, endocardium, and the pericardium,

together with the generation of the cardiac septa and valves. In addition, the

combinatorial mechanism underlying cardiac gene regulation, which is emerging as

a paradigm in tissue-specifie and pathological control of gene expression, will be

presented. Finally, we will discuss the emerging raie of cardiac transcription factors

in two different types of cardiac pathologies, namely hypertrophie

cardiomyopathies and congenital heart diseases.

4.1 Cardiac deve/opment

Cardiovascular malformations are the largest cause of human birth defects

(Hoffman, 1995). The suseeptibility of the heart to congenital malformations reflects

the complexity of the morphogenetic events involved in its development. Oespite

the fact that cardiac malformations have been characterized extensively at the

anatomical level, the genetic bases for these abnormalities remain largely

unknown. However, remarkable progress has been achieved in the identification of

genes involved in heart development. It is very likely that the elucidation of the raie

of these genes could provide a better understanding of the causes of cardiac

abnormalities and help prevent or correct congenital heart malformations.

4.1.1 Overview of cardiac development

Cardiomyocyte precursors originate from mesodermal tissue and initially migrate ta

generate a straight heart tube composed of an outer myocardial layer and an inner

endocardial layer, which are separated by an extracellular matrix-rich layer, the

cardiac jelly. This heart tube, already pattemed into ventricular and atrial domains,

will then loop and undergo complex morphogenetic changes ta give rise ta the
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mature multi-chambered heart. The following sections discuss in detail the

morphological and molecular events underlying these processes.

4.1.2 Formation of the heart field

During gastrulation. in vertebrates, cardiac precursor cells from the epiblast

invaginate through the primitive streak and migrate anterolaterally to form the

anterior lateral plate mesoderm (Figure 1.3). This pair of bilaterally symmetrical

regions of the embryonic mesoderm, which cantains the cardiac precursor cells, is

termed the heart field, whereas the two independent bilateral regions are referred

to as the cardiac primordia. Subsequently to its formation, the lateral plate

mesoderm splits into two layers: the somatic mesoderm, which is composed of

skeletal muscle progenitors, and the splanchnic mesoderm, which includes the

cardiac precursors for the three layers of the heart tube, namely the myocardium,

endocardium, and pericardium (Figure 1.4).

The commitment of these precursor cells to a cardiac fate results from inductive

interactions during gastrulation. A major source of inductive signais is the anterior

lateral endoderm, which is in contact with, and appears to migrate along, cardiac

precursors. Indeed, endoderm ablation experiments have shown that this

ernbryonic layer is required for heart formation. Moreover, the anterior lateral

endoderm is able to induce cardiac differentiation of non-cardiac mesoderm

explants, suggesting that the anterior endoderm secretes factors that initiate the

cardiogenic program in the adjacent mesoderm (Schultheiss et aL, 1995: Nascone

and Mercola, 1995; Sugi and Lough, 1994). Candidates for endodermal-derived,

cardiac-inducing signais are the fibroblast growth factor 4 (FGF4) and the

transforming growth factor-~ (TGF-p)-family member bone morphogenic protein 2

(BMP2), which are both expressed in the anterior endoderm. In the current model,

both BMP2 and FGF4 would be required; BMP2 would specify mesodermal cells to

the cardiac Iineage whereas FGF4 would promote the proliferation and survival of

these specified cells (Lough et aL, 1996; Schultheiss et aL, 1997).

4.1.3 Transcriptional regulation in the heart field

4.1.3.1 The NK2 family
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Figure 1.3. Migration of cardiac precursors and generation of the straight heart
tube. During gastrulation, cells invaginate through the primitive streak (A) and
migrate anterolaterally to form the anterior lateral plate mesoderm (B). The
cardiac primordia then fuse at the midline (C) to form the linear heart tube (0).
Note that the relative anteroposterior positions of the cardiac precursors in the
primitive streak (A) are retained in the heart field (B and C) and in the heart tube
(0). hdpc, human days post-coitum; mdpc, mouse days post-coitum; An, anterior;
P, posterior; PS, primitive streak; CT, conotruncus; V, ventricle; A, atrium; SV,
sinus venosus.
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Figure 1.4. Heart tube formation as seen in transverse sections. As the embryo is
folding ventrally, the splanchnic mesoderm (A) differentiates into the primitive
epicardium, endocardium, and myocardium (B). Ventral folding leads to the
fusion of the cardiac tubes (C) into a single tube (0) and also generates the
primitive gut.



The mechanisms by which FGF4 and BMP2 induce cardiogenesis remain

unknown. However, studies using the fruit fly Orosophila have begun to reveal

genetic pathways controlling cardiogenesis and suggest that these molecular

events are highly conserved acrass species. In Drosophila, the dorsal vessel, a

primitive heart-like structure contracting rhythmically and pumping hemolymph

ihrough an open circulatary system, is analogous to the straight heart tube of the

vertebrate embryos. Formation of the dorsal vessel require5 the homeodomain

transcription factor tinman, which is expressed in the early mesoderm and later in

the dorsal vessel (Bodmer, 1993; Azpiazu and Frasch, 1993). tinman is thought ta

specify the formation of the dorsal mesoderm, the tissue from which cardiomyocyte

precursors originate. Screens for vertebrate tinman homologues led to the

identification of the homeodomain transcription factor Nkx2-5 (Table 1.1) (Komuro

and Izumo, 1993; Lints et aL, 1993).

As mentioned previously, Nkx2..5 activates the transcription of cardiac genes, such

as atrial natriuretic factor (ANF) and cardiac a-actin (Durocher et aL, 1996; Chen

and Schwartz, 1996). Nkx2-5 is expressed in the lateral plate mesoderm and is

one of the earliest markers of heart field induction (Harvey, 1996). In mice

homozygous for a null mutation in Nkx2..5, the heart tube form5 but cardiomyocytes

do not fully differentiate, as indicated by the downregulation of many cardiac

genes, such as genes coding for cardiac contractile protein [ventricular myosin

light-chain 2 (MLC2V)], cardiac hormones [ANF, B-type natriuretic peptide (BNP)],

and cardiac transcription factors [MEF2C, eHAND, and N-myc)] (Table 1.2)

(Tanaka et aL, 1999; Lyons et aL, 1995). However, in contrast ta the tinman mutant

in Orosophila, cardiac mesoderm and cardiomyocytes are still specified. The less

drastic effect of the Nkx2-S mutation in mice compared to the tinman mutation in

flies could reflect partial compensation by other tinman vertebrate homologues,

namely Nkx2-3, Nkx2-7, and Nkx2-8, which are expressed in the cardiogenic

mesoderm (Brand et aL, 1997; Lee et aL, 1996; Buchberger et aL, 1996; Evans et

aL, 1995). Indeed, it was shown that the expression of dominant repressor

mutants, which can interfere with ail NK2 proteins, completely blocks myocardial

gene expression and heart formation (Grow and Krieg, 1998; Fu et aL, 1998).
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Table 1.1. Transcription Factor Families Involved in Cardiovascular Development

e

Family DNA Binding Domain Binding Site Family Members Cardiovascular Expression
Nkx2-5

NK2 Homeodomain T(CfT)AAGTG Nkx2-3 Cardiac progenitors
Nkx2-7 Cardiomyocytes
Nkx2-8
GATA-4 Cardiac progenitors

Cardiomyocytes

GATA-5 Cardiac progenitors
GATA C4 zinc finger (AIT)GATA(AlG) Endocardial cells

GATA-6 Cardiac progenitors
Cardiomyocytes
Vascular smooth muscle cells

dHAND Cardiac progenitors
Cardiomyocytes (right ventricle)
Neural crest cells

HAND bHLH CANNTG
eHAND Cardiac progenitors

Cardiomyocytes (Ieft ventricle)
Neural crest cells

MEF2A Cardiac progenitors

MEF2 MADS (T/C)TA(AIT)4TA(AlG)
MEF2B Cardiomyocytes
MEF2C Vascular smooth muscle cells
MEF2D Endothelial cells

Rel-homology domain NF-AT3 Cardiomyocytes
NF-AT GGAAAAT(RHD)

NF-Ale Endocardial cells



e

Table 1.2. Loss of Function Phenotypes and Putative Roles of Cardiac Transcription Factors

e

Gene Loss of Function Phenotype Target Genesa Putative Raies
-Arrest in cardiac development after ANF,BNP, MLC2V, MEF2C, -Cardiomyocyte differentiationNkx2-5 looping eHAND, N-mvc, Msx2, CARP -Heart tube regionalization

-Cardiomyocyte differentiation

ANF, BNP, a-MHC, P-MHC, eTnl,
-Cardiae primordia fusion

GATA-4
-Cardia bifida

-Maintenance of the eardiae
(no fusion of the eardiae primordial PDGFR/1

phenotype
-Hypertrophie response
-Extra-embryonie endoderm

GATA-4, ANF, BNP, a-MHC, differentiationGATA-6 -Extra-embryonic endoderm defects
,8-MHC, cTnl, PDGFRP -Cardiomyocyte progenitor

proliferation
-Arrest in cardiac development at the

ANF, Cardiac a-aclin, a-MHC, -Cardiomyocyte differentiation (Iate
MEF2C looping stage (absence of the right

MLC1A, dHAND, angiopoietin-1, stage)
ventricle)

VEGF -Endocard development-Vascular and endocardial defects
-Arrest in cardiae development at the

-Heart tube regionalization
dHAND looping stage (absence of the right

Ufd1 -Regulation of gene(s) involved inventricle)
neural crest development-Neural crest defeets

-Placentation defects
?eHAND -Arrest in cardiac development at the ?

loopina staQe

NF·ATc -Valve formation and heart septation
? ?defects

a Target genes listed are those identified by loss of function studies.



The exact role of Nkx2-5 or other NK2 proteins in the heart is still unclear. Detailed

analysis of a null mutation of Nkx2-S in mice, as weil as analysis of chimeric mice

generated from Nkx2-S null embryonic stem (ES) cells, suggests that Nkx2-5 is

likely required for later stages of myocyte differentiation, such as spatial or

asymmetric regionalization (Tanaka et al., 1999). Whether other NK2 proteins are

able to substitute or compensate for earlier functions of Nkx2-5 in cardiomyocyte

recruitment and/or commitment is presently unknown. Gain-of-function studies in

Xenopus and manipulations of cardiac induction in chick embryos have shown that

Nkx2-5 is able to recruit additional "permissive" cells to the cardiac lineage, thus

enlarging the heart field (Cleaver et al., 1996; Chen and Fishman, 1996). These

data suggests that Nkx2-5 aets in concert with other factors present in

precardiomyocytes to alter the expression of a subset of precardiac cells and affect

later stages of differentiation. One such Nkx2-5 collaborator is GATA-4, which

interacts physically with Nkx2-5 and cooperatively enhances transcription of Nkx2

5 target genes.

4.1.3.2 The GAlA family

GATA-4 expression can be detected in the bilateral cardiac primordia and, together

with Nkx2-5, constitutes the earliest markers of heart field induction. Later, GATA-4

transcripts and proteins are detected throughout the myocardium and endocardium

and persist at ail stages of heart development (Heikinheimo et al., 1994; Grépin et

aL, 1994). As discussed in the previous section, many studies suggest a raie for

GATA-4 in cardiomyocyte differentiation and gene expression (Jiang and Evans,

1996; Grépin et al., 1997; Grépin et al., 1995). Consistent with an important raie for

GATA-4 in the heart, mice homozygous for a null mutation in the Gata4 gene are

not viable due to the inability of the bilatera1cardiac primordia to fuse and form the

heart tube (Kuo et al., 1997; Molkentin et al., 1997). Nevertheless, cardiomyocytes

expressing differentiation markers are detectable in these mice, raising the

possibility that other factors, including other members of the GATA family, may

compensate, at least in part, for GATA-4-deficiency during early cardiac

development.
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Within the heart, GATA-4, GATA-S, and GATA-6 are regulated differentially

throughout development, with GATA-4 being the predominant transcript in

cardiomyocytes at ail stages. GATA-6 is also expressed in the precardiac

mesoderm and is later found in myocardial and in vascular smooth muscle cells.

GATA-S transcripts are largely restricted to endocardial ceUs.

Interestingly. the expression of GATA-6 is highly upregulated in GATA-4-deficient

mice. Two lines of evidence indicate that both GATA-5 and GATA-6 can indeed

substitute for sorne of the GATA-4 functions in the heart. First, ail three factors are

potent activators of GATA-dependent cardiac promoters (Durocher et al., 1997),

suggesting that, if required, they could compensate for each other with respect to

the transcription of several cardiac genes. Second, ectopic expression of GATA-4,

GATA-S. or GATA-6 was equally efficient at activating the transcription of eardiac

contractile genes in vivo (Jiang and Evans. 1996). However, as will be presented in

Chapter Il, Chapter III, and Discussion, other data suggest that eaeh GATA factor

fulfills a unique role in heart development. Nonetheless, these results are

consistent with eritieal roles for GATA factors in the differentiation of cardiogenic

cells.

4.1.3.3 Combinatorial interaction between GATA-4 and Nkx2·5

The establishment and maintenance of the cardiac phenotype require the

activation of eardiae-specifie genes in a tightly regulated temporal and spatial

manner. An emerging theme in the tissue-specifie transcriptional regulation of gene

expression is that this process is governed by the combinatorial action of cell

restricted as weil as ubiquitous transcriptional regulators (Charron and Nemer,

1999). As stated previously, studies in P19 ceUs indicated that overexpression of

GATA-4 potentiates cardiogenesis only in "permissive" cellular environments,

suggesting that GATA-4 action requires a co-factor. In many species, the

expression pattern of GATA-4 overlaps with that of Nkx2-S in the heart-forming

region. Interestingly, ectopic expression of Nkx2-S results in enhanced myocyte

recruitment, but is not sufficient to initiate cardiac gene expression or differentiation

(Chen and Fishman, 1996; Cleaver et al., 1996), suggesting that Nkx2-S aets in

concert with other transcription factors to specify the cardiac phenotype. The fact
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that GATA-4 and Nkx2-S, two of the earliest markers of precardiac cells, are

essential for heart formation and that overexpression of either alone cannat initiate

cardiogenesis, yet enhances recruitment and/or differentiation of committed

precursors (Grépin et aL, 1997; Chen and Fishman, 1996; Cleaver et al., 1996),

raised the possibility that these proteins may be mutual co-factors. Because ANF

was the only shawn transcriptional target for bath GATA-4 and Nkx2-S (Grépin et

aL, 1994; Durocher et aL, 1996), it provided a useful tool to investigate potential

functional cooperation between GATA-4 and Nkx2-S. Indeed, it was shown that

GATA-4 and Nkx2-S are mutual co-factors, as co-expression of GATA-4 and Nkx2

S resulted in synergistic activation of the ANF promoter «Durocher et al., 1997);

see the Appendices for a reprint). This molecular interaction may provide

cooperative cross talk between two pathways that are critical for the early events of

cardiogenesis.

4.1.3.4 The GATA-4/Nkx2·5 interaction: a mediator of BMP signaling

Because GATA-4 and Nkx2-S are the earliest markers of the myocardial cell fate,

the identification of the upstream regulators of GATA-4 and Nkx2-S in the

precardiac mesoderm should give important insights on the nature of the inducers

of cardiac fate. Interestingly, BMP2, which is able to specify mesodermal cells to

the cardiac lineage, also induces Nkx2-S and GATA-4 expression in anterior lateral

mesoderm (Schultheiss et aL, 1997). Thus, it is possible that Nkx2-S and GATA-4

are downstream effectors of BMP2 and the functional interaction between these

two factors would be required for cardiomyocyte differentiation. This hypothesis is

consistent with the gain-of-function studies that demonstrated that neither GATA-4

nor Nkx2-S could alone initiate cardiogenesis, although either protein could

potentiate it in committed cells. This functional interaction, which potentiates the

transcriptional activities of both proteins, would be especially important at low

concentrations of GATA-4 and Nkx2-5, a situation that likely occurs in the early

moments of cardiac cell fate induction.

4.1.4 Formation of the heart tube

Commitment of splanchnic mesoderm cells to the cardiogenic Iineage is followed

by their bilatera1 migration to form the two cardiac primordia, which in turn will
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migrate and fuse at the ventral midline to form the primitive cardiac tube (Figure

1.4). The molecular mechanisms underlying these very early morphogenetic

events are not weil understood, although they are linked temporally to the ventral

closure of the embryo. Two genes are known to be required for fusion of the

cardiac primordia: Gata4 in mice and Gata5 in zebrafish (Kuo et aL, 1997;

Molkentin et aL. 1997; Reiter et aL, 1999). As mentioned previously, experiments

using chimeric expression of GATA-4 in the endoderm showed that GATA-4 is

necessary and sufficient to rescue the cardia bifida phenotype, suggesting that

GATA-4 plays an essential raie in the early cross talk between endodermal and

mesodermal layers, which is critical for proper cardiac development.

4.1.5 Heart tube regionalization and looping

As it is forming, the heart tube begins to contract. The first contractions are

peristaltic and subsequently become sequential. Along with the functional

maturation of the heart, specialization of the contractile protein machinery occurs

and chamber-specific contractile genes are detected weil before morphological

evidence of chamber demarcation. The beating heart tube is organized with an

antero-posterior polarity, where the anterior region will become the outflow region

of the mature heart and the posterior region will become the inflow region (Figure

1.5). Thus, specific segments of the heart tube are already fated ta become, from

anterior to posteriori the aortic sac, the conatruncus. the right ventricle, the left

ventricle, the atria, and the sinus venosus of the mature heart. Mechanisms

cantrolling heart tube regionalization are poorly understood. and the timing of atrial

and ventricular specification is presently controversial. Although fate-mapping

studies suggest that atrial and ventricular lineages are specified and separated

during gastrulation, work in chicken and zebrafish suggest that the fate of cardiac

progenitors can be altered - by retinoic acid treatment, for example - within a

specifie window of time, raising the possibility that lineage commitment occurs later

on (Stainier et aL, 1993; Yutzey and Bader, 1995). A homeobox genet Irx4. has

been identified and shown ta be expressed only in ventricular myocytes at ail

stages. making it the only cardiac gene with chamber-specific expression

throughout development. Gain and loss-of-function in chick embryos suggest that
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Figure 1.5. Heart tube looping and cardiae morphogenesis. The beating straight
heart tube (A) undergoes rightward looping (B and C). By 25 hdpe (0), the
atrium and the ventricle are morphologically different and the ventricle is
beginning to thicken by growth of the wall and addition of trabeculae. The
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atrium and the ventricle divide inta right and left chambers (E). (A to 0) The
developing heart from the left side and (E) a frontal view.



Irx4 serves to impose a ventricular phenotype over a default atrial pathway (Bao et

aL, 1999).

As it grows, the linear heart tube undergoes rightward looping, which will ultimately

bring the already fated regions of the linear heart tube into their mature relative

positions. At this stage, the atrial and ventricular chambers start becoming

morphologically identifiable. Subsequent growth and maturation of individual

chambers result in the mature heart. Which extrinsic or intrinsic factors drive

cardiac looping remain to be elucidated. The process clearly depends on a number

of concurrent events, which include proper lineage differentiation and differential

myocyte proliferation as weil as asymmetric signaling.

Laterality signais goveming asymmetric heart looping probably originate from the

asymmetric process of egg fertilization (reviewed in (Harvey, 1998)). A few cell

divisions later, the TGF-p family member Vg1 seems to coordinate the elaboration

of the leftlright axis signaling pathway. According to the current model, Vg1 would

upregulate the expression of a member of the hedgehog family, Sonic hedgehog

(Shh), specifically on the left side of the embryo. Via its receptor, Patched (Pte),

Shh would induce the expression of the TGF-J3 family members nodal and lefty-2,

which are expressed in the caudal region of the forming heart tube, where the tirst

cardiac asymmetries are seen. The homeodomain transcription factor Pitx2 lies

downstream of nodal and lefty-2 and is expressed along the left side of the forming

heart tube, with expression persisting in the left side of the atria and ventricles

during looping. Remarkably, expression of Pitx2 in right-sided cardiac primordia

induces bilaterally symmetrical hearts. These results suggest that the asymmetric

signaling cascade regulating heart morphogenesis converges on Pitx2, the

currently most downstream gene involved in the laterality pathway.

The timing of heart looping also coincides with initiation of the embryonic

circulation, which can also interfere with rotational movements directly or as a

result of alterations in myocyte growth and/or proliferation. Gene inactivation

studies have Iinked two other families of transcription factors to looping

phenotypes.

4.1.5.1 The HAND family
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eHAND and dHAND are two transcription factors of the basic helix-Ioop-helix

(bHLH) family expressed in the precardiac mesoderm (reviewed in (Srivastava,

1999». Later, dHAND is expressed throughout the straight heart tube and

becomes restricted predominantly to the future right ventricle during looping. In

contrast, eHAND expression is restricted to the anterior and posterior regions of

the heart tube, which are fated to become the conotruncus and left ventricle,

respectively. Finally, in the mature heart, dHAND and eHAND display

complementary expression in the right and left ventricles, respectively.

Inactivation of the dHAND gene in mice results in embryonic lethality at the looping

stage (Srivastava et aL, 1997). Interestingly, these mice fail to develop the

segment of the heart tube that will form the right ventricle, consistent with the

predominant expression of dHAND in this segment.

Inactivation of the eHAND gene results in early embryonic lethality due to

placentation defects, making analysis of its role in cardiac morphogenesis

ambiguous (Firulli et aL, 1998; Riley et aL, 1998). Nevertheless, chimeric analysis

(that rescue the placentation defect) suggests that, Iike dHAND, eHAND is also

required ta ensure proper cardiac looping. However, it is not clear whether these

looping defects are due ta an intrinsic effect of the HAND genes on cardiomyocytes

or are due to defects of other structures essential for proper cardiac development,

such as the neural crest, which is defective in dHAND null mice.

4.1.5.2 The MEF2 family

A second family of transcription factors has also been linked to heart looping.

Myocyte enhancer binding factor 2 (MEF2) family members, MEF2A, MEF2B,

MEF2C, and MEF2C, belong ta the MACS [MCM1, agamous, deficiens, and serum

response factor (SRF)] box family of transcription factors (reviewed in (Black and

Oison, 1998» and are enriched in striated myocytes. MEF2 factors activate

transcription through a conserved AT-rich motif found in the promoter of many

skeletal and cardiac muscle genes. MEF2C and MEF2B are the earliest members

expressed in the heart field, where their transcripts are detected shortly after

GATA-4 and Nkx2-S. Later, MEF2A and MEF2D transcripts are also found in the

• developing heart. In Drosophila, the single MEF2 gene is not required for the initial
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specification of cardiac cells as the dorsal vessel forms normally in MEF2 mutants

(Lilly et al., 1995; Bour et aL, 1995; Ranganayakulu et aL, 1995). However,

terminal muscle differentiation is not achieved, as evidenced by the lack of

contractile gene expression in both cardiac and skeletal myocytes. This phenotype,

together with the finding that the MEF2 gene is a downstream transcriptional target

of tinman (Gajewski et aL, 1997), indicates that MEF2 controls late stages of

cardiomyocyte differentiation

Consistent with this conclusion, null mutation of the MEF2C gene in mice results in

developmental arrest at the looping stage (Lin et aL, 1997). However, as these

mice exhibit complex vascular malformations that impair blood circulation and

embryonic growth, it is not clear whether the arrest at the looping stage is due to a

direct effect of the MEF2C mutation on cardiomyocytes or due ta defects in

vascular development. Aiso notable are defects in endocardial development Iikely

due ta reduced myocardial expression of angiopoietin-1 and vascular-endothelial

growth factor (VEGF) (Bi et al., 1999). Other cardiac differentiation markers,

including cardiac a.-actin, a.-MHC, ANF, and myosin Iight-chain 1A (MLC1A), were

also downregulated, indicating that MEF2C is essential for the transcription of a

subset of myocyte genes. 5urprisingly, the promoters of most of these MEF2C

targets contain no or low affinity MEF2 binding sites and they are not significantly

activated by MEF2 proteins in heterologous cells, suggesting a dependence on a

cardiac-enriched cofactor for MEF2 action. In Chapter III, we provide evidence that

MEF2 proteins are recruited to their target gene promoter by physical interaction

with GATA-4 and that this interaction synergistically activates transcription. These

results unravel a novel pathway for transcriptional regulation by MEF2 proteins.

4.1.6 Endocardium and endocardium derivatives development

The endocardium, a cellular layer lining the interior of the heart, has a

developmental origin distinct from the vascular endothelium. During development,

endocardial progenitors are localized at the periphery of the cardiogenic field and

they become surrounded by the two myocardiallayers of the linear tube as the two

cardiac primordia fuse (Figure 1.4) (Lee et aL, 1994; Sugi and Markwald, 1996).

The cellular and molecular mechanisms of endocardial differentiation are unclear,
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and the transcription factors involved in this process are only beginning ta be

defined. In the heart, two transcription factors, NF-ATc and GATA-S, are restricted

to endocardial cells. As described in the next section, gene inactivation studies

have implicated NF-ATc in valve formation, a specialized function of the endocard

during development. Loss-of-function studies in an in vitro culture model revealed

an essential role for GATA-S in endocarclial differentiation that could not be

compensated by GATA-4 or GATA-6 (G. Nemer and M. Nemer, unpublished data).

ln addition, GATA-5 preferentially transactivates the promoter of endocard-specific

genes, such as endothelin-1 (Nemer et aL, 1999). These results support a crucial

role for GATA-5 in endocardial differentiation and gene expression.

4.1.6.1 Valve formation and heart septation

The endocardium is essential for the generation of heart valves and membranous

septa. Cardiac cushions, which consist of localized 5wellings in the cardiac jelly,

are the primordia for the valves and septa. During development, endocardial cells

undergo an epithelial to mesenchymal transformation while migrating to the

cushions and proliferating there. Migration of the endocardial ceUs occurs in

response to secreted molecules. Many evidence support a role for the TGF-p

family members TGF-p1, TGF-p2, and TGF-p3 in this process. Consistent with a

role for the TGF-p signaling pathway in the migration of endocardial cells to

cushions, it was shown that the type III TGF-p receptor is essential for endocardial

cell transformation and migration (Brown et aL, 1999).

Atrioventricular (AV) canal cushions, which appear as a constriction between

ventricular and atrial chambers of the looping heart, expand and fuse in the midline

to partition the AV canal into right and left sides. The orifices will ultimately become

the tricuspid and mitral valves that connect the septated atrial and ventricular

chambers. The formation of the outflow tract valves contains many similarities to

that of the AV canal formation; however, in this case, they arise from outflow tract

cushions and further develop into the aortic and pulmonary valves (Eisenberg and

Markwald, 1995).

Interatrial and interventricular septa, which divide the atria and the ventricle into

right and left chambers, have multiple origins. A cardiac muscle wall is tirst
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elaborated between the left and right sides of the atria and ventricles. Then,

portions of the interatrial and interventricular septa arise from growth of the

endocardial cushions toward the anterior and posterior directions of the looped

heart, respectively. Many transcription factors have been shown to be involved in

septation and myocardial growth. Mice homozygous for a null mutation in genes

encoding the retinoic acid X receptor a. (RXRa.), N-myc, TEF1, Wilms tumor (WT1 ),

and neurofibromatosis (NF1) display ventricular septal defects and ventricular wall

hypoplasia (reviewed in (Rossant, 1996)). However, in most cases, the precise role

of these transcription factors in cardiac development and their transcriptional

targets remain to be determined.

4.1.6.1.1 The NF·AT family

NF-ATc, a member of the NF-AT family, has been shown to play a crucial role in

valvular and septal development. During early development, NF-ATc expression is

restricted to the endocardium, with higher expression in the endocardium of the AV

canal and the outflow tract (de la Pompa et aL, 1998; Ranger et al., 1998).

Interestingly, inactivation of the NF-ATc gene in mice completely prevents

formation of the pulmonary and aortic valves. Moreover, the interventricular septum

and the tricuspid and mitral valves are defective in these mice. Remarkably, these

defects correlate with regions that express higher levels of NF-ATc. Given that

another member of the NF-AT family, NF-AT3, is known ta interact with the GATA

family members GATA-4, GATA-5, and GATA-6, it is tempting to speculate that the

only two known endocardium-specific transcription factors, NF-ATc and GATA-5,

may cooperate in endocardial differentiation and/or valve formation.

4.1.7 Pericardium development

The pericardium is the outer layer of the heart and contributes to form the vascular

and connective tissues within the heart. The pericardium originates from a

population of cells near the sinus venosus that migrates in a posteroanterior

fashion ta coyer the developing heart and penetrates inta the ventricular chamber

walls to farm the vessels of the coronary arteries. The epicardial a4-integrin and

the myocardial VCAM-1 cell adhesion molecules are both required for adhesion of

the pericardium to the myocardium (Kwee et aL, 1995; Yang et aL, 1995; Gurtner

45



et aL, 1995). Transcription factors expressed and/or involved in the differentiation

of the pericardium remain unknown. Analysis of the promoter regulatory elements

specifying the epicardial expression of the a4-integrin gene could give insights into

the mechanisms involved in epicardial cell development.

4.2 Transcription factors involved in hypertrophie eardiac 9rowth

4.2.1 The calcineurin/NF-AT pathway

Soon after birth, cardiomyocytes lose their ability to proliferate and respond to

growth stimulation by increasing their size, but not their number, a process known

as cardiac hypertrophy. This process is characterized by cytoskeletal remodeling

and the re-induction of a fetal genetic program, where many genes that were

downregulated postnatally are re-induced. In vitro, many hypertrophie stimuli, such

as endothelin-1 (Et-1), angiotensin Il, the a-adrenergic agonist phenylephrine

(Phe), stretch, and others, are able to induce cytoskeletal remodeling and the re

induction of the fetal genetic program in isolated cardiomyocytes. However, the

nuclear events that they trigger ta genetically reprogram the heart and establish

cardiomyocyte hypertrophy are still unclear. Pharmacological manipulations have

implicated many signal transduction pathways in cardiomyocyte hypertrophy;

however, the transcriptional downstream effectors of most of them have not yet

been identified clearly. One exception to this is the calcineurin/NF-AT signaling

pathway, where it was shown that NF-AT3, a downstream effector of calcineurin

(discussed earlier), is able to interact and cooperate with GATA-4 to activate

cardiac gene expression in a Ca++-dependent manner (Molkentin et aL, 1998).

Moreover, overexpression of an activated calcineurin or its effector NF-AT3 has

been shown to induce cardiac hypertrophy in transgenic mice. Of note, in this

model, cardiac hypertrophy induced by activated calcineurin was inhibited by the

calcineurin inhibitor cyclosporin. Cyclosporin was also shown to prevent the

development of cardiac hypertrophy in transgenic mice harboring cardiac-specific

overexpression of a variety of mutant sarcomeric proteins (Sussman et aL, 1998).

However, cyclosporin is not able ta inhibit the induction of hypertrophy in

conventional genetic (spontaneously hypertensive rats; SHR) and hemodynamic

overload (aortic banding) rodent models of cardiac hypertrophy (reviewed in
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(Walsh, 1999». These results raise the question of whether the calcineurin/NF-AT

signaling pathway is involved in only a subset of cardiac hypertrophy.

4.3 Transcription Factors and Congenital Heart Oiseases

The most common types of congenital heart diseases (CHO) are those related to

incomplete septation of the atria, ventricles, or AV canal. Mutations in the genes

coding for two transcription factors, Tbx5 and Nkx2-5, have been identified in

families with a high incidence of atrial or ventricular septal defects. Dominant

mutations of the TbxS gene, a T..box transcription factor, cause the Holt..Oram

syndrome, which is characterized by a developmental disorder affecting the heart

and the upper limbs (Li et al., 1997; Basson et al., 1997). The most frequent

cardiac abnormalities found in these patients are atrial and/or ventricular septal

defects and conduction defects. These abnormalities correlate with the expression

of Tbx5 in the heart and limbs during development. Most of the mutations identified

in the TbxS gene result in premature stop codons, preventing synthesis of the full..

length protein.

Dominant mutations in the Nkx2..5 gene were shown to be linked to septal defects

and AV conduction abnormalities in four different families (Schott et al., 1998). The

three mutations identified are predicted to affect DNA-binding and two of them

result in truncated proteins.

AV canal, atrial, and septal defects are also present in 60% of patients with

deletions or inverted duplications of chromosome 8p23.1. Haploinsufficiency of the

Gata4 gene has been reported in most patients with CHD associated with 8p23.1

monosomy (Pehlivan et al., 1999).

The dHAND transcription factor may also be involved indirectly in a different type of

CHD, the DiGeorge syndrome. The most common cardiac defects presented by

DiGeorge syndrome patients are conotruncal defeets (persistent truncus

arteriosus) and interruption of the aortie arch, which are both due to neural crest

defects. More than 80%» of affected individuals have mierodeletions of chromosome

22q11, suggesting that one or more genes regulating neural crest cells may map to

this region. Accordingly, many efforts have been directed at identitying the gene(s)

localized in that region that could be responsible for the DiGeorge syndrome,
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without suceess. However, based on the idea that dHAND is required for the

survival of cells of neural crest-derived branchial and aortie arch arteries, but does

not itself map to 22q11, it was hypothesized that dHAND could regulate the

expression of a gene involved in the DiGeorge syndrome and mapping to

chromosome 22q11. Indeed, a screen for dHAND targets led to the cloning of the

Ufd1 genet a mouse homologue of a yeast gene involved in the degradation of

ubiquitinated proteins and which maps to 22q11 (Yamagishi et al., 1999).

Interestingly, Ufd1 is expressed in virtually ail tissues affected in the DiGeorge

syndrome, making it a good gene candidate for the DiGeorge syndrome.

4.4Summary

Remarkable progress has been achieved in the identification of genes involved in

heart development. NK2 and GATA transcription factor families, and more

specifically Nkx2-S and GATA-4, appear to play critical roles in heart field

generation and cardiomyocyte differentiation. Later, fusion of the two cardiac

primordia at the ventral midline to form the heart tube requires GATA-4. Although

two transcription factor families, the HAND and the MEF2 families, have been

linked to heart tube looping, it is not known whether they exert a direct intrinsic

effect on cardiomyocytes or whether the developmental arrest observed at the

looping stage in mice deficient for these genes is due to a defect in another tissue

essential far proper heart development. However, a member of the homeodamain

transcription factor family, Pitx2, has been shown to directly regulate asymmetric

heart morphagenesis, althaugh its raie in cardiomyocytes remains undefined.

Shortly after the initiation af cardiac looping, the cardiac valves and septa, which

originate fram endocardial cells, begin to form. NF-ATc, a member of the Rel-family

of transcription factors that is specifically expressed in endocardial cells, is

essential far valve formation and heart septation. Hawever, the genes involved in

the development af the two other layers of the heart, the endocard and the

pericard, are still unknown.

The combinatorial regulation of gene expression is clearly emerging as a paradigm

for cardiac-specific gene expression under normal and pathological cardiac

conditions. The best-characterized example of cardiac combinatorial gene
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regulation is the functional and physical interaction of Nkx2-S and GATA-4, which

could be important in mediating the cardiac-inducing activity of BMP2. In sorne

pathological cardiac conditions, the calcineurin/NF-AT pathway appears to be

involved in the regulation of cardiac gene expression; its effects may be exerted via

interaction with GATA-4. As will be presented in Chapter IV and in the Discussion,

other lines of evidence are also consistent with a role for GATA factors in cardiac

hypertrophy.

Finally, the identification of mutations or haploinsufficiency in the transcription

factors Nkx2-5, TbxS, or GATA-4 in patients with congenital heart defects suggests

that further investigation of the role of these transcription factors could benefit our

understanding of the causes of cardiac abnormalities greatly.

5 HYPOTHESIS AND OBJECTIVES Of THIS WORK

As depicted in this introduction, the study of cardiac transcription is a useful means

to understand how cardiogenesis and cardiac homeostasis are controlled. This, in

turn, will help us understand the profound genetic and cellular changes that are

associated with cardiac diseases.

The study of cardiac-specific gene transcription led our laboratory to the cloning of

two cardiac transcription factors: GATA-4 and GATA-6. These two transcription

factors are the only GATA factors expressed in postnatal cardiomyocytes. Given

the embryonic lethality of GATA-4 and GATA-6 null mice, the postnatal role of

these transcription factors in cardiomyocytes remained unknown. Thus, the tirst

objective of my doctoral work was to elucidate the role of GATA-4 and GATA-6

in postnatal cardiomyocytes. We reasoned that the identification of GATA-4 and

GATA-6 target genes would help to elucidate their functions. Indeed, this work

established that GATA-4 and GATA-6 are required for the maintenance of cardiac

gene expression and that GATA-4 and GATA-6 differentially regulate target genes

(see Chapter Il). This led me to the second objective of my doctoral work, which

was to determine the molecular basis for GA'fA factor specificity. and allowed

us to show that target gene specificity is due, at least in part, to GATA-4 and

GATA-6 differential DNA-binding affinity.
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ln addition to differential DNA-binding affinity, GATA factors acquire specificity by

differential interaction with cofactors. The only example reported yet is the

cooperative interaction between Nkx2-5 and GATA-4, but not GATA-6 (Durocher et

aL, 1997). In Chapter III, we show that functional specificity is also imparted to

GATA factors by their differential capacity to recruit and synergize with MEF2

cofactors. In addition, the recruitment of MEF2 proteins by GATA factors describes

a novel pathway for transcriptional regulation by MEF2 factors and will be relevant

to help to understand the mechanisms underlying cardiac gene transcription and

development. More globally, this interaction provides a molecular paradigm for

elucidating the mechanisms of action of MEF2 proteins in many tissues.

The third objective of my doctoral work was to characterize the raie and

regulation of GATA-4 in cardiomyocyte sarcomere formation. Sarcomeres are

contractile units that consist of highly organized aclin and myosin filaments. Many

studies, including ours, have established a crucial role for GATA-4 in the regulation

of the expression of the contractile actin and myosin protein genes in

cardiomyocytes, suggesting that GATA-4 might play a role in cardiomyocyte

sarcomere formation. Indeed, we found that overexpression of GATA-4 in

cardiomyocytes induces sarcomere formation. Conversely, inhibiting GATA-4

expression blocked the sarcomere-inducing activity of hypertrophie stimuli, such as

endothelin-1 (Et-1) and phenylephrine (Phe). These results are very similar to the

effect of the small GTPase RhoA in cardiomyocytes and suggested that RhoA and

GATA-4 may function in the same signaling pathway. Accordingly, we find that

RhoA potentiates GATA-4 transcriptional activity. These results identify for the first

time a signaling pathway converging on a transcription factor to control sarcomere

reorganization and suggest that RhoA, in addition ta its direct effect on myofibrillar

assembly, also regulates the expression of sarcomeric proteins and sarcomere

reorganization by inducing the transcriptional activity of GATA-4, thereby linking

the regulation of transcription by RhoA and its effects on the cytoskeleton.

Thus, the main goal of my doctoral work was to characterize the roles,

mechanisms of specificity, and regulation of GATA transcription factors in the

heart. A better understanding of the molecular basis for the role of the GATA
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proteins and their cotactors will help to understand how they regulate various steps

of cardiac development and homeostasis. More globallyt the information obtained

trom the study of GATA transcription factors in the heart will likely help to

understand the molecular mechanisms underlying the function of GATA factors in

other tissues.
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Frédéric Charron, Pierre Paradis, Odile Bronchain, Georges Nemer,
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Published in Molecular& CellularBiology, Vol 19(6):4355-4365 (1999).

FOREWORD

Given the embryonic lethality of GATA-4 and GATA-6 null mice, the postnatal role

of these transcription factors in cardiomyocytes remained unknown. Thus, one of

the objectives of my doctoral work was to elucidate the role of GATA-4 and GATA

6 in postnatal cardiomyocytes. Since we reasoned that the identification of GATA-4

and GATA-6 target genes would help to elucidate their exact functions, we

developed an adenovirus-mediated antisense strategy to specifically inhibit GATA

4 and GATA-6 protein production in postnatal cardiomyocytes and assessed their

effect on cardiac gene expression. This work established that GATA-4 and GATA-6

are required for the maintenance of cardiac gene expression. Importantly, this work

also showed that GATA-4 and GATA-6 differentially regulate target genes and that

this specificity is due, at least in part, to their differential DNA-binding affinity.
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AB5TRACT
Two members of the GATA family of transcription factors, GATA-4 and

GATA-6, are expressed in the developing and postnatal myocardium and are bath

equally potent transactivators of several cardiac promoters. However, several in

vitro and in vivo lines of evidence suggest distinct roles for the two factors in the

heart. Since identification of the endogenous downstream targets of GATA factors

would greatly help to elucidate their exact functions, we have developed an

adenovirus-mediated antisense strategy to speeifically inhibit GATA-4 and GATA-6

protein production in postnatal cardiomyocytes. Expression of several endogenous

cardiac genes was significantly downregulated in cells lacking GATA-4 or -6

indieating that these factors are required for the maintenance of the cardiac genetic

program. Interestingly, transcription of sorne genes Iike a- and I3-MHC was

preferentially regulated by GATA-4 due, in part, ta higher affinity of GATA-4 for

their promoter GATA element. However, transcription of several other genes

including ANF and BNP was similarly down-regulated in cardiomyocytes lacking

one or bath GATA factors, suggesting that GATA-4 and -6 could aet through the

same transcriptional pathway. Consistent with this, GATA-4 and -6 were found to

co-Iocalize in postnatal cardiomyoeytes and ta interact functionally and physically

to provide cooperative activation of the ANF and BNP promoters. The results

identity for the tirst time bona fide in vivo targets for GATA-4 and GATA-6 in the

myocardium. The data also show that GATA factors act in concert to regulate

distinct subsets of genes suggesting that combinatorial interactions among GATA

factors may differentially control various cellular processes.
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INTRODUCTION

The vertebrate GATA transcription factors share a highly conserved domain

composed of two zinc fingers (39). This domain is responsible for specifie binding

to a consensus WGATAR element. Based on sequence homology and tissue

distribution, the vertebrate GATA family can be divided in two subgroups. The tirst

subgroup is composed of GATA-1, -2, and -3. These three GATA factors are

expressed in the hematopoietic system and are essential for normal hematopoiesis

(36;37;39;40;44). The second subgroup is composed of GATA-4, -5, and -6 which

are differentially expressed in the heart and gut (26). Within the heart, GATA-S is

restricted to the endocardium (22) whereas GATA-4 and -6 are expressed in the

developing and postnatal myocardium (14;18;21 ;33).

Several lines of evidence have implicated GATA-4 in diverse developmental

processes including survival, differentiation, and/or migration of cardiomyocyte

precursors. For example, in vitro experiments using embryonic stem cells showed

that GATA-4 is essential for survival of cardioblasts and terminal cardiomyocyte

differentiation (15;16). In vivo, inactivation of the GATA-4 gene is embryonic lethal

at day 9.5 post-coitum (dpc) due to failure of the GATA-4 null mice to develop a

primitive heart tube (25;31). Unfortunately, the requirement for GATA-4 at early

stages of heart development has precluded analysis of its role in the postnatal

myocardium either in vitro or in vivo. Nevertheless, two lines of evidence suggest

that GATA-4 may play a critical role in postnatal cardiac transcription: GATA

elements were found to be essential for activation of sorne cardiac promoters in

adult myocardium (17;19;28;30) and GATA-4 was shown to functionally and

physically interact with NFAT-3 which would implicate it as a mediator of the

calcineurin-dependent hypertrophie process in the myocardium (32).

Analysis of GATA-6 in the myocardium have so far been more limited but

the available data are consistent with a role for GATA-6 in myocardial development

and gene expression. Thus, axis disruption experiments in Xenopus showed that

transcription of GATA-S, much like GATA-4 and -S, correlates with specification of

cardiac progenitors and ectopic expression of either of those factors activate the n

myosin heavy chain (a.-MHC) and the cardiac a.-actin (c. a-actin) genes (21).
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Moreover, co-transfection experiments in heterologous cells showed that GATA-6

is as patent as GATA-4 in transactivating cardiac genes harboring GATA elements

in their promoter, like cardiac troponin C (cTnC) and atrial natriuretic factor (ANF)

(9;33). Interestingly, Gove et al. have reported that, in Xenopus embryos, GATA-6

over-expression blocks differentiation and stimulate proliferation of heart

precursors (12). Recently, the inactivation of the GATA-6 gene in mice was

reported to be embryonic lethal at 7.5 dpc, precluding analysis of its role in the

heart (34). Finally, the inability of GATA-6 to compensate for GATA-4 in the

GATA-4 null mice suggest that GATA-4 and GATA...6 would be playing different

roles in vivo.

The molecular basis for the differential roles of GATA-4 and -6 in the

myocardium remain largely unknown, but could occur via at least three non

exclusive mechanisms: differential expression of GATA4 and GATA-6 in subsets

of cardiomyocytes, differential affinity of GATA factors for GATA elements and

therefore different in vivo target genes, or differential interaction of GATA-4 and ...6

with co-factors. Support for this latter possibility was recently provided by

Durocher et al., who showed functional and physical interaction between GATA-4,

but not GATA-6, and the cardiac homeodomain protein Nkx2-S (9;10). However,

the relative affinities of GATA-4 and -6 for theïr DNA binding sites have not been

determined and whether GATA-4 and -6 localize differentially in the heart and

target distinct genes is presently unknown.

ln order to address these issues, we have developed antibodies specifie for

the different cardiac GATA factors and analyzed at the cellular level the localization

of GATA-4 and ...6 in the myocardium. We also developed an adenovirus-mediated

antisense strategy to specifically inhibit GATA-4 and GATA-6 protein production in

neonatal cardiomyocytes and assess its effect on cardiac gene expression. The

results indicate that several endogenous cardiac genes, including atrial natriuretic

factor (ANF), B-type natriuretic peptide (BNP), a-myosin heavy chain (a-MHC), p

myosin heavy chain (P-MHC), cardiac troponin 1 (eTnl), and the platelet-derived

growth factor receptor p (PDGFRP), are down-regulated in cardiomyocytes lacking

either GATA-4 or GATA-6, suggesting that these genes are bona fide targets for
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both GATA-4 and GATA-6. Interestingly, the (1- and J3-MHC genes are preferential

targets for GATA-4 likely due to the higher affinity of GATA-4 for their promoter

GATA element. Remarkably, GATA-4 and GATA-6 co-Iocalize in postnatal

cardiomyocytes and interact functionally and physically to provide cooperative

activation of the ANF and BNP promoters. These results suggest that GATA

factors are involved in the maintenance of the cardiac phenotype and that

expression of cardiac genes is controlled by combinatorial interactions of the

different GATA proteins.

MATERIALS AND METHODS

Plasmids and Adenoviral Vectors. The recombinant replication-deficient

adenovirus type 5 (Ad5) expressing antisenses directed specifically toward GATA

4 or -6 were generated using the cloning system developed and generously

provided by F.L. Graham (29). Briefly, a 358 bp EcoRI/Hindili fragment encoding

the extreme N-terminal portion of rat GATA-4 and a 359 bp Xbal/Stul fragment

from the 5'·untranslated region (UTR) of rat GATA-6 were subcloned respectively

into HindlillEcoRI and EcoRV/Xba1 between left-end adenoviral sequences in Ad5

shuttle vector pâE1sp1 B/CMV/BGH, a plasmid generously provided by B.A.

French (1). This plasmid was constructed by inserting the 1276 bp BgnllPvuli

fragment (containing the CMV lE promoter, polylinker, and bovine growth hormone

polyadenylation signal) from pcDNA3 (Invitrogen Corp., San Diego, CA) between

the Bgnl/Klenow-blunted CIal sites of the polylinker in Ad5 shuttle vector pâE1 sp1 B

(6). Each shuttle vector was co-transfected into 293 embryonic kidney cell line with

pJM17 that contains a circularized d1309 adenoviral genome to generate replication

deficient viruses with substitution of the Ad5 E1 genes for the antisense GATA-4 or

GATA-6 sequences (AS4 and AS6). The virus Ad5/CMV/nls-LacZ carrying an

expression cassette in which the CMV lE promoter transcribes sequences

encoding the SV40 large T-antigen nucfear localization signal fused ta the E. coli

laeZ reporter gene was used as control (Ctl, a generous gift from B.A. French) (11).

Putative Ad5 clones were plaque-purified, screened for antisense inserts,
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propagated, isolated. and tittered according to the protocol of Graham and Prevec

(13), to produce viral stocks with titers > 2 x 109 PFU/ml.

Wild-type rat ANF and BNP reporter plasmids and wild-type rat GATA-4

expression vector (pCG-GATA-4) were described previously (14). The various

deletions or mutations of the ANF promoter and GATA-4 cDNA were performed by

PCR or by the Altered Sites in vitro mutagenesis system (Promega Corp.,

Madison, WI) as described by the manufacturer. The polyhistidine-tagged GATA-4

constructs used for in vitro transcription and translation were generated by

insertion of the Xbal-BamHI fragment of the corresponding pCG-GATA-4 construct

into the Nhel-BamHI or Nhel-Bgnt sites of pRSETA (Invitrogen Corp.). The rat

GATA-6 cDNA was cloned by PCR and sub-cloned into the pcDNA3 expression

vector. Ali constructs were confirmed by sequencing.

Neonatal cardiomyocyte preparation, infection, and transfection.

Primary cultures of cardiac myocytes were prepared from 4-day-old Sprague

Dawley rats with smail modifications to previously described methods (4).

Essentially, ventricles and atria of -60 to 72 hearts were digested four to five times,

15 min each, in Joklik's modified Eagle's medium (Canadian Life Technologies

Inc.). containing 18 mM HEPES (pH 7.4), 0.1 0!cJ collagenase (-250 units/ml,

Worthington Biochemical Corp.), and 5 IJg/ml of DNase 1 (-2000 units/mg,

Boehringer Mannheim Canada). The enzymatic digestion was stopped with fetal

bovine serum (FBS, Qualified grade, Canadian Lite Technologies Inc.), and the

undigested tissue removed by filtration through a nylon mesh (pore size 100 tJm).

Cardiomyocytes were purified by three pre-plating of 20 min each ta remove

residual non-myocytes by differential adhesiveness, then plated at a density of 0.5

x 106 cells/35...mm dish (Primeria, Falcon) and cultured 16 to 24 h in Dulbecco's

modified Eagle's medium (DMEM, Canadian Life Technologies Inc.) containing 10

% FBS. The following day, the media was changed for serum-free hormonally

defined medium (SFHO) as previously described (4).

Transfections were carried out using calcium phosphate precipitation 24 h

after plating. For basal ANF promoter activity, cardiomyocytes were transfected

with 6 JlQ of a wild-type or mutant ANF-Iuciferase reporter. At 36 h post-

57



transfection, cells were harvested and luciferase activity was assayed using a

Berthold LB 953luminometer.

Seriai dilutions of recombinant Ad5 (Ctl, AS4, or ASS) were prepared in

OptiMEMI (Canadian Life Technologies Inc.). Cardiomyocytes were exposed to

200 IJL of OptiMEMI containing 0.5 x 106,2 X 106, or 8 x 106 PFU of recombinant

Ad5 for 30 min at 25°C and 2 ml of SFHD was added to each petri. The medium

was changed 16 h later with fresh SFHD. The cells were kept for 3 to 5 days with

the medium changed every 24 h with fresh SFHD. Just before changing, aliquots

of the medium were taken for ANF concentration determination.

p-Galactosidase detection. One day after infection, cardiomyocytes were

fixed in 0.5 Ok glutaraldehyde-phosphate buffered saline (PBS) for 10 min, washed

twice 30 min with PBS containing 0.02 % NP-40 and stained with 5 mM ~Fe(CN)6,

5 mM K3Fe(CN)6' 2 mM MgCI2, 1 mg/ml of 5-bromo-4-chloro-3-indolyl-P-D

galactopyranoside (X-gal, Boehringer Mannheim Corp.), 0.01 Ok deoxycholic acid

and 0.02 % NP-40 in PBS for 1 to 2 h at 25°C in the dark. The stained

cardiomyocytes were washed with PBS and 2 ml of 70 °k glycerol was added to

each petri. The stained cells were kept at 4°C until photographed.

RNA extraction and Northern blots. Total RNA was isolated tram

cardiomyocytes by the guanidium thiocyanate-phenol-chloroform method as

previously described (3). RNA was denatured with formaldehyde and formamide,

size-fractionated on a 1.2 °k agarose gel as previously described and transferred to

a nylon membranes (MSI, Westborough, MA) by capillary blotting with 20 x SSC

and cross-linked to the membrane with the UV Stratalinker 2400 (120 mjoules,

Stratagene). Blats were hybridized with random prime-Iabeled rat cDNA probes for

GATA-4, GATA-S, ANF, and GAPDH. The GATA-4 and -6 cDNA fragments are

the same used ta generate the AS4 and ASS adenoviruses. The ANF cDNA was

described (5) and the GAPDH cDNA was generously provided by Dr. P. Jolicoeur.

Blots were exposed in Phosphorlmager cassette and analyzed with ImageQuant

(Molecular Dynamics).

Cell cultures and transfections. Hela or L cells were grown in DMEM

supplemented with 10°J'o FBS. Transfections were carried out using calcium
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phosphate precipitation 24 h after plating. For over-expressions, 800 000 l cells

were plated per 100 mm petri dish and transfected with 40 Jlg of pCG, pCG-GATA

4, pCG-GATA-4 mutants, or pCDNA3-GATA-6 expression vector. At 36 h post

transfection, cells were harvested and nuclear extracts were prepared as

previously described (14). Nuclear extract protein concentrations were quantitated

by the Bradford assay (Bio-Rad Laboratories, Hercules, CA).

For ANF promoter transactivation assays, 100 000 Hela cells were plated

per 35 mm petri dish and transfected with 3 J.1g of ANF-Iuciferase reporter plasmid

and 1 J.1g of GATA expression vector. For synergy, 200 ng of GATA-6 and 200 ng

of wild-type or mutant GATA-4 expression vectors were used. The total amount of

DNA was kept constant at 4 f.1g. At 36 h post-transfection, cells were harvested and

luciferase activity was assayed.

Electrophoretic mobility shift assays (EMSAs). Binding reactions were

performed in 20-,.11 reaetion mixtures containing 3 J.1g of nuclear extracts from L

cells over-expressing GATA-4 or GATA-6 in a buffer containing 12 mM HEPES (pH

7.9), 5 mM MgCI2, 60 mM KCI, 4 mM Tris-HCI (pH 7.9), 0.6 mM EDTA, 0.6 mM

DTT, 0.5 mg/ml BSA, 1 J.1g poly(dldC), 12°J'o glycerol, 20 000 cpm of radio-Iabeled

double-stranded -120 bp ANF GATA probe, and increasing amount of the

appropriate unlabeled competitor for 20 min at room temperature. Reactions were

then loaded on a 4% polyacrylamide gel, and run at 200V at room temperature in

0.25X TBE. The gel was then dried and exposed to a Phosphorlmager (Molecular

Dynamics) cassette for quantitative analysis. Relative bindings were quantitated

and plotted as a function of the unlabeled competitor amount. Probes used were,

from 5' to 3' (only the coding strand is shown), rat ANF -120 (proximal)

GATCTCGCTGGACTGATAACTTTAAAAGG, rat ANF -120mut

TGACAAGCTTCGCTGGACTCCTAACTTTAAAAG, rat ANF -280 (distal)

GATCTCCCAGGA AGATAACCAAGGACTCG, and rat D-MHC -265 bp

GATCCTCCTCTATCTGCCCATCA, where the WGATAR consensus are

underlined and the mutations are highlighted in bold.

For DNA-binding affinity measurement, EMSAs were performed in the

conditions mentioned above, but using an increasing amount of radio-Iabeled ANF
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proximal or distal GATA probe with a constant amount (3 J.1g) of nuclear extracts

from L cells over-expressing GATA-4 or GATA-6. Scatchard analysis was then

performed on the binding data by plotting the bound/free DNA ratio in function of

the bound DNA. The resulting dissociation constant (Kd) was calculated using

Microsoft Excel.

Western blots. Three days after infection, cardiomyocytes were harvested

and nuclear extracts were prepared. 20 J.1g of cardiomyocyte nuclear extracts and

2 J.lg of GATA-4 or GATA-6 over-expressing L cell nuclear extracts were boiled in

Laemmli buffer and resolved by SOS-PAGE. Proteins were transferred on

Hybond-PVDF membrane and immunoblotted using the Renaissance

chemiluminescence system (NEN Life Sciences, Boston, MA) as described by the

manufacturer. Goat GATA-4 supershift antibody (Santa Cruz Biotechnology, Santa

Cruz, CA) was used at a dilution of 1/1000 and was revealed with an anti-goat

horseradish peroxydase antibody (Sigma, St-Louis, MO) at a dilution of 1/100000.

The GATA-6 antibody was made in rabbits by injection of a GATA-6 specifie

peptide linked to keyhole limpet hemocyanin (KLH) as described (2). The purified

GATA-6 antibody was used at a dilution of 1/1000 and was revealed with an anti

rabbit horseradish peroxydase antibody (Sigma, St-Louis, MO) at a dilution of

1/100000.

Radio-immunoassays (RIA). Immunoreactive ANF (irANF) concentration

was determined in the cardiomyocyte culture medium by RIA as previously

described (3).

Pull-down assays. Polyhistidine-tagged GATA-4 and wild-type GATA-6

were in vitro co-transcribed and co-translated in presence of radio-Iabeled

methionine according to the manufacturer"s protocol (TNT reticulocyte Iysate kit;

Promega Corp.). The proteins were then allowed to interact at 4°C with agitation in

400 J.11 of binding buffer [150 mM NaCI, 50 mM Tris-CI (pH 7.5), 0.3% Nonidet P-40,

10 mM ZnCI2, 1 mM dithiothreitol, 0.25% BSA] as described (9). After 2 hours, 50

J.l1 of nickel resin (ProBond resin; Invitragen Corp.) was added to the reaction and

incubated further for 2 h at 4°C. The resin was then washed 3 times with binding

butter and twice with binding butter minus BSA. Interacting proteins were resolved
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by 15°k SOS-PAGE. The gel was dried and exposed to a Phosphorlmager

cassette.

Cross-linking. Cardiomyocyte whole-cell extracts were prepared in RIPA

buffer (PBS, 1% NP40, 0.5% sodium deoxycholate, 0.1 % SOS, and a cocktail of

protease inhibitors) by repeated aspiration through a syringe needle, followed by

centrifugation to pellet cellular debris. The supernatant was then incubated on ice

for increasing amount of time in presence of 0.02% glutaraldehyde and the

reaction was blocked by the addition of 1 M glycine (pH 7.6). To reduce non

specifie binding, the cellular extracts were pre-incubated at 4°C for 30 min with 1

Jlg of normal goat serum and 20 JlI of protein AlG PLUS-Agarose (Santa Cruz

Biotechnology, Santa Cruz, CA). GATA-4/GATA-6 complexes were

immunoprecipitated at 4°C ovemight with agitation using 1 JlI of anti-GATA-4

antibody (Santa Cruz Biotechnology, Santa Cruz, CA) and 20 J-li of protein AlG

PLUS-Agarose. Subsequently, the immunoprecipitates were washed four times in

RIPA, resolved by SOS-PAGE, and transferred to a PVOF membrane. The

presence of the GATA-4/GATA-6 complexes was revealed by Western blotting

using an anti-GATA-6 antibody.

Immunofluorescence. Paraformaldehyde-fixed heart sections from

neonatal mice were processed for immunofluorescence as described (41). The

GATA-4 antibody was used at a dilution of 1/500 and was revealed with a

biotinylated anti-goat antibody (1/200; Vector Laboratories Inc., Burlingame, CA)

followed by avidin-rhodamine (1/200; Vector Laboratories Inc.). The purified

GATA-6 antibody was used at a dilution of 1/50 and was revealed with an anti

rabbit-FITC antibody (1/200; Sigma, St-Louis, MO).

RESULTS

ln vivo target genes for GATA'" and GATA-6 in postnatal atrial and

ventricular cardiomyocytes. In order to analyze the consequence of inhibiting

GATA-4 or GATA-6 expression on endogenous myocardial gene expression, we

used adenovirus-mediated gene delivery of antisense to cardiomyocytes in primary

culture. For this, we initially determined the dose of adenovirus that would
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efficiently infect ventricular cardiomyocytes isolated from 4-day neonatal rats using

a replication-deficient adenovirus expressing a lacZ gene fused to a nuclear

localization signal (Ctl adenovirus). At a multiplicity of infection (MOI) of 1, ail the

cardiomyocytes showed p-galactosidase activity (blue staining) in the nucleus with

staining intensity increasing in a dose-dependent manner up to a MOI of 16 (Fig.

2.18-0). No staining was observed in mock-infected cardiomyocytes (Fig. 2.1 A).

Similar results were obtained with atrial neonatal cardiomyocytes (data not shown).

Higher dose of the Ctl adenovirus lead to cytotoxicity (data not shawn). Thus, a

MOI ranging from 1 to 16, which achieves efficient infection without any apparent

cytotoxicity (Fig. 2.1A-D), was used in subsequent experiments.

ln order to specifically inhibit GATA4 or GATA-6 protein production,

replication-deficient adenoviruses expressing an antisense directed specifically

toward GATA4 or GATA-6 were generated. A 358 bp fragment from the extreme

N-terminal portion of GATA-4 was used for the antisense GATA-4 adenovirus

(AS4) production (Fig. 2.2A). For the antisense GATA-6 adenovirus (AS6), a 359

bp fragment from the 5'-untranslated region (UTR) was used. These regions were

chosen because of their low overall homology with other GATA factors and, as

shown in Fig. 2.28, the DNA fragments used to generate the AS4 and AS6 show

no cross-hybridization with each other mRNAs.

Ventricular neonatal cardiomyocytes were infected at a MOI of 1, 4, and 16

with Ctl, AS4, and AS6 and RNA was isolated 3 days post-infection. Northem blot

analysis showed that bath antisense transgenes were efficiently expressed in a

dose-dependent manner, to a level exceeding 100-fold that of endogenous GATA

4 or -6 (Fig. 2.28). AS4 and ASe were also specifie and efficient at reducing

GATA-4 and GATA-6 protein levels in a dose-dependent manner, as evidenced by

Western blot analysis (Fig. 2.28). As shawn in Fig. 2.2C, AS4 reduced GATA-4

levels by 80% while AS6 reduced GATA-61evels by eo% at a MOI of 4. The effect

of AS4 and ASe extended also to GATA-binding activity as assessed by EMSA; a

50% decrease in GATA-binding over the ANF -120 GATA probe was observed with

AS4 or ASe indicating that indeed both GATA-4 and -6 contribute to the GATA

binding activity in postnatal cardiomyocytes (data not shown). Moreover, AS4 and
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Figure 2.1. Cardiomyocytes are efficiently infected by adenovirus. Ventricular
cardiomyocytes isolated from 4-day neonatal rats were mock..infected (A),
infected at a MOI of 1 (8), MOI of 4 (C), and MOI of 16 (0) with the Ctl
adenovirus which expresses the lacZ gene fused to a nuclear localization signal
(NLS..lacZ). Twenty hours later, cells were assayed for p..galactosidase activity.



Figure 2.2. Characterization of the AS4 and ASS adenoviruses. (A) Schematic
representation of the constructs used to generate the recombinant adenoviruses.
The NLS-lacZ, a 358 bp fragment from the extreme N-terminal of GATA-4, or a
359 bp fragment from the 5'-UTR of GATA-S were cloned downstream of the
CMV promoter and upstream of a SV40 polyA sequence in order to generate the
recombinant adenoviruses. (8) Transgene expression is dose-dependent.
Ventricular cardiomyocytes were infected at a MOI of 16, 4, and 1
(corresponding to the progressively narrowing triangle) with Ctl, AS4, and AS6.
RNA was isolated 3 days post-infection. Northern blot analysis showed that both
antisense transgenes were efficiently expressed in a dose-dependent manner.
(e) AS4 and ASS are specifie and efficient at decreasing GATA-4 and GATA-S
protein levels. Ventricular cardiomyocytes were infected as mentioned above
and nuclear extracts were isolated 3 days post-infection and analyzed by
Western blot. L ceUs over-expressing GATA-4 or GATA-6 were used as controls
for the specificity of the antibodies. (D) Quantification of the effect of AS4 and
ASa on GATA-4 and GATA-6 protein levels. The data represent the mean of
two independent Western blots performed as described in (B) and quantified by
densitometry. At a MOI of 4, GATA-4 levels were decreased specifically by AS4
(80% reduction), while GATA-S levels were reduced specifically by AS6 (60%
reduction).
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Asa had no effed on GATA-5 mRNA levels, suggesting that GATA-5 does not

compensate for the lack of GATA-4 or GATA-6 in postnatal cardiomyocytes (data

not shown).

ln arder to assess the effects of knocking-down GATA-4 or GATA-6 on

endogenous gene expression, we initially analyzed changes in ANF mRNA and

protein levels. The ANF promoter contains two conserved GATA elements (Fig.

2.4A) and was previously shown to be transactivated by GATA-4 and GATA-6 in

heterologous cells (9;14). In GATA-4 or GATA-S knocked-down ventricular

neonatal cardiomyocytes, immuno-reactive ANF (irANF) secretion was decreased

in a time-dependent manner (Fig. 2.3A). The effect was first observed at 3 days

post-infection (50°fc. decrease) and irANF secretion was decreased by 60 to 80% at

5 days post-infection. The decrease of secreted irANF was dose-dependent (Fig.

2.38). Interestingly, the knock-down of both GATA-4 and GATA-6 (AS4 + ASS)

had the same effect on irANF secretion as the knock-down of GATA-4 (AS4) or

GATA-S (ASS) alone (Fig. 2.38), suggesting that either a maximal threshold is

reached or that GATA-4 and GATA-6 are in the same transcriptional pathway. The

effect of knocking-down GATA-4 or GATA-S on ANF expression extended ta the

transcript level (Fig. 2.3C). Similar results were obtained with atrial

cardiomyocytes (data not shown) and indicate that the ANF gene is an in vivo

transcriptional target for GATA-4 and GATA-S in postnatal cardiomyocytes.

We also verified if other cardiac genes were affected by the decrease in

GATA-4 or GATA-S. BNP, a-MHC, p-MHC, cTnl, and PDGFRp mRNA levels were

down-regulated by AS4 and ASS (Fig. 2.30). Interestingly, a-MHC and p-MHC

were preferentially down-regulated by AS4, suggesting that these genes are

preferential targets for GATA-4. The lack of GATA factors did not affect ail cardiac

genes; for example, cardiac a-actin, myosin light chain 1 (MLC1), and GAPOH

mRNA levels were not altered by AS4 or ASa (Fig. 2.3C, 3D, and data not shown).

Similar results were obtained by semi-quantitative RT-PCR analysis (data not

shawn). Thus, GATA-4 and GATA-6 are involved in regulating specifie subsets of

cardiac genes in postnatal cardiomyocytes.
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Figure 2.3. In vivo transcriptional targets for GATA-4 and GATA-6 in postnatal
cardiomyocytes. (A) irANF secretion is decreased in a time-dependent manner by
AS4 and AS6. Ventricular cardiomyocytes were infected at a MOI of 4 with Ctl, AS4,
and ASS. Secreted irANF was assayed in the cardiomyocyte culture medium after a
24-hour accumulation period at 2, 3, and 5 days post-infection. Since the effect of the
antisense on irANF secretion is clearly visible at 3 days post-infection, subsequent
analyses were performed at this time point. (8) irANF secretion is decreased in a
dose-dependent manner by AS4, AS6, and AS4+AS6. Ventricular cardiomyacytes
were infected at a MOI of 16,4, and 1 (corresponding to the progressively narrowing
triangle) with Ctl, AS4, AS6, and AS4+AS6. (C) ANF mRNA levels are decreased in a
dose-dependent manner by AS4, ASS, and AS4+ASS. Ventricular cardiomyocytes
were infected as in (B) and RNA was analyzed by Northem blot. The ANF mRNA
levels are expressed relative to the Ctl-infected cardiomyocytes. The GAPDH mRNA
levels were unaffected. (0) Many cardiac genes are decreased by AS4 and ASS.
Ventricular cardiomyocytes were infected at a MOI of 4 with Ctl, AS4, and ASa and
Northern blot analysis was performed (Ieft panel). Relative mRNA levels were
quantified using Phosphorlmager (right panel). Note how a-MHC and J3-MHC mRNA
are preferentially down-regulated by AS4 whereas c. a-actin, MLC1, and GAPDH
mRNA levels were nat affected by AS4 or AS6.



ANF is a direct transcriptional target for both GATA-4 and GATA-6. To

determine if ANF is a direct transcriptional target for both GATA-4 and GATA-6, a

detailed analysis of the ANF promoter was performed. Comparison of the ANF

promoter sequences available in the database (from human, rat, mouse, sheep,

and bovine) shows that two consensus WGATAR elements, a proximal one at -120

bp and a distal one at -280 bp, are entirely conserved across species (Fig. 2.4A),

suggesting that these GATA elements might play important evolutionay conserved

functions in ANF gene regulation. 1ndeed, deletion or point mutation of the

proximal or the distal GATA element decreased by about 50% ANF promoter

activity in postnatal cardiomyocytes (Fig. 2.48). A more drastic effect was

observed when both elements were mutated, leaving only 30°1'0 of wild...type

promoter activity. Similar results were observed for ail constructs using 1-day

ventricular or atrial cardiomyocytes. Thus, both proximal and distal GATA

elements are major contributors of ANF promoter activity in postnatal

cardiomyocytes.

Since both GATA-4 and GATA-6 are present in neonatal card iomyocytes,

we tested their relative efficiency at transactivating the ANF promoter. The results

indicate that both GATA factors are potent activators of the ANF promoter,

exhibiting about 25- to 30-fold activation (Fig. 2.48). However, while mutation of

the proximal or distal GATA element reduced GATA-4 transactivation by

approximately 500/0, mutation of the proximal GATA element fully abrogated GATA

6 transactivation.

To test whether this was due to differential affinity of GATA-4 and -6 for

certain GATA elements, we analyzed the binding affinities of GATA-4 and GATA-6

for both ANF GATA elements. EMSAs were performed using increasing amount of

radio-Iabeled probes and a constant amount of nuclear extracts from L ceUs over

expressing GATA-4 or GATA...6 (Fig. 2.5A). Scatchard analysis revealed that

GATA-4 has a similar relative affinity for the proximal and for the distal GATA

elements (relative Kd of 1,41 and 2,73 nM, respectively). However, the relative

affinity of GATA-6 for the distal element was 8-fold lower than for the proximal

GATA element (relative Kd of 6,4 and 0,81 nM, respectively). Similar Kds were
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Figure 2.4. ANF is a direct transcriptional target for both GATA-4 and GATA-6. (A)
Alignment of the ANF promoters from human, rat, mouse, sheep, and bovine (for
which only a partial sequence is available). Note that two consensus WGATAR
elements, a proximal one at -120 bp and a distal one at -280 bp, are entirely
conserved across species. (8) Left panel. The proximal and the distal GATA
elements are major contributors of ANF promoter activity in neonatal
cardiomyocytes. Wild-type and mutated ANF promoters fused ta the luciferase
reporter gene were transiently transfected into ventricular cardiomyocytes isolated
from 4-day neonatal rats. Luciferase activity was assayed 36 h post-transfection.
The results are expressed relative to the -700 bp ANF promoter activity. Right panel.
GATA-4 and GATA-6 transactivate the ANF promoter. Hela ceUs were co
transfected with a GATA-4 or GATA-6 expression vector and wild-type or mutated
ANF promoters fused ta the luciferase reporter gene. Luciferase activity was
assayed 36 h post-transfection. The results are expressed in fold activation by
GATA-4 or GATA-6. In ail cases, the data represent the mean ± SO of 2 to 3
independent experiments carried out in duplicate.
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obtained with bacterially-expressed proteins (data not shown). These results show

for the tirst time that GATA-4 and GATA-6 possess differential affinities for

naturally occurring sites.

Since differential activation of the ANF promoter GATA elements by GATA-4

and -6 correlated perfectly weil with the relative affinities for these sites, we tested

whether the preferential regulation of a-MHC by GATA-4 was due to differential

affinities of GATA factors for the a-MHC GATA element (30). As shawn in Fig.

2.58, the a-MHC GATA element was more efficient at competing GATA-4 than

GATA-6 binding. Thus, the higher affinity of GATA-4 for this element may explain

the preferential regulation of the a-MHC gene by GATA-4.

GATA-4 and GATA-6 functionally and physically interact to

cooperatively activate cardiac promoters. The fact that the knock-down of bath

GATA-4 and GATA-6 had the same effect on ANF gene expression as the knock

down of either factor alone suggests that GATA-4 and GATA-6 are members of a

single functional complex and that ablation of GATA-4 or GATA-6 in that complex

is sufficient ta disrupt its transcriptional activity.

To test whether GATA-4 and GATA-6 aet cooperatively, the -700 bp ANF

promoter fused to luciferase was co-transfected with various doses of GATA-4 and

GATA-6 expression vectors. At low dose of expression vector where neither

GATA-4 nor GATA-6 could activate transcription by themselves, synergistic

activation of the ANF promoter was achieved when bath GATA factors were added

(Fig. 2.6A). Interestingly, cooperative activation by GATA-4 and -6 occured

through a single GATA binding site as evidenced by the activation of the -135 bp

ANF promoter construct. In fact, the proximal GATA element was necessary and

sufficient for synergy and the distal GATA element [-700 bp ANF (~GATA -120 bp)]

could not mediate cooperative activation. Synergistic activation by GATA-4 and

GATA-6 was also observed on the BNP promoter, but not on a shorter ANF

promoter lacking GATA elements (-106 bp ANF).

The domaines) of GATA-4 required for synergy with GATA-6 were mapped

by co-transfection in Hela cells of GATA-6 and various GATA-4 mutant expression

vectors (Fig. 2.6C and summarized in Fig. 2.8). Ali mutants were tested for

65



Figure 2.6. GATA-4 and GATA-6 functionally and physically interact to activate
cardiac promoters. (A) GATA-4 and GATA-6 cooperatively activate cardiac
promoters. ANF and BNP reporter vectors were co-transfected with 200 ng of
GATA-4 and GATA-6 expression vectors in Hela cells. luciferase activity was
assayed 36 h post-transfection. The results are expressed as fold activation by
GATA-4 and/or GATA-6. (8) ONA-binding by the GATA-4 mutants. EMSAs
were performed on the -120 bp ANF GATA element using various GATA-4
mutants over-expressed in L ceUs. The results are summarized in Fig. 8. (C)
Mapping of the domain(s) required for synergy between GATA-4 and GATA-6.
Hela cells were co-transfected with GATA-6 and various GATA-4 mutant
expression vectors. Luciferase activity was assayed 36 h post-transfection.
The results are expressed as fold synergy of the -135 bp ANF promoter, which
is defined by the activation of the -135 bp ANF promoter by both GATA-4 and
GATA-6 divided by the sum of the activation by GATA-4 and GATA-6 alone. (D)
The zinc fingers and the basic region of GATA-4 are sufficient for physical
interaction with GATA-6. Polyhistidine-tagged GATA-4 and wild-type GATA-6
were in vitro co-transcribed and co-translated in presence of radio-Iabeled
methionine. The reaction was then incubated with a nickel resin in order to pull
down his-tagged GATA-4 from the reaction. Interacting proteins were resolved
by SOS-PAGE. luciferase was used as a negative control for interaction. The
various his-tagged GATA-4 proteins are indicated with an asterisk and the
interacting GATA-6 proteins are evidenced by an arrow. Note that, due to the
his-tag, GATA-4 has a slightly lower electrophoretic mobility than GATA-6. (E)
GATA-4 and GATA-6 interact in vivo in postnatal cardiomyocytes.
Cardiomyocyte whole-cell extracts were cross-linked using glutaraldehyde for
15, 3D, and 150 min, followed by immunoprecipitation (IP) using an anti-GATA
4 antibody. The immunoprecipitates were resolved by SOS-PAGE and the
GATA-4/GATA-6 complexes were revealed by Western blotting using an anti
GATA-6 antibody. Molecular weight standards (in kOa) are indicated on the left.
The strong signal is due to the GATA-4 antibody IgG heavy chains. Note that
the GATA-4/GATA-6 complex migrates at about 110 kOa, which corresponds ta
the sum of the molecular weight of GATA-4 and GATA-6.
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expression and nuclear localisation. The mutants used in transfection assays were

expressed at similar level as evidenced by EMSAs and Western blot analysis (Fig.

2.68 and data not shown). Progressive deletion of the N-terminal (127-443 and

201-443) activation domain of GATA-4 did not drastically affect synergy with

GATA-S. However, deletion of the C-terminal activation damain of GATA-4 (1-332)

or GATA-4 mutants harboring no transcriptional activation domain (201-332 and

242-332) did not exhibit synergy with GATA-6. DNA-binding by GATA-4 was not

required since G4m, a GATA-4 mutant in the second zjnc finger bearing no DNA

binding activity (but that still localizes to the nucleus), was able ta provide

synergistic activation with GATA-6. Thus, while the N-terminal activation domain of

GATA-4 and GATA-4 DNA binding ability are dispensable, the C-terminal

activation damain of GATA-4 is required for synergy with GATA-6.

Ta test whetherthis functional cooperation between GATA-4 and -S involves

direct interaction, polyhistidine-tagged GATA-4 and wild-type GATA-6 were in vitro

co-transcribed and co-translated in presence of radio-Iabeled methionine. As

shown in Fig. 2.6D and summarized in Fig. 2.7, GATA-4 interacted specifically with

GATA-S and this interaction required the zinc fingers and the basic region of

GATA-4. The ability of GATA-4 and GATA-6 to contact each other was further

confirmed in vivo by chemical cross-linking of cardiomyocyte extracts followed by

immunoprecipitation with a GATA-4 antibody and Western blotting with a GATA-S

antibody. As shown in Fig. 2.6E, this resulted in immunoprecipitation of a

heterodimer composed of endogenous GATA-4 and GATA-6 proteins.

GATA-4 and GATA-6 expression co-Iocalize in postnatal

cardiomyocytes. In order to ascertain that the immunoprecipitated GATA-4 and 

6 complex reflects the ability of these proteins ta associate with each other

intracellularly, we verified the co-expression of GATA-4 and GATA-6 in

cardiomyocytes. Immunofluorescence studies using specifie anti-GATA-4 and anti

GATA-S antibodies were perfarmed on sections from neonatal mice heart and on

primary rat cardiomyocyte cultures (Fig. 2.8 and data not shawn). These studies

revealed that GATA-4 and GATA-6 co-Iocalize in most postnatal ventricular

cardiomyocytes.
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Figure 2.8. GATA-4 and GATA-6 co-Iocalize in postnatal cardiomyocytes.
1mmunofluorescence studies were performed on heart sections trom neonatal
mice using (A) a specific anti-GATA4 antibody and (8) a specifie anti-GATA..
6 antibody. (C) Superposition of (A) and (B) indicates that GATA-4 and
GATA-6 co..localize in most postnatal cardiomyocytes.



DISCUSSION

Members of the GATA family of transcription factors play critical roles in

diverse cellular processes. Although some members are co-expressed in specifie

cell types, each family member appears to fulfill essential, non-redundant functions

during development. However, the mechanisms by which GATA factors control

gene expression and cell fate as weil as the molecular basis for their specificity

remain poorly understood.

The data presented in this paper provide evidence for the existence of

specifie in vivo downstream targets for two members of the GATA family, GATA-4

and -6, which are co-expressed in myocardial cells. The results also show that

GATA factors act in concert to regulate transcription of subsets of cellular genes,

suggesting that combinatorial interactions among GATA factors may differentially

control various cellular processes.

Identification of in vivo targets for GAlA factors in cardiomyocytes.

Regulatory elements containing GATA-binding sites have been identified in many

cardiac promoters, including BNP, a-MHC, cTnl, and cardiac troponin C, and

GATA-4 was shawn ta transactivate several of these promoters

(8;14;20;28;30;35;38;42). However, severa1cardiac markers examined which were

previously proposed to be GATA-4 targets were still expressed at high levels in

GATA-4 null hearts, raising the possibility that these genes are either not bona fide

GATA-4 targets or that other cardiac factors, including GATA-6 whose expression

is up-regulated in GATA-4 null mice, provide compensatory pathways (25;31).

Thus, determining the in vivo targets for GATA-4 and GATA-6 is crucial toward

understanding theïr raie in the heart. The data obtained in this study indicate that

while sorne cardiac genes are regulated preferentially by GATA-4, others are

targets for bath GATA-4 and GATA-6. This is consistent with a specialized raie for

each factor in heart development and the requirement for both in normal heart

formation. At present, GATA-6 has been linked ta "cardioblast" proliferation while

GATA-4 has been associated v/ith terminal differentiation (12;15). In this respect, it

is noteworthy that markers of later stages of cardiomyocyte differentiation - a- and
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J}-myosin heavy chain genes - appear to be preferential GATA-4 targets while

genes expressed in pre-cardiomyocytes prior to the beating stage Iike the

natriuretic peptide genes (ANF and BNP) and the POGF receptors (16;24) are

targeted by both GATA-4 and -6. Since the adenovirus-mediated antisense

strategy revealed that GATA-4 and GATA-6 are required for the maintenance of

the differentiated phenotype in postnatal cardiomyoeytes, it couId now be used to

determine the role of these factors in embryonic myocytes. Finally, in light of

recent reports suggesting a role for GATA-4 in mediating hypertrophic signais

(17;19), it will be interesting to direetly test the implication of GATA-4 or GATA-6 in

eardiomyoeyte hypertrophy using the adenovirus tools developed in this study.

Transcriptional mechanisms of GATA factors. The data presented show

that subset of cellular genes may be bons fide targets for more than one GATA

factors while others are under the control of a specifie GATA factor. It may be

significant to point out that this is the first time that specific in vivo targets for

cardiae GATA factors are reported.

Differentiai affinity could be one of the mechanisms by which GATA factors

target distinct downstream genes. In the case of the hematopoietic GATA-1, -2,

and -3 proteins, in vitro binding site selection experiments have shown differences

in DNA-binding speeificity, although they have not been correlated yet with natural

GATA elements present on hematopoietic promoters (23).

ln this study we show that GATA-4 and GATA..6 bind to the two ANF GATA

elements with different relative affinities that correlate perfectly weil with their ability

to transactivate the ANF promoter. The results also show that higher affinity of

GATA-4 for the <l-MHe GATA element correlate with the finding that the

endogenous a-MHC gene is a preferential GATA-4 targel. Interestingly, the ANF

and a-MHC sequences that are preferential GATA-4 binding sites have an A

residue at the W position of the consensus WGATAR. While ascertaining the

generality of this observation has ta await additional findings, it is noteworthy that

at least one other natural AGATAA site present on the BNP promoter (at -30 bp)

also appears ta be a preferential GATA-4 binding site (F. Charron and M. Nemer,
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unpublished data). The results raise the possibility of finding specific targets for

GATA-4 or -6 based on differential affinity to theïr DNA sequence.

An important outcome of this study is the demonstration that some cardiac

genes such as ANF and BNP are bona fide targets for both GATA-4 and GATA-6

and that the two GATA factors form transcriptionnally active complexes over a

single GATA element. Severa1 lines of evidence supporting the existence of

functional interaction between GATA-4 and GATA-6 are presented. First, the

knock..down of both GATA-4 and GATA..6 had the same effect on ANF expression

as the knock-down of either factor alone, suggesting that GATA-4 and GATA..6 are

members of a single functional complex and that the ablation of GATA-4 or GATA..

6 in that complex is sufficient ta disrupt its transcriptional activity. Second, when

GATA-4 and GATA-6 are co-transfected in heterologous cells, they cooperatively

activate ANF and BNP reporter genes. The presence of a functional complex

between GATA-4 and GATA-6 is further supported by the finding that GATA-4 and

GATA-6 physically interact in vitro and in vivo in postnatal cardiomyocytes. Finally,

the co-Iocalization of GATA-4 and GATA-6 in postnatal cardiomyocytes lends

further credibility to the likelihood of in vivo relevance of a GATA-4 and GATA-6

interaction.

Homotypic (for GATA..1) and heterotypic interactions between hematopoietic

GATA factors (GATA-1 and GATA-2 or GATA-3) via the DNA-binding damain of

GATA-1 have been also reported (7;27;43). In the case of GATA-4/GATA-6,

physical interaction also occurs via the DNA binding zinc finger domain; however,

functional cooperativity requires the C..terminal activation domain of GATA-4

suggesting that the transcriptionally active complex includes additional co-factors

that are involved in specific protein:protein interactions with one but not the other

GATA member. In the case of ANF, such co-factor may be Nkx2-S that was shown

ta specifically interact with GATA-4 but not GATA--6 (9;10). Thus, heterotypic

interactions may be an intrinsic property of GATA factors and the combinatorial

interaction of different GATA factors present in various cell types with each other

and with other cellular co-factors might contribute to their eell-specifie mode of

action. The finding that GATA-4 and GATA-6 eooperatively target the ANF and
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BNP genes in neonatal cardiomyocytes provides biological relevance for these

heterotypic interactions.

ACKNOWLEDGMENTS

We are grateful to Dr Gaétan Thibault for assistance with the ANF RIA, to

Dr Brent French for the Ctl adenovirus and the p~E1sp1B/CMV/BGH shuttle

vector, to Dr Tony Antakly for production of the GATA-6 antibody, to Lise Laroche

for secretarial assistance, and to members of the Nemer laboratory for discussions

and critical reading of this manuscript. This work was supported by grants trom

the Canadian Medical Research Council (MRC). FC and OB are recipients of

Research Traineeships from the Heart and Stroke Foundation of Canada (HSFC),

GN holds a GIBCO-IRCM studentship, and MN is a MRC Scientist.

70



REFERENCES

1. Agah. R., P.A. Frenkel, B.A. French, l.H. Michael. P.A. Overbeek, and

M.D. Schneider. 1997. Gene recombination in postmitotic cells. Targeted

expression of Cre recombinase provokes cardiae-restricted, site-specifie

rearrangement in adult ventricular muscle in vivo. J.Clinoinvest. 100:169-179.

2. Antakly, T., D. Raquidan, D. O'Donnel, and l. Katnick. 1990. Regulation of

glueocorticoid receptor expression: 1. Use of a specifie radioimmunoassay and

antiserum to a synthetic peptide of the N-terminal domain. Endocrinology

126:1821-1828.

3. Ardati, A. and M. Nemer. 1993. A nuclear pathway for al-adrenergic receptor

signaling in cardiac cells. EMBO J. 12:5131-5139.

4. Argentin, S., A. Ardati, S. Tremblay, 1. Lihrmann, L. Robitaille, J. Drouin,

and M. Nemer. 1994. Developmental stage-specifie regulation of atrial

natriuretic factor gene transcription in eardiac cells. MoLCell.BioL 14:777-790.

5. Argentin, S., Y.-l. Sun, 1. lihrmann, T.J. Schmidt, J. Drouin, and M.

Nemer. 1991. Distal cis-acting promoter sequences mediate glucocorticoid

stimulation of cardiac atrial natriuretic factor gene transcription. J.BioLChem.

266:23315-23322.

6. Bett, A.J., W. Haddara, l. Prevec, and F.l. Graham. 1994. An efficient and

flexible system for construction of adenovirus vectors with insertions or

deletions in early regions 1 and 3. Proc.NatI.Acad.SeLUSA 91 :8802-8806.

7. Crossley, M., M. Merika, and S.H. Orkin. 1995. Self-association of the

erythroid transcription factor GATA-1 mediated by its zinc finger domains.

MoLCelLBioL 15:2448-2456.

8. Di Lisi, R., C. Millino, E. Calabria, F. Altruda, S. Schiaffino, and S.

Ausoni. 1998. Combinatorial cis-acting elements control tissue-specifie

activation of the cardiac troponin 1 gene in vitro and in vivo. J.BioI.Chem.

273:25371-25380.

9. Durocher, D., f. Charron, R. Warren, R.J. Schwartz, and M. Nemer. 1997.

The cardiae transcription factors Nkx2-5 and GATA-4 are mutual cofactors.

EMBO J. 16:5687-5696.

71



10. Durocher, D. and M. Nemer. 1998. Combinatorial interactions regulating

cardiac transcription. Dev.Genet. 22:250-262.

11. French, B.A., W. Mazur, N.M. Ali, R.S. Geske, J.P. Finnigan, G.P.

Rodgers, R. Roberts, and A.E. Raizner. 1994. Percutaneous transluminal in

vivo gene transfer by recombinant adenovirus in normal porcine coronary

arteries, atherosclerotic arteries, and two models of coronary restenosis.

Circulation 90:2402-2413.

12. Gove, C., M. Walmsley, S. Nijjar, D. Bertwistle, M. Guille, G. Partington,

A. Bomford, and R. Patient. 1997. Over-expression of GATA..6 in Xenopus

embryos blocks differentiation of heart precursors. EMBO J. 16:355-368.

13. Graham, F.L. and L. Prevec. 1991. Gene transfer and expression protocols,

p. 109-128. In E.J. Murray (ed.), Manipulation of adenovirus vectors. Methods

in molecular biology. Clifton, Humana Press,

14. Grépin, C., L. Dagnino, L. Robitaille, L. Haberstroh, T. Antakly, and M.

Nemer. 1994. A hormone-encoding gene identifies a pathway for cardiac but

not skeletal muscle gene transcription. Mol.Cell.Biol. 14:3115-3129.

15. Grépin, C., G. Nemer, and M. Nemer. 1997. Enhanced cardiogenesis in

embryonic stem cells overexpressing the GATA-4 transcription factor.

Development 124:2387-2395.

16. Grépin, C., L. Robitaille, T. Antakly, and M. Nemer. 1995. Inhibition of

transcription factor GATA4 expression blacks in vitro cardiac muscle

differentiation. Mol.Cell.Biol. 15:40954102.

17. Hasegawa, K., S.J. Lee, S.M. Jobe, B.E. Markham, and R.N. Kitsis. 1997.

cis-Acting sequences that mediate induction of beta-myosin heavy chain gene

expression during left ventricular hypertrophy due to aortic constriction.

Circulation 96:3943-3953.

18. Heikinheimo, M., J.M. Scandrett, and D.B. Wilson. 1994. Localization of

transcription factor GATA4 to regions of the mouse embryo involved in

cardiac development. Dev.Biol. 164:361-373.

19. Herzig, T.C., S.M. Jobe, H. Aoki, J.O. Molkentin, A.W. Cowley, Jr., S.

Izumo, and B.E. Markham. 1997. Angiotensin Il type1a receptor gene

72



expression in the heart: AP- 1 and GATA-4 participate in the response to

pressure overfoad. Proc.NatLAcad.ScLUSA 94:7543-7548.

20. Ip, H.S., O.B. Wilson, M. Heikinheimo, Z. Tang, C.N. Ting, M.C. Simon,

J.M. Leiden, and M.S. Parmacek. 1994. The GATA-4 transcription factor

transactivates the cardiac muscle-specifie troponin C promoter-enhancer in

nonmuscle cells. Mol.Cell.BioL 14:7517-7526.

21. Jiang, Y.M. and T. Evans. 1996. The Xenopus GATA-4/5/6 genes are

associated with cardiac specification and can regulate cardiac-specific

transcription during embryogenesis. Dev.Biol. 174:258-270.

22. Kelley, C., H. Blumberg, L.I. Zan, and T. Evans. 1993. GATA-4 is a novel

transcription factor expressed in endocardium of the developing heart.

Development 118:817-827.

23. Ko, L.J. and J.O. Engel. 1993. DNA-binding specificities of the GATA

transcription factor family. Mol.Cell.Biol. 13:4011-4022.

24. Kohtz, O.S., N.R. Dische, T. Inagami, and B. Goldman. 1989. Growth and

partial differentiation of presumptive human cardiac myoblasts in culture.

J.Celi Biol. 108:1067...1078.

25. Kuo, C.T., E.E. Morrisey, R. Anandappa, K. Sigrist, M.M. Lu, M.S.

Parmacek, C. Soudais, and J.M. Leiden. 1997. GATA4 transcription factor

is required for ventral morphogenesis and heart tube formation. Genes Dev.

11 :1048-1060.

26. Laverriere, A.C., C. MacNeill, C. Mueller, R.E. Poelmann, J.B. Burch, and

T. Evans. 1994. GATA-4/5/6, a subfamily of three transcription factors

transcribed in developing heart and gut. J.Biol.Chem. 269:23177-23184.

27. Mackay, J.P., K. Kowalski, A.H. Fox, R. Czolij, G.F. King, and M.

Crossley. 1998. Involvement of the N-finger in the Self-association of GATA...

1. J.BioI.Chem.273:30560-30567.

28. McGrew, M.J., N. Bogdanova, K. Hasegawa, S.H. Hughes, R.N. Kitsis,

and N. Rosenthal. 1996. Distinct gene expression patterns in skeletal and

cardiac muscle are dependent on comman regulatory sequences in the

MLC1/3 locus. Mol.Cell.Biol. 16:4524-4538.

73



29. McGrory, W.J., O.S. Bautista, and F.L. Graham. 1988. A simple technique

for the rescue of ear1y region 1 mutations into infectious human adenovirus

type 5. Virology 163 :614-617.

30. Molkentin, J.O., O.V. Kalvakolanu, and B.E. Markham. 1994. Transcription

factor GATA-4 regulates cardiac muscle-specifie expression of the 0myosin

heavy-chain gene. Mol.Cell.Biol. 14:4947-4957.

31. Molkentin, J.O., Q. Lin, S.A. Duncan, and E.N. Oison. 1997. Requirement

of the transcription factor GATA4 for heart tube formation and ventral

morphogenesis. Genes Dev. 11:1061-1 072.

32. Molkentin, J.O., J.R. Lu, C.l. Antos, B. Markham, J. Richardson, J.

Robbins, S.R. Grant, and E.N. Oison. 1998. A calcineurin-dependent

transcriptional pathway for cardiac hypertrophy. Cell 93:215-228.

33. Morrisey, E.E., H.S. Ip, M.M. Lu, and M.S. Parmacek. 1996. GATA-6 - a

zinc finger transcription factor that is expressed in multiple cell lineages

derived from lateral mesoderm. Dev.Biol. 177:309-322.

34. Morrisey, E.E., Z. Tang, K. Sigrist, M.M. Lu, F. Jiang, H.S. Ip, and M.S.

Parmacek. 1998. GATA6 regulates HNF4 and is required for differentiation of

visceral endoderm in the mouse embryo. Genes Dev. 12:3579-3590.

35. Murphy, A.M., W.R. Thompson, L.F. Peng, and L.2. Jones. 1997.

Regulation of the rat cardiac troponin 1gene by the transcription factor GATA

4. Biochem.J. 322:393-401.

36. Pandolfi, P.P., M.E. Roth, A. Karis, M.W. Leonard, E. Dzierzak, F.G.

Grosveld, J.D. Engel, and M.H. lindenbaum. 1995. Targeted disruption of

the GATA3 gene causes severe abnormalities in the nervous system and in

fetal Iiver haematopoiesis. Nature Genetics 11 :40-44.

37. Pevny, L., M.C. Simon, E. Robertson, W.H. Klein, S.f. Tsai, V. O'Agati,

S.H. Orkin, and f. Costantini. 1991. Erythroid differentiation in chimaeric

mice blocked by a targeted mutation in the gene for transcription factor GATA

1. Nature 349:257-260.

74



38. Rosoff, M.l. and N.M. Nathanson. 1998. GATA factor-dependent regulation

of cardiac m2 muscarinic acetylcholine gene transcription. J.BioI.Chem.

273:9124-9129.

39. Simon, M.C. 1995. Gotta have GATA. Nature Genetics 11 :9-11.

40. Tsai, F.Y., G. Keller, F.C. Kuo, M. Weiss, J. Chen, M. Rosenblatt, F.W. Ait,

and S.H. Orkin. 1994. An early haematopoietic defect in mice lacking the

transcription factor GATA-2. Nature 371:221-226.

41. Viger, R.S., C. Mertineit, J.M. Trasler, and M. Nemer. 1998. Transcription

factor GATA-4 is expressed in a sexually dimorphic pattern during mouse

gonadal development and is a potent activator of the Müllerian inhibiting

substance promoter. Development 125:2665-2675.

42. Wang, G.F., W.JR. Nikovits, M. Schleinitz, and F.E. Stockdale. 1998. A

positive GATA element and a negative vitamin 0 receptor-Iike element control

atrial chamber-specific expression of a slow myosin heavy-chain gene during

cardiac morphogenesis. Mol.Cell.Biol. 18:6023-6034.

43. Yang, H.Y. and T. Evans. 1995. Homotypic interactions of chicken GATA-1

can mediate transcriptional activation. Mol.Cell.Biol. 15:1353-1363.

44. Zheng, W. and R.A. Flavell. 1997. The transcription factor GATA-3 is

necessary and sufficient for Th2 cytokine gene expression in C04 T cells.

Cell 89:587-596.

75



CHAPTER III. GATA-DEPENDENT RECRUITMENT OF MEF2 PROTEINS TO

TARGET PROMOTERS

Steves Morin1
, Frédéric Charron1

, Lynda Robitaille, and Mona Nemer

1These authors contributed equally to this work

Published in The EMBO Journal, Vol 19(9):2046·2055 (2000).

FOREWORD

Our work established that GATA-4 and GATA-6 are required for the maintenance

of cardiac gene expression and that GATA4 and GATA-6 differentially regulate

target genes (see Chapter Il). We also showed that this specificity is due, at least

in part, to their differential DNA-binding affinity.

Another way for GATA factors to acquire specificity is by differential interaction with

cofactors. The only example reported yet is the cooperative interaction between

Nkx2-S and GATA-4, but not GATA-6 (Durocher et aL, 1997). In Chapter III, we

show that functional specificity is also imparted to GATA factors by their differential

capacity to recruit and synergize with MEF2 cofactors: MEF2 cooperatively

interacts with ail GATA factors, except GATA-5. In addition, the recruitment of

MEF2 proteins by GATA factors describes a novel pathway for transcriptional

regulation by MEF2 factors and will be relevant to help to understand the

mechanisms underlying cardiac gene transcription and development. More

globally, this interaction provides a molecular paradigm for elucidating the

mechanisms of action of MEF2 proteins in many tissues.
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AB5TRACT
The myocyte enhancer factor-2 (MEF2) proteins are MADS-box

transcription factors that are essential for differentiation of ail muscle lineages but

their mechanisms of action remain largely undefined. In mammals, the earliest site

of MEF2 expression is the heart where the MEF2C isoform is detectable as early

as embryonic day 7.5. Inactivation of the MEF2C gene causes cardiac

developmental arrest and severe downregulation of a number of cardiac markers

including atrial natriuretic factor (ANF). However, most of these promoters contain

no or low affinity MEF2 binding sites and they are not significantly activated byany

MEF2 proteins in heterologous cells suggesting a dependence on a cardiac

enriched cofactor for MEF2 action. We provide evidence that MEF2 proteins are

recruited to target promoters by the cell-specifie GATA transcription factors, and

that MEF2 potentiates the transcriptional activity of this family of tissue-restricted

zine finger proteins. Functional MEF2IGATA-4 synergy involves physical

interaction between the MEF2 DNA-binding domain and the carboxy zinc finger of

GATA-4 and requires the activation domains of both proteins. However, neither

MEF2 binding sites nor MEF2 DNA binding capaeity are required for transcriptional

synergy. The results unravel a novel pathway for transcriptional regulation by

MEF2 and provide a molecular paradigm for elucidating the mechanisms of action

of MEF2 in muscle and non-muscle cells.
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INTRODUCTION

Members of the myocyte enhancer factor-2 (MEF2) family of MADS (MCM1,

Agamous, Deficiens, Serum response factor)-box transcription factors are

evolutionary conserved proteins that are expressed at high levels in ail muscle

cells. MEF2 proteins are also found in non-muscle cells including brain and

Iymphoid tissue [reviewed in (Black and Oison, 1998)]. In mammals, the MEF2

family is composed of four members, MEF2A, MEF2B, MEF2C, and MEF2D, which

form homo- and heterodimers that bind the consensus DNA sequence

(T/C)TA(AIT)4TA(G/A) present in many muscle and non-muscle promoters. MEF2

proteins contain a conserved N-terminal 56-amino acid MADS damain and an

adjacent 29-amino acid MEF2 domain, which tagether mediate DNA binding and

dimerization.

Genetic studies have provided evidence for an essential role of MEF2

proteins in muscle-specifie gene expression and differentiation of ail three muscle

lineages. In Drosophila, mutation of the D-mef2 gene results in embryos lacking

differentiated skeletal, cardiac, and visceral muscle cells (Lilly et aL, 1995; Baur et

aL, 1995; Ranganayakulu et aL, 1995). In mice, inactivation of the MEF2C gene,

which is the tirst MEF2 isoform expressed during embryonic development, leads to

cardiac morphogenetic defects, vascular abnormalities, and lethality by embryonic

day 9.5 (Lin et aL, 1997; Lin et aL, 1998; Bi et aL, 1999). The mechanisms by

which MEF2 proteins regulate myogenesis of both striated and smooth muscle

cells and the identity of their downstream targets in these various tissues is only

starting to be elucidated. At present, the mechanisms of action of MEF2 have

been analyzed mostly in skeletal muscle where MEF2 appears to act as cofactors

for the myogenic basic helix-Ioop-helix (bHLH) proteins, MyoD, Myf5, myogenin,

and MRF4 (Kaushal et aL, 1994; Black et aL, 1998; Molkentin et aL, 1995). Thus,

MEF2 proteins strongly potentiate the transcriptional activity of the bHLH myogenic

factors and cooperate with them for inducing and maintaining the skeletal muscle

phenotype. This cooperativity is mediated by direct interaction between the DNA

binding domains of MEF2 and myogenic proteins and necessitates a DNA-binding

site for only one of the two factors. Therefore, in skeletal myocytes, MEF2 may
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modulate transcription by two distinct pathways: one involving DNA binding to

MEF2 sites and another one involving recruitment of MEF2 to E-boxes in target

promoters via the myogenic bHLH factors. Whether similar mechanisms underlie

the action of MEF2 in cardiac and visceral muscle cells where the MyoD family of

transcription factors is not expressed remains unknown.

MEF2 binding sites have been reported in severa1 cardiac promoters and

their mutation was shown to decrease promoter activity in cardiomyocytes; they

include the MEF2 sites in the ventricular myosin light chain (MLC2V), cardiac

troponin T, cardiac troponin l, a-myosin heavy chain (a-MHC) and Desmin (Yu et

aL, 1992; Zhu et aL, 1991; lannello et aL, 1991: Molkentin and Markham, 1993:

Kuisk et aL, 1996; Di Lisi et aL, 1998). Analysis of cardiac gene expression in mice

with targeted mutation of the MEF2C gene confirmed that sorne of these genes,

like a-MHC, required MEF2C for optimum transcription (Lin et aL, 1997). In

addition to a-MHC, two other cardiac-specific genes, not previously associated with

MEF2 proteins, atrial natriuretic factor (ANF) and a-cardiac actin (a-CA), were

completely absent in the hearts of MEF2C-deficient embryos. How MEF2C

regulates transcription of these target genes remains unclear; the two aMHC MEF2

sites are low affinity MEF2 binding sites (Yu et aL, 1992; Molkentin and Markham,

1993), and MEF2 proteins are unable to activate aMHC-driven reporters in

cotransfection assays although they can potentiate transactivation of the aMHC

promoter by the thyroid hormone receptor (Lee et aL, 1997). Moreover, ectopie

expression of MEF2 proteins in explanted xenopus ectoderm failed to activate

endogenous aMHC or a-CA genes (Chambers et al., 1994; Fu and Izumo, 1995).

However, forced expression of MEF2 proteins in whole xenopus embryos results in

precocious expression of endogenous aMHC and enlarged hearts (Fu and Izumo,

1995). Together, these studies suggest that MEF2 regulate transcription of aMHC

and possibly other cardiac genes in conjunction with a cell-specific cofactor present

in embryonic mesoderm (or endoderm) but not in ectoderm.

ln the case of ANF, the cardiac promoter which is a known downstream

target for the cardiac-specific transcription factors, GATA-4 and Nkx2-5, does not
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contain MEF2 consensus binding sites (Durocher et aL, 1996; Charron et aL, 1999)

(Durocher et al., 1997)suggesting an indirect action of MEF2 on ANF transcription

possibly through modulation of GATA-4, Nkx2-S or other ANF regulators; however,

neither GATA-4 nor Nkx2-S levels are altered in MEF2C-/- embryos (Lin et aL,

1997).

ln this study, we provide evidence that MEF2 proteins are recruited by the

cardiac-specific transcription factor GATA-4 to synergistically activate ANF and

several other MEF2C target promoters including aMHC and a-CA. The

MEF2/GATA-4 synergy is mediated by physical interaction between the respective

DNA-binding domains and requires the transactivation domains of both factors.

GATA binding sites are necessary and sufficient for cooperativity with MEF2.

Other GATA factors, including GATA-6, which is expressed in cardiac and smooth

muscle cells, and GATA-2 and -3, which are present in hemopoietic and neuronal

cells, are also able to cooperate with MEF2 proteins. Together the data suggest

that in addition to cooperating with the myogenic bHLH proteins in skeletal muscle

differentiation, MEF2 proteins act as co-factors for the tissue-restricted zinc finger

GATA proteins in cardiac myogenesis and raise the possibility that GATA factors

may be essential components of MEF2 action in several other cell types.

RESULTS

MEF2 proteins activate the ANF promoter via two distinct mechanisms.

The absence of ANF transcripts in the heart of mice homozygous for a null

mutation of the MEF2C gene (Lin et aL, 1997) indicates that ANF is a downstream

target for MEF2 proteins. We tested whether the effect of MEF2C was due to

direct action on the ANF promoter be it via DNA binding or through recruitment by

protein:protein interactions. The first 700 bp of the rat ANF promoter are sufficient

to recapitulate cardiac specificity and spatio-temporal regulation of the endogenous

gene in cultured cardiomyocytes (Argentin et aL, 1994) and in transgenic mice

(Durocher et al., 1998).

Sequence analysis of the entire 700 bp rat ANF promoter revealed no

consensus MEF2 sites; the closest sequence homologies to MEF2 binding sites
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mapped to an Arr-rich element sharing similarities with a MEF2 consensus (Fig.

3.1A). To verity if this AIT-rich element could be recognized by cardiac-derived or

recombinant MEF2 proteins, it was used in gel shift assay to compete MEF2

binding on the well-characterized muscle creatine kinase (MCK) MEF2 site. As

seen in Figure 3.1 B, severa1 AIT-rich ANF elements including the TATA-box, the

SRE-like, and the CArG-box could not compete the MEF2 binding on the MCK

probe even when used at a SOO-fold molar excess. On the other hand, the distal

AIT-rich element was able to displace the MEF2 binding although at a much lower

efficiency than the MCK site. Identical results were obtained using MEF2C and

MEF2D or cardiomyocyte nuclear extracts (data not shown). Consistent with its

ability ta recognize MEF2 proteins, the ANF AIT-rich probe was able to bind ail

three recombinant MEF2 proteins tested (MEF2A, MEF2C, and MEF2D) albeit with

low affinity (Fig. 3.1 B and data not shawn). Finally, when cloned upstream of a

minimal promoter, the ANF AIT-rich element could be transactivated 4-fold by

cotransfection with MEF2 expression vectors in heterolagaus cells (Fig. 3.28).

These results suggest that the ANF promoter cantains a very low affinity MEF2

binding site that could mediate MEF2 action.

Indeed, MEF2C and other MEF2 proteins activate the ANF promoter in a

dose dependent manner in severa1 non-cardiac ceIls (Fig. 3.2A). Interestingly, the

magnitude of activation was much greater (4- ta 6-fold higher) in Hela cells than in

most cell Iines tested (including CV1, P19, and C2C12) with maximal ANF

promoter induction of 1S-fold. This difference in MEF2 responsiveness was also

observed with the cardiac aMHC promoter which was induced by 1Q-fold in Hela

cells and was barely responsive in CV1 or P19 cells (Fig. 3.28 and data not

shown); in contrast, a synthetic promoter harboring a multimerized MCK-MEF2 site

upstream of a minimal ANF promoter was more similarly activated by MEF2 in

Hela (9-fold) and CV1 (6-fold) cells (Fig. 3.2B). The transfected MEF2 vectors

produced similarly high levels of MEF2 proteins in ail celllines as assessed by gel

shift assays (data nat shown). Thus, the differences observed in the level of

MEF2-dependent ANF and aMHC promoter activation may reflect cooperative
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Figure 3.1. The ANF promoter harbors a low affinity MEF2-binding site. A)
Schematic representation of the ANF promoter. Regulatory elements are
boxed and their location relative ta the transcription start site is indicated. Ali
these elements are evolutionary conserved on the ANF promoter from many
species. SRE-like is a low affinity serum response element, the GATAd and
GATAp are the distal and proximal GATA-binding sites, respectively. The
consensus MEF2-binding site is also shawn. The A/T-rich mut sequence
indicates the mutations introduced to abolish the A/T-rich element. rANF and
hANF are the rat and human ANF promoter, respectively. B) The AIT-rich
element is a low affinity MEF2-binding site. EMSAs were performed on the
MEF2 element of the MCK promoter (MEF2-MCK, left panel) or the A/T-rich
element of ANF (AIT-rich, right panel) using in vitro translated MEF2A. In the
left panel, the MEF2A-binding was competed with different unlabelled ANF
probes described in Materials and Methods. Only the A/T-rich element of the
ANF promoter was able ta compete the MEF2A binding. Similar results were
obtained with in vitro translated MEF2C and MEF2D.
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Figure 3.2. The low affinity AIT-rich and the proximal GATA elements contribute
to MEF2-dependent ANF promoter activation. A) Dose...dependent ANF.7oo
promoter activation by MEF2A, MEF2C, and MEF2D in Hela, CV-1, and P19
cell lines. Transient transfections were performed using 50 ng, 100 ng, 500 nQ,
and 1 IlQ of MEF2 expression vector. Note the fold-activation difference between
Hela and CV-1 or P19 cells. B) Preferential activation of the ANF.7oo and a
MHC promoters, but not an artificial MEF2 reporter, in Hela cells. Transfections
were performed using 1 fl9 of MEF2A expression vector. Similar results were
obtained using MEF2C and MEF2D. C) The low affinity AIT-rich and the proximal
GATA elements contribute ta MEF2-dependent ANF promoter activation.
Transfections were performed in Hela ceUs using 1 fl9 of MEF2A expression
vector. Similar results were obtained using MEF2C and MEF2D. 3XMEF2 and
2XAIT are the MEF2-MCK and the ANF A1T-rich elements trimerized and
dimerized, respectively, in front of the ANF.5o minimal promoter.



interaction between transfected MEF2 proteins and other cellular factors bound to

the promoters.

Mutational analysis was used to test which DNA elements on the ANF

promoter are required for activation by MEF2 (Fig. 3.2C). Consistent with its

characterization as a weak affinity MEF2 site, the A/T-rich element was necessary

for maximal MEF2 activation but its deletion or mutation reduced promoter

activation by only 30°,la. Surprisingly, mutation of the proximal GATA element

which can bind endogenous GATA-2 protein present in Hela cells (Grépin et aL,

1994), had a more drastic effect on MEF2 responsiveness suggesting that GATA

factors may cooperate with MEF2. In fact, the proximal ANF promoter (ANF_13s),

which lacks any MEF2 binding site was induced 4- to 5-fold by MEF2 proteins and

mutation of the GATA site therein abrogated MEF2 responsiveness (Fig. 3.2C).

This element is a high affinity binding site for GATA factors (Charron et al.. 1999)

but does not bind MEF2 proteins (Fig. 3.1 B). Together. these results suggest that

MEF2 could act as a cofactor of promoter-bound GATA proteins to activate the

ANF and possibly other cardiac promoters.

Synergistic activation of the ANF promoter by MEF2 and GAlA factors.

Two members of the GATA family of zinc finger transcription factors. GATA-4 and

GATA-5, are expressed in cardiac muscle cells and bind to and activate the ANF

promoter (Charron et aL. 1999). To test whether either factor could recruit MEF2

proteins to target promoters. the effect of co-expressing them with MEF2 in

heterologous cells was assayed on ANF promoter activity. Co-transfection of

GATA-4 with MEF2A, MEF2C or MEF2D leads to a synergistic 40- to 50-fold

activation of the ANF promoter (Fig. 3.3A). MEF2 proteins were also able to

cooperate ta varying degrees with other GATA factors including the hemopoietic

GATA-1, -2. and -3, and the other cardiac GATA factor. GATA-5, but not GATA-S

(Fig. 3.3B). The inability of MEF2C and MEF2A to synergize with GATA-5 and the

more modest synergy achieved with GATA-2 and -3 are not due to different levels

of GATA proteins produced as ail expression vectors have been shown to produce

similar protein levels (Viger et aL, 1998; Nemer et aL, 1999).
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Figure 3.3. The MEF2 and GATA transcription factors cooperatively
activate the ANF.7oo promoter. A) MEF2A, MEF2C, and MEF2D
functionally interact with GATA-4. Co-transfections were performed in
Hela cells using the ANF-luc.7oo construct and 1 Jlg of MEF2A, MEF2C,
or MEF2D expression vector in absence (-) or presence (+) of 1.5 IlQ of
GATA-4 expression vector. B) MEF2 proteins functionally interact with
a subset of GATA proteins. Co-transfections were performed as in A)
using 1.5 IlQ of various GATA expression vectors in absence (-) or
presence (+) of 1 JlQ of MEF2C expression vector. Note that
cooperative interaction between MEF2A and the different GATA factors
was identical ta the one shown here for MEF2A and GATA-1 through -6.
Similar results were also obtained in the CV1 cellline.



ln order to map the promoter element(s) required for the synergy between

MEF2 and GATA-4, various ANF promoter mutations were tested. Mutation of the

low affinity MEF2-binding element (AIT-rich) or the distal GATA element reduced

maximal MEF2IGATA-4 synergy by 35 to 40% (Fig. 3.4A). Mutation of the

proximal GATA element in the context of the -700 or the -135 bp promoter

completely abolished synergy indicating that this element is essential for

MEF2/GATA-4 cooperation. Interestingly, the -135 bp ANF promoter was sufficient

to produce 50% of the maximal synergy obtained with the longer promoter (ANF_

700) and displayed the same response ta the various MEF2/GATA combinations as

the ANF_700 promoter (Fig. 3.3) suggesting that binding of GATA factors to the

proximal GATA element may be sufficient to recruit MEF2 proteins to the promoter.

Indeed, an artificial reporter driven by multimerized GATA binding sites

could be synergistically activated by GATA and MEF2 proteins; however, neither

the high affinity MCK MEF2 binding site nor the lower affinity ANF MEF2 element

were sufficient to support MEF2/GATA cooperativity (Fig. 3.48).

MEF2 factors physically interact in vitro and in vivo with GATA-4. The

observation that MEF2A1GATA-4 synergy required only the GATA binding site

implied that GATA-4 recruits MEF2 proteins to the ANF promoter through

protein:protein interaction. Indeed, MEF2A and GATA-4 could be co

immunoprecipitated in vivo (Fig. 3.5A) suggesting physical interaction between the

two proteins.

To determine if this interaction was direct, we perfarmed in vitro pull-down

assays using immobilized MBP-GATA-4 and in vitro-translated 35S-labeled MEF2

proteins. MBP-GATA-4 was able to retain specifically MEF2A, MEF2C, and

MEF2D but not the controlluciferase (Fig. 3.5B) confirming that GATA-4 and MEF2

directly interact.

ln order to map the interaction damain between MEF2 and GATA proteins,

different mutants of GATA-4 were in vitro co-translated with MEF2A and

coimmunoprecipitated using an antibody directed against the extreme C-terminal of

GATA-4 (present in ail mutants tested). MEF2A was able ta interact with the full

length GATA-4 and the N-terminal activation domain-deleted mutant (201-443)
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Figure 3.4. The proximal GATA element is necessary and sufficient for
MEF2/GATA synergy. Co-transfections were performed in Hela cells
using various promoter constructs and 1,... 9 of MEF2A and/or 1.5 ,...9 of
GATA-4 expression vectors. The ANF promoter constructs used are
described in material and methods. 3XMEF2 and 2XAIT are the MEF2
MCK and the ANF AIT-rich elements trimerized and dimerized, respectively,
in front of the ANF.so minimal promoter. 2XGATA is a dimer of the BNP
GATA elements in front of the minimal BNP promoter.



Figure 3.5. MEF2 proteins physically interact with GATA-4. A) MEF2A
interacts in vivo with GATA-4. Nuclear extracts from 293T eells transfected
with empty vectors (ctl), flag-GATA-4 and/or HA-MEF2A were
immunoprecipitated using an anti-HA antibody, separated on 10% 505
PAGE electrophoresis, transferred to PVOF membranes, and subjected to
immunoblotting using an anti-Flag antibody (top panel). The lower two
panels are Western blots carried out on the same nuclear extraets using
either HA (to reveal tagged MEF2A proteins) or Flag (to reveal tagged
GATA-4 proteins) antibodies. B) MEF2A proteins interact in vitro with
GATA-4. Pull-down assays were performed using immobilized, bacterially
produced MBP fusions (MBP-GATA-4 and MBP-LacZ as control) and in vitro
translated, 35S-labeled MEF2A, MEF2C, MEF2D, or luciferase (lue) protein.
The protein complexes were resolved on a 10% SDS-PAGE. C) The
physical interaction between GATA-4 and MEF2 requires the C-terminal zinc
finger DNA-binding domain of GATA-4. Full-Iength GATA-4 and various
GATA-4 mutants (depicted in Fig. 3.6A) were in vitro eo-translated with
MEF2A and co-immunoprecipitated using an antibody direeted against the
extreme C-terminal of GATA-4. The protein complexes were resolved on a
15% SOS-PAGE. The asterisks highlight GATA protein bands. 0) The
DNA-binding domain of MEF2 is sufficient for interaction with GATA-4.
MEF2A DIVE (aa 1-86) retains the MADS and MEF2 domains. Co
immunoprecipitations were performed as described in (C). The asterisks
highlight the MEF2A DIVE band. The protein complexes were resolved on a
200/0 SOS-PAGE. E) MEF2 ONA-binding defective mutants interact with
GATA-4. MEF2C R3T and MEF2C R24L do not bind DNA but are still able
to dimerize. A deleted GATA-4 construct [G4 (201-443)] was used to
differentiate between GATA-4 and MEF2C, which have similar
electrophoretic mobility. Co-immunoprecipitations were performed as
described in (C). The protein complexes were resolved on a 10% SOS
PAGE.
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(Fig. 3.5e). Deletion of the N-terminal zinc finger of GATA-4 (242-443) reduced

but did nat abrogate interaction with MEF2A. However, MEF2A was unable to

interaet with the G4m [which harbors a point mutation in the C-terminal zinc finger

abalishing DNA-binding (Charron et al., 1999)] or the 303-390 mutant, indicating

that the C-terminal zinc finger structure and the basic region are essential for

physical interaction with MEF2. The same approach was alsa used to map the

GATA-4 interaction domain on MEF2 and revealed that the DNA-binding damain

cansisting of the MADS and MEF2 domains (MEF2A DIVE, aa 1-86) is sufficient

for interaction with GATA-4 (Fig. 3.50). Interestingly, within the MAOS damain,

interactian with GATA factors and binding ta DNA cauld be segregated as twa DNA

binding defective mutants (MEF2C R3T and MEF2C R24L) retained the ability ta

bind GATA-4 (Fig. 3.5E). These results suggest that GATA-4 and MEF2 physically

interact through their DNA-binding domains.

MEF2/GATA synergy does nal require MEF2 DNA binding. Ta

determine whether the activation domains af either or bath GATA and MEF2

prateins are required, variaus GATA-4 mutants were tested for their capacity to

synergistically activate the ANF promoter with MEF2A. The GATA-4 mutants

which delete the N-terminal region (127-443 and 201-443) and the first zinc finger

(242-443) were able to synergize with MEF2A (Fig. 3.6A). Hawever, the GATA-4

mutants which delete the C-teilTlinal transactivation damain (1-332, 201-332, and

242-332) were ail unable ta support MEF2 synergy. Consistent with a requirement

for GATA-4 DNA binding (Fig. 3.4A) and the GATA-4 DNA binding damain for

physical interaction with MEF2 (Fig. 3.SC), a point mutation in the second zinc

finger that destroys ONA binding (G4m) abrogated MEF2 synergy (Fig. 3.6A).

Functional synergy also required the activation domain of MEF2 and

deletion of the C-terminal activation domain (MEF2A DIVE) completely abolished

the synergy with GATA-4 (Fig. 3.68). However, and consistent with the

requirement for GATA but not MEF2 binding sites, MEF2C mutants that are DNA

binding defective retained the ability ta synergize with GATA-4 (Fig. 3.6B). These

results indicate that GATA-4 is able ta recruit DNA-binding defective MEF2

proteins ta transcriptionally active complexes.
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Figure 3.6. Mapping of the GATA-4 and MEF2 domains required for
synergy. A) The C-terminal activation domain of GATA-4 is required for
MEF2 synergy. Co-transfections were performed in Hela ceUs on the
ANF_700 promoter construct using 1 J.lg of MEF2 and 1.5 flg of GATA-4
expression vectors. B) The C-terminal activation domain of MEF2 but not
its DNA-binding capacity, is required for synergy with GATA-4. As
evidenced by the ability of MEF2C R3T and MEF2C R24L to synergize with
GATA-4, note that the DNA binding domain (MEF2A DIVE) is not sufficient
ta support functional synergy although it interacts physically with GATA-4
as shawn in the previous figure.



MEF2/GATA synergy : a mechanism for MEF2 action in the heart. We

next tested whether transcription of other cardiac genes is cooperatively activated

by MEF2 and GATA-4. As seen in Figure 3.7A, in addition to ANF, the aMHC, Ct

CA and B-type natriuretic peptide (BNP) promoters are also synergistically

activated by MEF2 and GATA-4. Both aMHC and a-CA are downregulated in

MEF2C null mice and neither contain a high affinity MEF2 binding site although

bath are GATA targets (Charron et aL, 1999; Sepulveda et aL, 1998). However, as

evidenced by the pMHC promoter, not ail GATA target promoters are

synergistically activated by MEF2 suggesting that functional GATAlMEF2 synergy

is promoter context dependent and may be targeted to a specifie subset of cardiac

genes.

Finally, to ascertain whether, in cardiac cells, MEF2 proteins are GATA

cofactors, the effect of a dominant negative MEF2 protein on the activity of the

proximal ANF promoter was determined. This promoter contains a GATA but no

MEF2 binding site. Cotransfection of a MEF2 mutant which retains the ability to

physically associate with GATA-4 but lacks the activation domain reduces by 50%

the activity of the ANF promoter in primary cardiomyoeyte cultures; in contrast,

cotransfeetion with wild type MEF2A induces promoter activity by Book (Fig. 3.78).

Both, activation by wild-type MEF2 and inhibition by its dominant negative form,

are blunted by point mutation of the GATA binding site (Fig. 3.78). These data are

consistent with a role for MEF2 proteins as coactivators of GATA factors in cardiae

muscle cells and point ta a novel GATA-dependent pathway for transcriptional

activation by MEF2.

DISCUSSION

The MEF2 transcription factors are key regulators of cardiac myogenesis

and morphogenesis but the molecular basis for their actions are poorty understood.

The data presented here provide evidence that, in eardiac myoeytes, MEF2

proteins are reeruited by the cardiac-specific GATA transcription factors to target

promoters and functionally synergize with this family of tissue-restricted zinc finger

proteins. This observation is reminiseent of the cooperative interaction between
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Figure 3.7. The MEF2/GATA4 synergy: a mechanism for MEF2 action in the
heart. A) The MEF2/GATA-4 synergy is not limited to the ANF promoter. Hela
cells were co-transfected with 1 ).1g of MEF2A and 1.5 ,...g of GATA-4 expression
vectors together with various cardiac promoters. Except for the cardiac a-aetin
promoter that was from chicken, ail other promoters used are from rat and are
described in material and methods. TK81 is the thymidine kinase - 81 bp
promoter. Elements shaded in black and grey are high and low affinity sites,
respectively, as determined by DNA-binding assays. B) A dominant negative
MEF2 protein decreases ANF promoter activity in cardiomyocytes. Primary
culture of cardiomyocytes were transfected with the wild-type ANF.135 (Ieft panel)
or GATA-mutated ANF.135 promoter (GATAp mutlANF.13S; right panel) and no
(-), 50 ng (+), or 1 000 n9 (++) of MEF2A or a dominant negative form of
MEF2A (MEF2A DIVE). The results shown represent the mean ± 50 of two
independent experiments, eaeh earried out in duplicate.



MEF2 proteins and the myogenic bHLH factors in skeletal muscles, and suggest

that MEF2 proteins are able ta interact with and potentiate the action of other

classes of cell-specific transcription factors (Fig. 3.8). Given the coexpression of

MEF2 and GATA factors in several cell types including smooth muscle, neuronal,

and T cells, the GATA-dependent MEF2 pathway described in this work may

provide a molecular paradigm for understanding the mechanisms of action of

MEF2 in many target cells.

GATA proteins are evolutionary conserved cell-restricted transcription

factors that play crucial roles in differentiation. In vertebrates, six GATA factors

have been identified and they are ail expressed in a lineage-restricted and

developmentally-controlled manner. GATA-1, -2, and -3 are predominantly

expressed in hemopoietic cells while GATA-4, -5, and -6 are largely restricted to

the heart and guI. Genetic and biochemical studies have revealed crucial raies for

specifie family members in hemopoietic, cardiac, neuronal, and endodermal cells

(Grépin et aL, 1995; Molkentin and Oison, 1997; Morrisey et al., 1998; Tsai et aL,

1994; Pandolfi et aL, 1995; Pevny et aL, 1991). In addition to their essential roles

in development, GATA factors are also required for the proper function of adult

organs. GATA binding sites are present on many hemopoietic and cardiac

promoters, which are potently activated by GATA factors [reviewed in (Charron and

Nemer, 1999)]. Moreover, GATA proteins act cooperatively with other classes of

transcription factors including several zinc finger proteins, such as SP1 and FOG-1

(Friend of GATA-1) and homeodomain-containing factors Iike the cardiac-specific

Nkx2-S (Durocher et aL, 1997; Tsang et aL, 1997). The differential interactions of

GATA proteins with other transcription factors are likely important for functional

specificity of GATA proteins during embryonic development and in differentiated

and adult cells.

ln this study, we report for the tirst time that, in addition to interacting with

homeodomain and zinc tinger-containing proteins, GATA factors are alsa able to

interact with members of the MADS-box family of transcription factors. This

interaction involves physical contact between the C-terminal zinc finger DNA

binding damain and the adjacent basic region of GATA-4 and the MADS domain of
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MEF2. This, in tum, leads ta synergistic activation of the ANF and other MEF2

target promoters independently of the DNA-binding activity of MEF2. Synergy is

observed with two of the three cardiac GATA factors: GATA-4 and -6 but not with

GATA-5; MEF2 synergy was also detected with GATA-1, -2, and -3 though at

varying levels. Thus, ail GATA factors are not equally competent to synergize with

MEF2. The observation that GATA-4 and -6 but not -5 synergize with MEF2 is

interesting given that GATA-4 and -5 but not -6 synergize with the cardiac

homeodomain protein Nkx2-5 (Durocher et aL, 1997); this suggests that while

MEF2 and Nkx2-S interact with the same domain of GATA-4, they apparently da

not recognize the same molecular determinants.

Although GATA factors physically contact MEF2 proteins through the DNA

binding domain, DNA binding and GATA interaction are dissociable and neither

physical nor functional interaction with GATA-4 on natural promoters requires

MEF2 DNA binding. The ability of MEF2 to cooperate with MyoD in skeletal

myogenesis and to synergize with MyoD in activating an artificial promoter driven

by multimerized MyoD binding sites was also shown ta be independent of MEF2

DNA binding capacity (Malkentin et aL, 1995). DNA binding has been shown ta be

dispensable for sorne of the actions of two other sequence-specifie DNA binding

proteins, the glucocorticoid receptor (Reichardt et aL, 1998) and the cell-specific

homeadomain protein Pit1 (Dasen et al., 1999). However, in both cases, DNA

binding-independent activities involved transcriptional repression. In the present

study, we show that transcriptional activation of several natural promoters by MEF2

proteins is independent of MEF2 binding sites and MEF2 DNA binding ability.

Thus, both suppressive and activating functions of transcription factors may invalve

DNA-binding independent pathways.

ln addition to the MADS domain, the activation damain of MEF2 is required

for functional synergy with GATA-4 suggesting that MEF2 proteins potentiate

transcriptional activity of GATA factors through recruitment and/or stabilization of

coactivators in the GATA transcription complex. Such coactivators may include the

CBP/p300 family as bath MEF2 and GATA proteins have been shown ta

independently interact with these coactivators (Sartorelli et aL, 1997; Kakita et aL,
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1999; Siobei et aL, 1998). Altematively, MEF2IGATA interaction may displace or

overcome a corepressor of either or bath factors. For example, MEF2 interaction

with GATA-4 or -6 in the heart may displace FOG-2, a GATA-associated cofactor

that represses GATA-4 activity (Svensson et aL, 1999; Lu et aL, 1999).

Conversely, recruitment of MEF2 by GATA factors may displace the MEF2

associated corepressors MITR or the HDAC4 deacetylase (Miska et aL, 1999;

Sparrow et aL, 1999).

ln addition to cardiomyocytes, MEF2 proteins are coexpressed with

members of the GATA family in several other cell types. Most notably is the

presence of MEF2 proteins with GATA-6 in smooth muscle ceUs (Suzuki et aL,

1996; Nanta et aL, 1996), and with GATA-3 in T lymphocytes (Zheng and Flavell,

1997), somites (George et aL, 1994), and brain (Pandolfi et aL, 1995). Given the

demonstrated role of GATA factors in cell differentiation, the GATA-MEF2 synergy

provides a general paradigm for understanding the role of MEF2 proteins as

determining factors in diverse ceillineages.

Finally, it is tempting to speculate on the role of the MEF2/GATA synergy as

a nuclear target of several signaling cascades including calcineurin and p38 MAP

kinase. Both pathways, which are highly relevant to many human disorders such

as ischemia, heart failure, and inflammatory diseases, have been shown to activate

MEF2 in cardiac (Kolodziejczy et al., 1999), skeletal muscle (Zetser et aL, 1999),

neuronal (Mao et aL, 1999), and T cells (Han et aL, 1997; Blaeser et aL, 2000).

GATA factors have also been suggested as downstream targets of calcineurin in

cardiac and skeletal muscle hypertrophy in connection with the calcineurin

activated NFAT factor (Molkentin et aL, 1998; Musaro et aL, 1999; Semsarian et

aL, 1999). It would be interesting to test whether calcineurin or p38-dependent

post-translational modifications of MEF2 or GATA proteins modulate the

MEF2/GATA physical interaction and/or the resulting functional synergy.

MATERIALS AND METHOOS

Cell cultures and transfections

88



Hela ceUs were grown in Dulbecco's modified Eagle's medium (DMEM)

supplemented with 10% fetal bovine serum (FBS). Transfections were carried out

using calcium phosphate 24 h after plating. At 36 h post-transfection. ceUs were

harvested and luciferase activity was assayed with a Berthold lB953luminometer.

The amount of reporter was kept at 1.5 Jlg per 35 mm dish and the total amount of

DNA was kept constant (usually 7 Jlg). The amount of expression vector used is

indicated in the figure legends. Primary cardiomyocyte cultures were prepared from

4-day-old Sprague-Dawley rats as previously described (Charron et aL, 1999).

The results shown are the mean ± 50 of at least two independent experiments

earried out in duplicate.

Plasmids

ANF-Iueiferase promoter constructs were cloned in the PXP-2 veetor as

described previously (Argentin et aL, 1994; Durocher et aL, 1996). The BNP-Iue

eonstructs were deseribed in (Grépin et aL, 1994), the J3MHC-lue and eardiae et

aetin-Iue reporters were deseribed in (Abdellatif et aL, 1994). The etMHC-luc veetor

was kindly provided by P.M. Buttriek (Buttriek et aL, 1993). The construction of the

various pCG-GATA-4 veetors was based on the original rat GATA-4 eDNA as

previously deseribed (Grépin et aL, 1994). The various deletions or point

mutations of the ANF promoter and the pRSET-GATA-4 derivatives were

generated as described previously (Charron et al., 1999; Duroeher et aL, 1997).

ANF eonstruets with mutations in the GATA elements or in the NKE were

previously deseribed (Charron et aL, 1999; Ourocher et aL, 1996). The AIT-rich

mutation is shown in Figure 3.1; the SRE-Iike mutation replaces the nT of the

ANF-SRE by GGG thus destroying SRF binding. Heterologous promoters were

generated by multimerizing the relevant oligonucleotides flanked by BamHI and

Bg/II sites upstream of the minimal (-50 bp) ANF-Iuciferase reporter. peDNA

MEF2A DIVE was eonstructed by insertion of the Xbal-BamHI fragment of the

corresponding pCGN-MEF2A DIVE construct into the Xbal-BamHI sites of the

pcDNA-3 veetor. MEF2 plasmids were kindly provided by E. N. Oison (Molkentin et

aL, 1996a) and K. Walsh (Andres et aL, 1995). The MBP-GATA-4 plasmid was

prepared by subeloning a Xbal-BamHI rat GATA-4 cDNA fragment containing the
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entire open reading frame and 1.2 kb of 3' untranslated sequences (Grépin et al.,

1994) into the MBP-expressing pMalc-2 vector (New England Biolabs, Beverly MA,

USA) cut with Nhe1-BamHI.

Recombinant protein production

Recombinant MBP-GATA-4 was obtained according to our previously

described protocol (Ourocher et al., 1997). Essentially, individual colonies were

picked and grown in 500 ml LB up to an 00 of 0.6 at 600 nm. Induction of the

recombinant protein was carried out by adding Isopropyl thiogalactopyranoside

(IPTG) at a final concentration of 0.5 mM during 2 hours at 37°C. The cultures

were centrifuged and the bacteria were resuspended and Iysed by sonication.

Purification on amylose columns (New England Biolabs, Beverly MA) was

performed according to the manufacturer's instructions.

ln vitro transcribed/translated 35S-labeled MEF2 and GATA proteins were

produced in rabbit reticulocyte Iysates using the TNT-coupied in vitro

transcription/translation system (Promega Corp., Madison, WI) from pcDNA-MEF2

derivatives using either T7 or Sp6 RNA polymerase.

ln vitro protein-protein interactions

ln vitro binding studies were performed using purified MBP-GATA-4

immobilized on an amylose-Sepharose resin (New England Biolabs) and in vitro

transcribed / translated MEF2 proteins. Typically 2-6 J-li of 35S-labeled MEF2

proteins were incubated in the presence of 300 ng of immobilized GATA-4 fusion

protein in 500 J.lI of binding buffer (150 mM NaCI, 50 mM Tris-CI pH 7.5, 0.3°..'0

Nonidet P-40, 1 mM dithiothreitol, 0.5 mM phenylmethylsulfonyl fluoride, and

0.25% BSA) for 2 h at 4°C with agitation and then centrifuged for 2 min at 15 000

r.p.m. at room temperature. The resin was washed three times by vortexing in 500

J-li of binding buffer at room temperature and three other times by vortexing in 500

~I of binding buffer without aSA. The protein complexes were released trom the

resin after boiling in Laemmli buffer and resolved by SOS-PAGE. Labeled proteins

were visualized and quantified by autoradiography on phospho storage plates

(Phosphorlmager, Molecular Dynamics).
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To determine the domains of GATA-4 and MEF2 required for physical

interaction, full-Iength GATA-4 or mutated GATA-4 plasmids were used for in vitro

co-transcription/co-translation with wild type or mutant MEF2A and MEF2C. The

co-translated proteins were incubated in 500 fJL of binding buffer with 1 fJL of

GATA-4 antibody (Santa-Cruz Biotechnology) for 2 h at 4°C with agitation and for

an additional 2 h with 20 J,lL of protein AlG Plus-Agarose added (Santa Cruz

Biotechnology). Bound immunocomplexes were washed and visualized as

mentioned above.

Electrophoretic mobility shift assays

Three ,.11 of the in vitro translated MEF2A, MEF2C, and MEF2D proteins

were used for the binding reactions performed essentially as previously described

for GATA binding (Charron et aL, 1999) except that 100 ng of dl-dC were included

in the binding reaction. Reactions were loaded on a 4% polyacrylamide gel and

run at 200 V at room temperature in 0.25X Tris-borate-EOTA. The MEF2-MCK

probe is as described in (Molkentin et aL, 1996b). The rat ANF probes used were

as follow:

TATA-box

SRE-like

CArG

A/T-rich

-4s,-CAGGGAGCTGGGGGCTATAAAAACGGGAGACGCC-11 ,

-124GATCCACTGATAACTTTAAAAGGGCATCTTCA-99,

-417GATCCTCCCGCCCTTATTTGGAGCCCCTGA-390,

-597GATCCATACTCTAAAAAAATATAATAGCTCTTTCA-567
•

Immunoprecipitations and immunoblots

Co-immunoprecipitations of Flag-GATA-4 and HA-MEF2A were carried out

using nuclear extracts of 293T cells over-expressing the relevant proteins. Nuclear

extracts were prepared as follows : 5 million 293T ceUs transfected with 15 fJg of

expression vectors were harvested 48 h post-transfection in ice-cold phosphate

buffered saline (PBS) containing 1 mM Na Orthovanadate and scraped in 1 ml of

ice-cold PBS containing 1 mM EOTA. The cells were resuspended in hypotonie

buffer (20 mM HEPES pH7.9, 20 mM sodium fluaride, 1 mM sodium

pyraphasphate, 1 mM sodium orthovanadate, 1 mM EOTA, 1 mM EGTA, 0.25 mM

sodium molybdate, 10 J,lg/ml leupeptin, 10 flg/ml apratinin, 10 fJg/ml pepstatin, 2

mM OTT, 0.5 mM PMSF, and 100 nM akadaic acid) and swell on ice for 15 min.
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Twenty five J.tI of 10% NP-40 were added and the microtubes were vortexed

vigorously. The nuclei were then pelleted by centrifugation at 7000 r.p.m. at 4°C.

The nuclear pellet was resuspended in 50-100 ,.11 of high salt buffer (hypotonie

buffer containing 20% glycerol and 0.4% NaCI) and shaken vigorously at 4°C for

1h. The nuclear extracts were cleared by centrifugation at 15000 r.p.m. for 15 min

at 4°C and the protein concentration was determined by the Bradford assay. Co

immunoprecipitation reactions were carried out on 50 Jlg of nuclear extracts using

1 J.lI of 12CA5 antibody in 500 JlI of binding buffer without aSA, and bound

immunocomplexes were washed and subjected to SOS-PAGE, as described

previously (Ourocher et aL, 1997). Proteins were transferred on Hybond-PVOF

membrane and subjected to immunoblotting. Anti-Flag M5 (Sigma) and 12CA5

(anti-HA) monoclonal antibodies were used at a dilution of 1/8000, revealed with an

anti-mouse-HRP (Sigma) at a dilution of 1/50 000, and visualized using ECL Plus

(Amersham Pharmacia Biotechnology).
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CHAPTER IV. THE CARDIAC TRANSCRIPTION FACTOR GATA-4IS AN

EFFECTOR Of THE SMALL GTPASE RHOA AND MEDIATES

SARCOMERE REORGANIZATION

Frédéric Charron, George Tsimiklis, Lynda Robitaille, and Mona Nemer

Submitted for publication

FOREWORD

Cardiomyocytes are composed of a highly specialized cytoskeleton partitioned into

contractile units named sarcomeres, which consist of highly organized aetin and

myosin filaments. Many studies, including ours, have established a crucial role for

GATA-4 in the regulation of the expression of the contractile actin and myosin

protein genes in cardiomyocytes, suggesting that GATA-4 might play a role in

cardiomyocyte sarcomere formation. Indeed, we found that overexpression of

GATA-4 in cardiomyocytes induces sarcomere formation. Conversely, inhibiting

GATA4 expression blocked the sarcomere-inducing activity of hypertrophic stimuli,

such as endothelin-1 (Et-1) and phenylephrine (Phe). These results are very

similar to the effect of the small GTPase RhoA in cardiomyocytes and suggested

that RhoA and GATA-4 may function in the same signaling pathway. Accordingly,

we find that RhoA potentiates GATA-4 transcriptional activity. These results identify

for the first time a signaling pathway eonverging on a transcription factor to control

sarcomere reorganization and suggest that RhoA, in addition to its direct effect on

myofibrillar assembly, also regulates the expression of sarcomeric proteins and

sarcomere reorganization by inducing the transcriptional activity of GATA-4,

thereby Iinking the regulation of transcription by RhoA and its effects on the

cytoskeleton.
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ABSTRACT
Sarcomeres are the contractile units of the heart and their organization has a direct

and profound influence on cardiac function. However, the mechanism goveming

the normal and abnormal regulation of cardiomyocyte sarcomere organization

remains unknown. Members of the Rho family of small GTPase proteins govem

the assembly of cytoskeletal actin fibers in many cell types, possibly including

cardiomyocytes. In addition to their effect on the cytoskeleton, Rho family members

also regulate transcriptional activation of cardiac genes. However, the

transcriptiona1 and cytoskeletal effectors of the Rho family proteins in

cardiomyocytes remain undefined. The cardiac-enriched transcription factor GATA

4 regulates the expression of many contractile protein genes in cardiomyocytes,

suggesting that GATA-4 could be important for sarcomere formation in

cardiomyocytes. In this paper, we report that GATA-4 and the small GTPase RhoA

are essential for sarcomeric reorganization during cardiomyocyte hypertrophy.

Consistent with GATA-4 being a transcriptional effector of RhoA in cardiomyocytes,

we show that RhoA potentiates GATA-4 transcriptional activity both on isolated

GATA elements and on cardiac promoters known to be GATA-4 targets. Moreover,

the N- and C-terminal transactivation domains of GATA-4 are necessary and

sufficient to support potentiation by RhoA, indicating that RhoA potentiates GATA-4

activity by stimulating the transcriptional activity of its activation domains. Together,

these results identify for the tirst time a signaling pathway converging on a

transcription factor to control sarcomere reorganization and suggest that RhoA, in

addition to its direct effect on myofibrillar assembly, also regulates the expression

of sarcomeric proteins and sarcomere reorganization by inducing the

transcriptional activity of GATA-4, a key regulator of contractile protein gene

expression.
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INTRODUCTION

Sarcomeres are the contractile units of the heart. They are eomposed of highly

organized aetin and myosin filaments, stabilized by a-actinin. Other proteins such

as troponin and tropomyosin also compose the contractile filaments and are

involved in regulating contraction. Sareomere organization has a direct and

profound influence on cardiac funetion; importantly, abnormal sarcomere

organization is commonly observed in eardiac hypertrophy and failure (Braunwald,

1997). However, the mechanism goveming the normal and abnormal regulation of

eardiomyocyte sarcomere organization remains unknown.

Although members of the Rho family of small GTPase proteins govem the

assembly of cytoskeletal actin fibers and focal adhesion complex in fibroblasts and

in other cell types (Hall, 1998), conflicting results have been obtained regarding

their role in cardiomyocyte sarcomere reorganization, particularly in response to

hypertrophie stimuli (Hoshijima et aL, 1998; Thorbum et aL, 1997). Nonetheless,

two members of the Rho family, RhoA and Rac1, induce the formation of

sarcomeres in cardiomyocyte cultures (Hoshijima et aL, 1998; Pracyk et aL, 1998).

Moreover, cardiac-specific overexpresssion of Rac1 induces focal adhesion

reorganization and cardiomyopathy in mice (Sussman et aL, 2000). Although these

results implicate RhoA and Rac1 in cardiomyocyte sarcomere organization, the

effectors of the Rho family proteins in cardiomyocytes remain undefined (Clerk and

Sugden, 2000).

ln addition to their effect on the cytoskeleton, Rho family members also regulate

transcriptional activation by serum response factor (SRF), NF-KS, and STAT3 (Hill

et aL, 1995a; Perona et aL, 1997; Simon et aL, 2000). Although the changes in

cytoskeleton and the transcriptional regulation properties of Rho proteins are

considered to be mediated by different effectors (Sahai et aL, 1998; Zohar et aL,

1998), the cell type-dependent effects of Rho family members on the cytoskeleton

suggest that their transcriptional regulation properties and their effect on the

cytoskeleton are intimately linked. However, ubiquitously or widely expressed

transcription factors such as SRF, NF-KS, and STAT3 cannot aceount for these

tissue-specifie effects. Given the unique identities of the contractile proteins
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composing cardiomyocyte sarcomeres, cardiac-specific transcriptional effectors

are likely involved in their highly regulated expression and assembly process

(Epstein and Fischman, 1991).

The cardiac-enriched transcription factor GATA-4 transactivates the promoter and

regulates the expression of many contractile protein genes in cardiomyocytes

«Charron et al., 1999), reviewed in (Charron and Nemer, 1999». Moreover, GATA

4 has been implicated in the cardiomyocyte response to hypertrophic stimuli (Morin

et aL, 2001). Together, these results suggest that GATA-4 could be important for

sarcomere formation in response to hypertrophic stimuli in cardiomyocytes.

ln this paper, we report that GATA-4 and the small GTPase RhoA are essential for

sarcomeric reorganization during cardiomyocyte hypertrophy. Consistent with

GATA-4 being a transcriptional effector of RhoA in cardiomyocytes, we show that

RhoA potentiates GATA-4 transcriptional activity bath on isolated GATA elements

and on cardiac promoters known to be GATA-4 targets. This potentiation was

dependent on the presence of an intact GATA element in the promoter, since

mutation of the GATA element completely abolished the effect of RhoA on GATA-4

transactivation. Moreover, deletion and Gal4 DNA-binding domain fusion analyses

revealed that the N- and C-terminal transactivation domains of GATA-4 are

necessary and sufficient to support potentiation by RhoA, indicating that RhoA

potentiates GATA-4 activity by stimulating the transcriptional activity of its

activation domains, consistent with RhoA inducing post-translational modifications

and/or the recruitment of a cofactor which affect GATA-4 transactivation properties.

Finally, this effect is not limited to GATA-4 since RhoA was also able to potentiate

the activity of GATA-5 and GATA-6. Together, these results identity for the first

time a signaling pathway converging on a transcription factor to control sarcomere

reorganization and suggest that RhoA, in addition to ils direct effect on myofibrillar

assembly, also regulates the expression of sarcomeric proteins and sarcomere

reorganization by inducing the transcriptional activity of GATA-4, a key regulator of

contractile protein gene expression.
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RESULTS

GATA-4 is a mediator of Et-1 and Phe-induced cardiomyocyte sarcomere

reorganization.

It has been previously shown that GATA-4 regulates the expression of many

contractile proteins, such as a-myosin heavy-chain, p-myosin heavy-chain, and

cardiac troponin 1 in cardiomyoeytes (Charron et aL, 1999) and activates the

promoter of many other contractile protein genes, such as eardiac troponin C, slow

myosin heavy-chain, and cardiae a-aetin, alone or in combination with other

transcription factors (Morin et aL, 2000; Sepulveda et aL, 1998: Di Lisi et al., 1998:

Ip et aL, 1994: Molkentin et aL, 1994: Murphy et aL, 1997: Wang et aL, 1998). This

suggested that GATA-4 could be important for sareomere formation in

cardiomyocytes. To test this possibility, we have used neonatal eardiomyoeyte

cultures, where sarcomere reorganization induced by endothelin-1 (Et-1) and

phenylephrine (Phe: an a-adrenergic agonist) ean be readily observed by the

appearance of striated acto-myosin fibers upon phalloidin staining (Figure 4.1 a).

Since GATA-4 null mice are embryonic lethal (Kuo et aL, 1997; Molkentin et aL,

1997) and thus cannot be used ta test the role of GATA-4 in cardiomyocyte

sarcomere reorganization, we used an adenovirus expressing an antisense GATA

4 eDNA (AS GATA4: which we have previously shawn ta be efficient and specific)

to downregulate GATA-4 in postnatal cardiomyocyte cultures (Charron et aL,

1999). Downregulation of GATA4 in cardiomyocytes blocked sarcomere

reorganization indueed by Et-1 and Phe, while a control adenovirus expressing a

nls-lacZ cDNA (lacZ) had no effect on sarcomere reorganization (Figure 4.1 a).

Quantification of reorganized cardiomyocytes showed that while Et-1 and Phe

induced respectively a 3.2 ànd 4.0 fold increase in the number of cardiomyocytes

which underwent sarcomere reorganization, this effect was almost abolished (1.3

and 1.6 fold, respectively) in cardiomyocytes where GATA-4 was downregulated

(Figure 4.1 b).

Conversely, the effect of upregulating GATA4 activity in cardiomyocytes was also

tested. An adenovirus harboring the GATA-4 cDNA under the control of a CMV

promoter was generated. Infection of cardiomyocytes with the GATA-4 adenovirus
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Figure 4.1. GATA-4 is a mediator of Et-1 and Phe-induced cardiomyoeyte
sarcomere reorganization. (a) The antisense GATA-4 adenovirus (AS GATA-4)
inhibits Et-1 and Phe-induced cardiomyocyte sarcomere reorganization.
Cardiomyocytes infected with a laeZ control adenovirus or with AS GATA-4 were
stimulated 24 h later with vehicle (Veh), Et-1, or Phe for 48 h. Cardiomyocytes were
fixed and actin filaments were revealed using phalloidin-FITC. (b) Quantification of
the percentage of reorganized cardiomyocytes. CeUs were scored as described in
Material and Methods.



indueed nuelear GATA-4 protein level by 45-fold, as revealed by Western blot and

immunofluorescenee analysis (Figure 4.2a and 2d). This increase in protein level

correlated with a 10-fold induction of GATA-4 DNA binding aetivity in

cardiomyocytes (Figure 4.2b). Analysis of gene expression following GATA-4 over

expression revealed a 2-fold and 1.5-fold inerease in B-type natriuretic peptide

(BNP) and a-skeletal aetin (a-SA) transeripts, respectively (Figure 4.2c). This

increase in a-SA transcripts is consistent with a role for GATA-4 in contractile

protein gene expression in cardiomyocytes. Consistent with this role, the over

expression of GATA-4 indueed sareomere reorganization in eardiomyocytes

(Figure 4.2d). Interestingly, GATA-4 was as potent as Et-1 or Phe to induee

cardiomyocyte sarcomere reorganization (Figure 4.2e). Together, these results

indicate that GATA-4 is an essential mediator of Et-1 and Phe-induced

cardiomyocyte sarcomere reorganization and that upregulation of GATA-4 activity

leads to contractile protein gene induction and cardiomyocyte sarcomere

reorganization.

RhoA i5 al50 a mediator of Et·1 and Phe·induced cardiomyocyte sarcomere

reorganization.

Although the small GTPase family member RhoA is known to govern the assembly

of cytoskeletal actin fibers and focal adhesion complex in fibroblasts and in other

cell types (Hall, 1998), conflicting results have been obtained regarding its role in

cardiomyocyte sarcomere reorganization in response to hypertrophie stimuli

(Hoshijima et aL, 1998; Thorburn et aL, 1997). Therefore, we decided to investigate

in further details whether RhoA plays a role in cardiomyocyte sarcomere

reorganization.

Using a recently developed assay specifie for GTP-bound cellular Rho (Ren et aL,

1999), we determined that cardiomyocyte stimulation with Phe induces GTP

loading of Rho in a time-dependent manner (Figure 4.3a). These results indicate

that Phe induces Rho aetivity and that Rho may mediate at least part of the Phe

induced sarcomeric reorganization. Ta test whether RhoA is able to induee

sarcomere reorganization in cardiomyoeytes, cardiomyocytes were transfected

with a constitutively active form of RhoA (RhoA V14) and stained with phalloidin.
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Figure 4.2. Upregulation of GATA-4 activity induces contractile protein gene
expression and sarcomere reorganization in cardiomyocytes. (a) Western blot
analysis of nuclear extracts trom cardiomyocytes and 293 cells infected with a
lacZ control or with GATA-4 adenovirus. (b) The GATA-4 adenovirus induces
GATA DNA-binding activity in cardiomyocytes. EMSA were performed using
nuclear extracts from cardiomyoeytes infected with lacZ or GATA-4 adenovirus
and the ANF -12Dbp GATA probe. (c) GATA-4 induces BNP and a-skeletal
aetin gene expression. Total RNA was extracted from cardiomyocytes infeeted
with lacZ or GATA-4 adenovirus and 20 Jlg of RNA was analyzed by Northern
blot, as described in Materials and Methods. (d) Upregulation of GATA-4 activity
induces cardiomyocyte sarcomere reorganization. Cardiomyocytes infected with
lacZ or GATA-4 adenovirus were fixed and co-stained 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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Figure 4.3. RhoA is a mediator of Et-1 and Phe-indueed eardiomyoeyte
sareomere reorganization. (a) Phe induees Rho aetivity in a time...
dependent manner. Whole-eell extraets were prepared from
eardiomyocytes stimulated with Phe for 5 and 30 h. The active form of Rho
(Rho-GTP) was selectively affinity-preeipitated using a GST-Rhotekin
protein and revealed using anti-Rho antibody. Extracts were incubated in
presence of an exees of GDP (Ctl-) or GTP-y-S (Ctl+) as negative and
positive controls, respeetively. (b) RhoA V14 induees sareomere
reorganization in eardiomyocytes. Cardiomyocytes transfected with
pCDNA3 or pCDNA3...mye-RhoA V14 were fixed and eo-stained using
phalloidin-FITC (green) and anti-mye antibody (red). (c) RhoA N19, but not
RhoA WT, inhibits Phe-indueed eardiomyocyte sarcomere reorganization.
Cardiomyoeytes transfeeted with pCDNA3-myc-RhoA WT or pCDNA3
mye-RhoA N19 were stimulated for 48 h with Phel fixed, and eo-stained
using phalloidin-FITC (green) and anti-mye antibody (red). The arrow
indieates mye-positives eardiomyoeytes.
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Interestingly, most of the cardiomyocytes expressing RhoA V14 undelWent

sarcomere reorganization (Figure 4.3b), suggesting that upregulation of RhoA

activity might be involved in sarcomere reorganization in cardiomyocytes. To

directly test the involvement of RhoA in Phe-induced cardiomyocyte sarcomere

reorganization, a dominant negative form of RhoA (RhoA N19) was transfected in

cardiomyocytes stimulated with Phe. Interestingly, RhoA N19 inhibited Phe

induced sarcomere reorganization, while the wild-type form of RhoA (RhoA WT)

did not (Figure 4.3c). Similarly to GATA-4, these results strongly support an

essential role for RhoA as a mediator of Et-1 and Phe-induced cardiomyocyte

sarcomere reorganization and lead us to hypothesize that GATA-4 and RhoA could

act in the same signaling pathway in response to Et-1 and Phe.

RhoA potentiates GATA-4 transcriptional activity.

To test whether GATA-4 could modulate RhoA activity, the amount of active (GTP

loaded) RhoA was determined in cardiomyocytes where GATA-4 activity was

down- or up-regulated. Altering the levels of GATA-4 had no effect on RhoA activity

(Figure 4.4), even though the expression of other genes was affected in these

conditions [Figure 4.2c and (Charron et aL, 1999)]. These results suggest that

GATA-4 does not regulate RhoA activity, and indicate that, if RhoA and GATA-4

are in the same signaling pathway, GATA-4 rather lies downstream of RhoA.

To determine if this is indeed the case, the effect of RhoA on GATA-4 was

investigated. Cardiomyocyte transfection with RhoA V14 did not affect endogenous

GATA-4 protein level or subcellular localization (Figure 4.5a). We thus assessed

whether RhoA was able to regulate GATA-4 transcriptional activity. For this, we co

transfected GATA-4 with RhoA V14 and tested whether RhoA V14 is able ta

potentiate GATA-4 transcriptional activity in serum-starved NIH 3T3 cells, which do

not express GATA factors (FC, GN, and MN, unpublished data) and have low

endogenous RhoA activity (Hill et aL, 1995b). For these transactivation assays, we

have used a GATA-responsive promoter composed of two GATA elements cloned

upstream of the brain natriuretic peptide -50 bp minimal promoter [(GATA)2-BNP

50bp: (Grépin et aL, 1994)]. Although RhoA V14 had no effect on its own on this

promoter, it strongly potentiated GATA-4 transcriptional activity (Figure 4.5b). This
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Figure 4.4. Overexpression or downregulation of GATA-4 does not affect
RhoA activity in cardiomyocytes. Cardiomyocytes were infected with lacZ,
AS GATA-4, or GATA-4 adenovirus, at MOis of 2 or 8, for 36h. Rho activity
was assessed as described in Fig. 4.3a. Extracts were incubated in
presence of an exces of GDP (Ctl-) or GTP-y-S (Ctl+) as negative and
positive controls, respectively.



Figure 4.5. RhoA potentiates GATA-4 transcriptional activity. (a) RhoA V14
does not affeet GATA-4 protein level or subcellular localization.
Cardiomyoeytes transfected with pCDNA3 or pCDNA3-myc-RhoA V14
were fixed and co-stained using an anti-mye antibody (red) and an anti
GATA-4 antibody (green). (b) RhoA potentiates GATA-4 transeriptional
activity. Serum-starved NIH 3T3 cells were transfected with 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, respeetively. (GATA)2-BNP_50bP
contains two GATA elements from the BNP promoter in front of BNP.50bP'
Reporter aetivity was assayed 72 h after transfeetion. (e) RhoA-mediated
potentiation of GATA-4 transcriptional activation requires RhoA activity.
Serum-starved NIH 3T3 cells were transfected with pCDNA3 or pCDNA3
GATA-4 and increasing amounts of pCDNA3-mye-RhoA V14, pCDNA3
mye-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. Serum-starved NIH 3T3 cells were transfeeted with
pCDNA3 or pCDNA3-GATA-4 and increasing amounts of pCDNA3-myc
RhoA V14, together with the indicated reporter plasmid.
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effect was specific since RheA V14 had no effect on the BNP minimal premeter

(BNP.50bP) and on the thymidine kinase prometer (TKa1bP)' Moreover, this effect of

RhoA on GATA-4 requires RhoA activity, since the inactivated form of RhoA (RhoA

N19) or the wild-type form of RhoA (RhoA WT; which is not active in serum-starved

conditions) were not able to potentiate GATA-4 activity (Figure 4.5c). Interestingly,

RhoA V14 was not only able to potentiate GATA-4 activity on isolated GATA

elements, but was also able to potentiate GATA-4 activity on cardiac promoters

known ta be GATA-4 targets (Charron et al., 1999), such as the atrial natriuretic

factor (ANF_137bP) and BNP (BNP.114bP) promoters (Figure 4.5d). Of note, this

potentiation was dependent on the presence of an intact GATA element in the

promoter, since mutation of the GATA element in the ANF or BNP promoter (ANF.

137bp GATA mutant and BNP_114bp GATA mutant) completely abolished the effect of

RhoA V14 on GATA-4 transactivation. Mutation of the serum response element

(SRE; ANF.137bP SRE mutant) abolished the GATA-independent effect of RhoA V14

on the ANF promoter, likely reflecting the potentiation of the already described

RhoA target SRF (Hill et aL, 1995b). However, the SRE mutation had no effect on

the potentiation of GATA-4 activity by RheA V14 (Figure 4.5d), suggesting that this

effect is independent of SRF (see discussion).

RhoA potentiates GATA-4 activity by stimulating the transcriptional activity

of its activation domains.

We next sought ta determine the mechanism by which RhoA potentiates GATA-4

activity. The effect of RhoA on GATA-4 was not due ta change in GATA-4 protein

leveis or DNA-binding activity, as determined by Western blotting and EMSA

(Figure 4.6a and 6b), suggesting that RhoA might alter GATA-4 activity by inducing

post-translational modifications and/or recruitment of a cofactor which affect its

transactivation properties. Ta determine the domain(s) of GATA-4 required for

potentiation by RhoA, various GATA-4 deletions and point mutants were tested.

Deletion of the C-terminal (GATA-4 1-332) or N-terminal (GATA-4 200-440)

transactivation domain of GATA-4 had no effect on the capacity of RhoA to

potentiate GATA-4 activity (Figure 4.6c). However, deletion of both activation

domains of GATA-4 (GATA-4 200-332) completely abolished the effect of RhoA on
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Figure 4.6. RhoA potentiates GATA-4 aetivity by stimulating the
transcriptional activity of its activation domains. RhoA V14 does not affeet
(a) GATA-4 protein level or (b) GATA-4 DNA-binding aetivity, as assessed
by Westem blot and EMSA, respeetively. (c) The N- or C-terminal
transactivation domain of GATA-4 is required for potentiation by RhoA.
Serum-starved NIH 3T3 cells were transfeeted with pCDNA3 or pCDNA3
GATA-4 mutants and inereasing amounts of pCDNA3-myc-RhoA V14,
together with the (GATA}2-BNP.50b reporter plasmid. The GATA-4 mutants
are depicted in the right panel. (d) The N- and (e) C-terminal transactivation
domains of GATA-4 are sufficient to support potentiation by RhoA. Serum
starved NIH 3T3 cells were transfected with pCMX-GaI4-0BD, pCMX-GaI4
GATA-4 1-207, or pCMX-GaI4-GATA-4 329-440 and pCDNA3 or pCDNA3
mye-RhoA V14, together with the (UAS)5-TK..a1bP reporter plasmid. The
GaI4-GATA-4 construets are depicted in (f).
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GATA-4, suggesting that at least one the transactivation domain of GATA-4 is

required for potentiation by RhoA. As expected, RhoA had no effect on a GATA-4

point mutant in which DNA...binding capacity is abolished [GATA-4 C273G;

(Charron et al., 1999)], further supporting the idea that GATA-4 needs to bind to its

cognate DNA...binding element for RhoA...mediated potentiation.

To determine if the N... and C...terminal transactivation domains of GATA-4 are

suffieient to support potentiation by RhoA, these domains were fused to the DNA...

binding domain of Gal4 (GaI4...DBD) and tested in reporter gene transactivation

assays. While the N-terminal activation domain of GATA-4 (GaI4...GATA-4 1...207)

activated transcription by 2...fold on its own, RhoA V14 further potentiated this

activation by 1.7...fold (Figure 4.6d). The C...terminal activation domain of GATA-4

(GaI4...GATA-4 329-440) did not induce transcription by itself; however, in presence

of RhoA V14, it activated transcription by 2.7-fold (Figure 4.6e). Taken together,

these results indicate that RhoA potentiates GATA-4 activity by stimulating the

transcriptional activity of its activation domains.

RhoA potentiates the transcriptional activity of other cardiac GATA factors.

The ability of RhoA to potentiate the activity of the other cardiac GATA transcription

factors GATA-5 and GATA...6 was tested. Interestingly, the effect of RhoA appears

not to be limited to GATA-4 since RhoA V14 was able to potentiate the activity of

GATA...5 and GATA-6 to the same extent as GATA-4 (Figure 4.7).

DISCUSSION

Rho...like GTPases play a pivotai role in the orchestration of changes in the aetin

cytoskeleton in response to receptor stimulation, but have also been shown to be

involved in other cellular processes, such as transcriptional activation, cell cycle

regulation, and oncogenic transformation (Hall, 1998). Although the changes in

cytoskeleton and the transcriptional regulation properties of Rho proteins are

considered to be mediated by different effectors based on RhoA effector loop

mutants (Sahai et aL, 1998; Zohar et aL, 1998), the cell type...dependent effects of

Rho family members on the cytoskeleton suggest that their transcriptional

regulation properties and their effect on the cytoskeleton are intimately Iinked. The
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results presented in this paper support the idea that, in cardiomyocytes, the

eardiac-enriehed transcription factor GATA-4 acts as an effector of RhoA to

regulate a eell-specific pathway of contractile protein gene expression and

sareomere assembly: Firstr GATA-4 regulates the expression of many genes

encoding sareomerie proteins (Charron et aL, 1999). Second, the overexpression

of GATA-4 is sufficient to induee sareomerie reorganization. Third, GATA-4 is

required for sarcomeric reorganization indueed by Et-1 and Phe. Fourth, the

transcriptional aetivity of GATA-4 is regulated by RhoA. These results identify for

the tirst time a signaling pathway eonverging on a tissue-specifie transcription

factor to control sarcomere reorganization. Thus, in addition to its direct effect on

myofibrillar assembly, RhoA also regulates the expression of sarcomeric proteins

and sarcomere reorganization by inducing the transcriptional aetivity of GATA-4,

thereby linking the transcriptional effects of RhoA with its regulatory effects on the

eytoskeleton (Figure 4.8).

Consistent with these results, RhoA was shown to regulate the expression of

genes encoding contractile proteins in various eell types, sueh as skeletal a-actin in

skeletal muscle cells 0Nei et aL, 1998) and smooth muscle a-actin in smooth

muscle cells (Mack et aL, 2000). In these cells, RhoA was proposed to mediate

transcriptional activation through SRF. However, in the present work, we found that

the GATA, but not the SRE element, on the eardiac ANF promoter is the major

target of RhoA activation. Given that SRF and GATA factors were reeently reported

to aet combinatorially to activate gene expression (Morin et aL, 2001; Belaguli et

aL, 2000) and that GATA factors are present in skeletal and smooth muscle cells

(Musaro et aL, 1999; Suzuki et aL, 1996), we propose that SRF may regulate the

expression of these RhoA targets in concert with GATA factors.

Mechanism of GATA-4-induced sarcomere formation

GATA-4 regulates the expression of many contractile proteins, such as a-myosin

heavy-chain, ~-myosin heavy-chain (~-MHC), and cardiac troponin 1 in

cardiomyocytes (Charron et aL, 1999) and activates the promoter of many other

contractile proteins, such as cardiac troponin C, slow myosin heavy-chain, and

cardiac a-actin, alone or in combination with other transcription factors (Morin et
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assembly effectors may also modulate GATA-4 transcriptional activity.



al., 2000; Sepulveda et al., 1998; Di Lisi et al., 1998; Ip et aL, 1994; Molkentin et

aL, 1994; Murphy et aL, 1997; Wang et aL, 1998). This suggests that the role of

GATA-4 in sarcomere reorganization is to induce the expression of genes

encoding sarcomeric proteins. In such a model, upregulation of RhoA activity in

response to trophic stimulation leads to an upregulation of GATA-4 transcriptional

activity which would cause an increase in contractile gene expression. RhoA, via

its cytoskeletal remodelling effectors, would then organize the polymerization and

myofibrillar assembly of the newly synthetized contractile proteins (Figure 4.8).

ln support of such a model, GATA DNA binding sites have been found to be

essential for the induction of many cardiac promoters in response to trophic stimuli

known to activate RhoA: they include the promoters of ANF, 8NP, angiotensin

receptor type 1a (AT1aR), adenylosuccinate synthetase 1 (Adss1), Et-1, and p
MHC (Xia et aL, 2000; Hasegawa et aL, 1997; Herzig et aL, 1997; Marttila et aL,

2000; Morimoto et aL, 2000; Morin et aL, 2001). It is noteworthy that the

upregulation of ~-MHC gene expression by GATA-4 could directly contribute to

sarcomere formation.

RhoA·modulation of transcription factor activity

ln addition to GATA-4, RhoA activates two other transcription factors: SRF and

NF-K8 (Hill et aL, 1995a; Perona et aL, 1997). RhoA-mediated SRF activation

requires Diaphanous family proteins and is mediated through the Src tyrosine

kinase (Tominaga et aL, 2000). Since depletion of the free cellular actin pool

activates SRF (Sotiropoulos et al., 1999), the Diaphanous family proteins may

mediate their effect on SRF through their actin polymerization-inducing activity

(Watanabe et aL, 1999). The mechanism of NF-K8 activation by RhoA involves

phosphorylation of the NF-KS inhibitor IK8, causing its degradation and permitting

NF-K8 to translocate ta the nucleus to activate transcription (Perona et aL, 1997).

However, the mechanism by which RhoA triggers IK8 phosphorylation remains to

be elucidated.

ln the case of GATA-4, RhoA stimulates the transcriptional activity of GATA-4

through potentiation of its transcription activation domains. This may occur through

RhoA induction of GATA-4 phosphorylation and/or regulation of GATA-4 interaction
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with co-factors such as SRF, MEF2, or Nkx2-S (Durocher et aL, 1997; Morin et aL,

2000; Morin et aL, 2001; Belaguli et al., 2000; Lee et aL, 1998; Sepulveda et aL,

1998). Since Rho GTPases are potent activators of JNK, p38, and ERK mitagen

activated protein kinases (MAPKs) (Blackwood and Kadonaga, 1998; Lemon and

Tjian, 2000; Hirose and Manley, 2000; Brewer et aL, 1999), we tested whether

these kinase are involved in the potentiation of GATA4 by RhoA. However,

specifie inhibitors of p38 and ERK kinases were not able to inhibit the potentiation

of GATA4 by RhoA (data not shawn), suggesting that these MAPK are not

involved in this process. Due to the unavailability of a JNK inhibitor, we were not

able to directly test the role of this kinase in GATA-4 potentiation by RhoA;

however, in vitro kinase assays showed that JNK is able to phosphorylate GATA4

(FC, M. Arcand, S. Meloehe, and MN, manuscript in preparation). We are currently

mapping the JNK phosphorylation site(s) on GATA4 and we are directly tasting

the involvement of JNK, as weil as other RhoA effeetars, in RhoA-mediated

potentiation of GATA-4. Although the precise mechanisms underlying RhoA effects

on these transcription factors are still uncertain, it is clear that RhoA is able to

regulate transcription via different pathways.

Genetic evidence supports a role for GATA-4 in Rho signaling

ln GATA4 null mice, the cardiac tube does not form due to a migration detect of

the heart precursors to the midline, a condition known as cardia bifida (Kuo et aL,

1997; Molkentin et aL, 1997). Since the Rho GTPase signaling pathway has been

shown to be involved in eell motility during development (Hall, 1998), it is tempting

to suggest that the cell migration detect of GATA4 null mice might be attributed to

defective Rho/GATA4 signaling. Consistent with a role for GATA factors in cell

motility during development, the GATAclgrain GATA transcription factor has been

shown to regulate cell movement in Drosophila (Brown and Castelli-Gair, 2000).

Whether the activity of GATAc is regulated by Rho family members during this

process would be interesting to determine.

Mice harboring a mutation in another gene that has been linked to the Rho

signaling pathway present a phenotype similar to Gata4 null mice. Fibronectin, a

component of the extraeelfular matrix and a ligand for integrin adhesion receptors,
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is known to signal to the aetin cytoskeleton through Rho GTPase proteins in order

to effect cytoskeletal changes necessary for cell motility during development

(Schwartz and Shattil, 2000). Although cardiomyocytes appear normally specified

in fibronectin null mice, these animais present a migration defect of the healt

precursors similar ta the Gata4 null phenotype (George et aL, 1993; George et aL,

1997). Thus, it is tempting ta speculate that this phenotype could be due ta the lack

of Rho/GATA-4 signaling activation by fibronectin. These results raise the

possibility that defective Rho/GATA-4 signaling (either due to the lack of GATA-4

or to the lack of Rho signaling activation by fibronectin) may be the unifying theme

that could explain why mutations in such different gene types (a transcription factor

and an extracellular matrix component) cause a similar phenotype.

The Rho/GATA signaling pathway is evolutionary conserved

The raie of GATA transcription factors in Rho-induced cytoskeletal reorganization

may also be important in other muscle and non...muscle cell types. RhoA and two of

its effectors, ROKa. and ROKp, have been shawn to be involved in smooth muscle

contraction (Gong et aL, 1996; Hirata et aL, 1992; 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 suggest that RhoA also modulates GATA-6 transcriptional activity,

it is tempting to speculate that a RhoA/GATA...6 pathway might be a mediator of

smooth muscle contraction. In addition, it is weil established that Rho family

GTPases act as unique molecular switches at severa1 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 differentiation 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 celf-fate determination in yeast, the GATA transcription factor Ash1 p

is regulated by the Cdc42p/Rho signaling pathway affector Bni1 p (a Diaphanous

family protein) (Takizawa et aL, 1997; Evangelista et aL, 1997). In addition, Ash1 p
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is also regulated by the Cdc42p effector Ste20p (a Serrrhr kinase homologous to

the mouse Cdc42p effector p65/PAK) during regulation of filamentous

pseudohyphal growth in response to nitrogen starvation (Chandarlapaty and

Errede, 1998). Despite the fact that the molecular mechanism underlying Ash1 p

regulatian by Rho proteins remains unknawn, it is nonetheless interesting to note

that the functional interaction between GATA transcription factors and Rho

GTPases is evolutionary conserved from yeast to mammals.

MATERIALS AND METHODS

Plasmids and adenoviral vectors. The recombinant replication-deficient

adenoviruses type 5 (Ad5) expressing a nuclear localization signal (nls)-lacZ and

antisenses directed specifically toward GATA-4 or GATA-6 were described

previously (Charron et aL, 1999; French et aL, 1994). The GATA-4 overexpressing

adenovirus was generated using the cloning system developed and generously

provided by F.L. Graham (McGrory et al., 1988). Briefly, the Xbal fragment from

the rat GATA-4 cDNA (Grépin et al., 1994) was subcloned into the Xbal site of the

Ad5 shuttle vectar pâE1sp1B/CMV/BGH, a plasmid generously provided by B.A.

French (Agah et al., 1997; Charron et aL, 1999). The shuttle vector was co

transfected inta 293 embryonic kidney cell line with pJM17 that contains a

circularized d1309 adenoviral genome ta generate replication deficient viruses with

substitution of the Ad5 E1 genes for the GATA-4 cDNA. Putative Ad5 clones were

plaque-purified, screened for inserts, propagated, isolated, and tittered according

to the protocol of Graham and Prevec (Graham and Prevec, 1991), to produce viral

stocks with titers > 2 x 109 PFU/ml.

ANF and BNP reporter plasmids and the various GATA-4, GATA-5, and GATA-6

constructs have been described previously (Grépin et aL, 1994; Nemer et al., 1999;

Charron et al., 1999; Morin et aL, 2000; Argentin et aL, 1994; Durocher et aL,

1996). The GaI4-DNA-binding domain (DBD)-GATA-4 fusions were generated by

subcloning the PCR-amplified N-terminal (codons 1 ta 207) and C-terminal (codons

329 to 440) fragments of the rat GATA-4 cDNA into pCMX-GaI4-DBD. Ali

constructs were confirmed by sequencing. pCDNA3-myc-RhoA wild type,
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pCDNA3-myc-RhoA V14, and pCDNA3-myc-RhoA N19 expression vectors were

kind gifts from R. Béliveau.

Cell culture, infections, and transfections. Neonatal cardiomyocytes were

prepared from 4-day old Sprague-Dawley rats as described previously (Charron et

aL, 1999). The following day, the media was changed for serum-free hormonally

defined medium (5FHF)(Argentin et aL, 1994). Four heurs later, cardiomyocytes

were either infected or transfected. Infections were performed at a multiplicity of

infection (MOI) of 4 by adding the appropriate recombinant adenovirus to the

culture media ovemight. Transfections were done using calcium phosphate

precipitation with 1.5 ~g of luciferase reporter plasrnid and various amounts ef

RhoA and GATA expression vectors (see figure legends) per 9.5 cm2 culture dish.

The amount of DNA was kept constant using the empty expression vector. 5ixteen

to 20 h later, cardiomyocytes were washed twice with Dulbecco's modified Eagle's

medium (DMEM, Canadian Life Technologies Inc.) and SFHF medium was added.

Cardiomyocytes were fixed or harvested 72 h after infection or transfection. When

required, SFHF was supplemented with vehicle, Et-1 (100 nM), or Phe (100 flM) for

a period of 48 h before fixation or harvesting. Luciferase activity was assayed using

a Berthold LB 953 luminometer. The results shawn are the mean ± 50 of at least

two independent experiments 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 Inc.). Transfections were carried out as in cardiomyocytes, except

that after the DMEM washes, DMEM supplemented with 0.5% FBS was added.

RNA extraction and Northern blots. Total RNA was isolated from

cardiomyocytes by the guanidium thiocyanate-phenol-chloroform method and

blotted as previously described (Charron et aL, 1999). Blots were hybridized with

random prime-Iabeled cDNA probes for BNP, a-SA, a-CA, and GAPDH, exposed

in a Phosphorlmager cassette, and analyzed with ImageQuant (Molecular

Dynamics).

Nuclear extracts and electrophoretic mobility shift assays (EMSAs). NuC?lear

extracts were prepared as previously described (Morin et aL, 2000). Binding
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reactions were performed in 20-1J.1 reaction mixtures with 3 IJ.g of nuclear extracts in

a buffer containing 12 mM HEPES (pH 7.9), 5 mM MgCI2, 60 mM KCI, 4 mM Tris

HCI (pH 7.9), 0.6 mM EDTA, 0.6 mM OTT, 0.5 mg/ml BSA, 1 f.1g poly(dldC), 12%

glycerol, and 20 000 cpm of radio-Iabeled double-stranded -120 bp ANF GATA

probe (Charron et aL, 1999) for 20 min at room temperature . Reactions were

loaded on a 4% polyacrylamide gel and run at 200V at room temperature in 0.25X

TBE. The gel was dried and exposed to a Phosphorlmager cassette (Molecular

Dynamics).

Western blots. 10 IJ.g of nuclear extracts were boiled in Laemmli buffer and

resolved by SOS-PAGE. Proteins were transferred on Hybond-PVOF membrane,

immunoblotted, and revealed using ECL Plus (Amersham Pharmacia

Biotechnology) as described by the manufacturer. Goat GATA-4 supershift

antibody (Santa Cruz Biotechnology, Santa Cruz, CA) was used at a dilution of

1/1000 and was revealed with an anti-goat horseradish peroxydase antibody

(Sigma, St-Louis, MO) at a dilution of 1/100 000.

Immunofluorescence. Cardiomyocytes were washed twice with PBS, fixed with

3°!c. paraformaldehyde in PBS for 15 min at RT, permeabilized with 0.3% Triton X

100 and 3% paraformaldehyde in PBS for 1 min at RT, and washed three times

with PBS. Cardiomyocytes were then processed for immunofluorescence as

described (Viger et aL, 1998). The GATA-4 antibody was used at a dilution of

1/500 and was revealed with a biotinylated anti-goat antibody (1/200; Vector

Laboratories Inc., Burlingame, CA) followed by avidin-rhodamine or avidin-FITC

antibody (1/200; Vector Laboratories Inc.). The anti-myc monoclonal antibody

(Santa Cruz Biotechnology) was used at a dilution of 1/1000 and was revealed with

an anti-mouse-FITC or anti-mouse-rhodamine antibody (1/200; Vector Laboratories

Inc.). Phalloidin-FITC (Sigma, St-Louis, MO) was used at 1 f.1g/ml. Ta score for

reorganized cells, random fields were taken and the number of cardiomyocytes

harboring striated acto-myosin fibers extending from one extremity of the cell ta the

other was counted and divided by the total number of cardiomyocytes in the same

field. These obselVations were performed blindly. Identical results were obtained
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using a similar CMV promoter-driven rat GATA-4 adenovirus, a kind gift of C.E.

Murray.

Rho-GTP loading assays. Whole-cell extracts were prepared from

cardiomyocytes and the active form of Rho (Rho-GTP) was selectively affinity

precipitated from these extracts using a GST-Rhotekin fragment coupled to

glutathione-Sepharose, according to the manufacturer's protocol (Upstate

Biotechnology, Lake Placid, NY). The affinity-precipitated complexes were resolved

by SOS-PAGE, transferred to PVDF, and revealed using an anti-Rho antibody.
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CHAPTER V. DISCUSSION

1 MECHANISMS FOR GATA FACTOR SPECIFICITY

Members of the GATA transcription factor family play critical roles in diverse

cellular processes. Although sorne members are coexpressed in specific cell types.

each family member appears to fulfilt essential, nonredundant functions during

development. The molecular basis for the differential roles of GATA factors

remains poorly understood, but could occur via at least three nonexclusive

mechanisms: differential expression of GATA factors in subsets of cells or tissues,

differential affinity of GATA factors for GATA elements, or differential interaction of

GATA proteins with cofactors.

1.1 Differentiai interaction with cofactors

While the differential expression of GATA factors has been discussed in details in

the Tissue distribution and roles of the GATA transcription factors section, support

for the capacity of GATA factors to differentially interact with cofactors has only

been provided recently. Nonetheless, two types of interaction clearly show that this

mechanism imparts functional specificity to GATA factors. The first example cornes

from the study of Durocher et al., who showed functional and physical interaction

between GATA-4, but not GATA-6, and Nkx2-S (Durocher et al., 1997; Durocher

and Nemer, 1998). This differential interaction may explain why GATA-6 is not able

to compensate for GATA-4 in Gata4 nuit mice, with respect ta cardiogenesis (Kuo

et aL, 1997; Molkentin et aL, 1997). The second example cornes from the study of

Morin et aL, who showed functional and physical interactions between MEF2 and

ail GATA family members, except GATA-S (Morin et al., 2000). These observations

suggest that, while MEF2 and Nkx2-S interact with the same C-terminal zinc finger

domain of GATA-4, they apparently do not recognize the same molecular

determinants. It would be interesting to determine the C-terminal zinc finger

residues involved in these differential interactions by using GATA-4, GATA-5, and

GATA-6 non-conserved amino acid swapping mutants (microchimera analysis).

While two GATA factors may interact with the same cofactor, another level of

specificity may arise from the differential regulation of this interaction for certain

GATA factors, but not for others. For example, post-translational modifications,
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such as phosphorylation or acetylation, may modulate the capacity of certain

GATA factors to interact with a cofactor, but may not affect the interaction of other

GATA family members with this same cofactor. Such a mechanism would impart

functional specificity to GATA factors in response to signaling cascades.

Differentiai regulation may also be regulated at the transcriptional level by the

production of GATA factor isoforms that gain or lose a cofactor interaction domain.

An example for this type of regulation occurs with GATA-5, where the use of an

alternative tirst exon produces a GATA-5 isoform which is composed only of the C

terminal zinc finger and the C-terminal transactivation domain (MacNeill et al.,

1997). Thus, this isoform lacks the N-terminal zinc finger, a domain essential for

GATA-S interaction with FOG-1 and/or FOG-2. Although the physiological role of

this isoform remains to be determined, this type of regulation may be important in

spleen and heart, where GATA-5 is coexpressed with FOG-1 and FOG-2,

respectively (Tsang et al., 1997; Lu et aL, 1999; Svenssan et aL, 1999; Tevosian et

aL, 1999; Holmes et aL, 1999).

There is increasing evidence for the differential capacity of GATA factors to

regulate target genes in vivo (Morrisey et aL, 2000). Dab2, a mitogen-responsive

protein involved in signaling, is expressed in the visceral endoderm of wild type

and GATA-4-deficient embryos, but not in the visceral endoderm of GATA-6

deficient embryos. Forced expression of GATA-S, but nat GATA-4. transactivates

the Dab2 pramoter in heterologous cells. This specificity is not due to DNA-binding

affinity differences, as the DNA-binding domain of GATA-4 or GATA-S fused to the

VP1S transcriptional activation domain transactivated the Dab2 promoter equally.

Although further experiments are required to understand how GATA-4 and GATA-6

differentially regufate gene expression in visceral endoderm, these results suggest

that the N- and/or C-terminal activation domains of GATA-4 and GATA-S interact

differentially with a cofactor to activate the Dab2 promoter.

1.2 Differentiai DNA-binding site affinity

Differentiai DNA-binding affinity is another mechanism by which GATA factors

target distinct downstream genes. In the case of GATA-1, GATA-2, GAlA-3, and

GATA-6, in vitro binding site selection experiments have shown differences in
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DNA-binding specificily, although these differences have not been correlated with

natural GATA elements present in GATA-target promoters (Ko and Engel, 1993;

Merika and Orkin, 1993; Sakai et al., 1998).

The data presented in this thesis show that a subset of cellular genes may be bona

fide targets for more than one GATA factor, whereas others are under the control

of a specifie GATA factor (Charron et aL, 1999). For example, the higher affinity of

GATA-4 for the a-MHC GATA element correlates with the finding that the

endogenous a-MHC gene is a preferential GATA-4 target. This was the tirst time

that specifie in vivo targets for a GATA factor were reported.

Interestingly, the ANF and a...MHC sequences that are preferential GATA-4 binding

sites have an A at the underlined position of the (AIT)GATA(A1G) consensus.

Given that the GATA-S binding site selection experiments did not reveal any

exclusion for an A at this site (Sakai et aL, 1998), it would be interesting to

determine whether GATA-4 site selection experiments would reveal a preference

for an A at this position.

Additional results from our laboratory further support differential affinity of GATA

factors for specifie DNA-binding sites. For example, GATA-5 has a higher affinity

than GATA-4 for the Et-1 promoter GATA element (Nemer et al., 1999);

accordingly, the Et-1 promoter is more strongly activated by GATA-5 than GATA-4,

suggesting a specifie raie for GATA-5 in Et-1 gene expression.

Further work from our laboratory suggests that GATA-4 and GATA-S differentially

regulate target genes. Differentiai display-PCR experiments camparing the effect of

inhibiting GATA-4 and inhibiting GATA-S expression in postnatal cardiomyocytes

(using adenovirus-mediated transfer of antisense cDNAs) identitied a new gene,

designated 1-15-2a, which is specitically regulated by GATA-S, but not by GATA-4

(F. Charron and M. Nemer, unpublished data). Although 1-15-2a has not been

characterized previously, homologous sequences exist in the expressed sequence

tag (EST) databases of many vertebrate speeies, indicating that it is conserved

during vertebrate evolution. Whole-mount in situ hybridization and RT-PCR

analyses revealed that it is expressed in embryonic cardiac and brain tissues, two

sites of GATA-S expression (S. Caron, F. Charron, and M. Nemer, unpublished
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data). Further characterization of this and other GATA target genes identified by

differential display is ongoing in our lab and will help to understand the respective

roles of GATA factors.

2 REGULATION Of CARDIAC GENE EXPRESSION BV GAlA FACTORS:

COMBINATORIAL MECHANISMS

2.1 Regulation ofgene expression by combinatorial mechanisms

Human development requires the differential transcription of about 30 000 genes in

a precise spatial and temporal pattern. A key problem is understanding how an

organism can achieve such cellular diversity, while maintaining the capacity to

respond ta its environment. One solution is to employa limited set of activators to

integrate diverse regulatory signais in a combinatorial manner. In agreement with

this view, earlier studies of gene regulation in sea urchin embryos showed the

possibility of modeling gene regulation as logic circuits, and revealed the

computational power of enhancers and promoters (Yuh et aL, 1998). Recent

studies in Drosophila further support the idea that regulatory regions of genes

control development by acting as molecular integrators, establishing cell fate

according to the combined effects of different transcription factors (Halfon et aL,

2000; Flores et aL, 2000; Xu et aL, 2000).

One way the transcriptional effect of these transcription factors may be integrated

together is by the use of cooperativity or transcriptional synergy, where the final

effect is greater than the sum of the individual effects. In such a modal, a unique

combination of transcription factors would be organized at the enhancer-promoter

into a nucleoprotein complex (the enhanceosome) that promotes their interaction

and cooperative binding ta DNA, leading ta synergistic activation of transcription

(reviewed in (Carey, 1998». Two layers of stereo-specificity are necessary for

gene activation. The tirst layer arises from the contextual activator-activator

interactions to promote cooperative assembly of the enhanceosome on naked DNA

or chromatin. The second layer arises trom the specifie activation surface

displayed by the enhanceosome, which is chemically and spatially complementary

to target surfaces on coactivators and the basal transcription machinery (Bruhn et

aL, 1997; Kim and Maniatis, 1997; Merika et aL, 1998).
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The two best-described enhaneeosomes are the ones formed over the interferon Il

(IFNP) and the T cell reeeptor a (TCRa) gene enhancers (Giese et al., 1995;

Mayall et aL, 1997; Kim and Maniatis, 1997; Merika et aL, 1998). The IFNIl

enhanceosome is formed on a 57 bp enhancer and cantains the p50 and p6S

subunits of NF-KS, IRF-1, ATF-2, e-Jun, and HMG 1 (high mobility group 1). The

TCRa enhanceosome is formed on a 75 bp enhancer and contains Ets-1, AML-1

(CBFa2, PEB2aB), ATF (or CREB), and LEF-1. Thus, both enhanceosome are

composed of ubiquitous and tissue-specifie transcription factors, in addition to

architectural proteins (HMG 1and LEF-1) that serve to bend DNA. thereby allowing

protein-protein interactions normally proscribed by the energetic cost of DNA

bending. In both enhanceosomes, the CBP coactivator also plays a crucial role in

mediating synergy.

The next sections will discuss novel GATA factor interactions identified during the

course of my work. These and the other GATA interactions presented will lead us

to propose that GATA-4 and GATA-6 are essential components of an ANF

enhanceosome.

2.2 Heterotypic interactions between GATA-4 and GATA·6 and the

maintenance ofcardiac gene expression in the postnatal heart

Because mice lacking GATA-4 or GATA-6 die prior to formation of the primitive

heart tube, they are not useful for assessing the raie of GATA-4 and GATA-6 in

postnatal heart development. Thus, an adenovirus-mediated antisense transfer

strategy that specifically inhibits GATA-4 or GATA-S protein production in

cardiomyocytes was developed and used to assess the role of these factors in

postnatal cardiomyocytes (Charron et aL, 1999). The results indicate that several

endogenous cardiac genes, including ANF, BNP, cTnl, a-MHC, P-MHC. and

PDGFRp, are downregulated in cardiomyocytes lacking either GATA-4 or GATA-6.

suggesting that these genes are transcriptional targets for both GATA-4 and

GATA-6. Interestingly, the promoter of ail these genes contains at least one GATA

element. suggesting that they are direct downstream targets for GATA-4 and

GATA-6 in postnatal cardiomyocytes. Moreover, this approach revealed that a

subset of genes is targeted by bath GATA-4 and GATA-6; remarkably, removal of
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bath GATA proteins had the same effect as removing either one by itself,

suggesting that GATA-4 and GATA-S might be part of the same active transcription

complex. Indeed, experiments using the ANF and BNP promoters revealed that

GATA-4 and GATA-S form a heteratypic complex that binds a single GATA

element and synergistically activates transcription of cardiac promoters. Taken

together, these results suggest that GATA-4 and GATA-6 act in concert to regulate

expression of cardiac genes.

As discussed in the Interaction with cofactors section, a possible raie for these

homo- and heterotypic GATA factor interactions could be the formation of higher

arder structures among distant regulatory elements that share GATA sites. Such

GATA factor higher-order structures could be involved in the interaction between

the globin LCRs and downstream globin enhancers and promoters, they could

mediate the formation of chromatin Icops and the establishment of regions of

active chromatin, and/or they could allow for the formation of an enhanceosome at

the enhancer-promoter, as described below. These hypotheses are in agreement

with the raie of GATA factors in chromatin remodeling, as discussed in the

Introduction.

Our laboratory has also used the adenovirus-mediated antisense transfer strategy

to screen cDNA macroarrays for GATA-4 and GATA-6 targets in postnatal

cardiomyocytes (F. Charron, S. Caron, and M. Nemer, unpublished data). The

results indicate that GATA-4 and GATA-S regulate the expression of several

endogenous cardiomyocyte genes that are involved in many cellular processes,

including metabolism (e.g. arachidonate 12-lipoxygenase), signal transduction (e.g.

Ras-GTPase-activating protein), stress response (e.g. BiP; steroidogenesis

activator polypeptide), cell cycle (e.g. cyclin 02), cell adhesion (e.g. E-selectin),

and apoptosis (e.g. growth arrest and ONA-damage-inducible protein; GADD45).

Together, these results suggest that GATA-4 and GATA-S are essential for the

maintenance of the differentiated phenotype of cardiomyocytes and that, in

addition, they control a variety of cellular processes in these cells. The technology

available at the time allowed us ta screen for about SOO cDNAs per array; however,

with the refinements in array technologies, which now allow ta screen more than 15
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000 genes simultaneously, and the recent sequencing of the human genome, it is

possible to envisage that such techniques could be used to screen exhaustively

the genes of an organism for GATA transcriptional targets. Such experiments

would help the creation of tissue·specific uGATA-target repertoires", allowing to

associate GATA factors with distinct cellular processes in various cell types.

2.3 GATA-dependent recruitment ofMEF2 to target promoters

MEF2 transcription factors are key regulators of cardiac myogenesis and

morphogenesis, but the molecular basis for their actions was poorly understood.

The work described in Chapter III provides evidence that, in cardiomyocytes, MEF2

proteins are recruited by GATA-4 to target promoters, such as a-MHC, a·CA, and

BNP (Morin et aL, 2000). The observation that ail GATA factors, except GATA-5,

are able to synergize with MEF2 suggests that GATA factors are not equally

competent to interact with MEF2 proteins and that this combinatorial interaction

may impart functional specificity to GATA factors (reviewed in (Charron et al.,

2001 )).

ln addition to cardiomyocytes, MEF2 proteins are coexpressed with members of

the GATA family in several other cell types. Most notable is the presence of MEF2

proteins with GATA-3 in T lymphocytes, somites, and brain (George et aL, 1994;

Joulin et aL, 1991; Lim et al., 2000; Nardelli et aL, 1999; Pandolfi et aL, 1995;

Swanson et aL, 1998; Zheng and Flavell, 1997); with GATA-6 in smooth muscle

cells (Narita et aL, 1996; Suzuki et aL, 1996); and with GATA-2 in skeletal muscle

(Musaro et aL, 1999). Given the role of GATA factors in cell differentiation, the

GATA-MEF2 combinatorial interactions might provide a general paradigm for

understanding the raie of MEF2 proteins as determining factors in diverse cell

lineages.

The recruitment of MEF2 to its target promoters by GATA factors is reminiscent of

the cooperative interaction between MEF2 proteins and the myogenic bHLH

factors in skeletal muscle differentiation, where bHLH protein activity is potentiated

by MEF2 proteins independently of their DNA-binding activity (Molkentin et aL,

1995). However, the transcriptional mechanism by which GATA and bHLH

interactions with MEF2 factors lead to synergistic promoter activation remains
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largely unknown. The capacity of p300 and CBP to set as eoactivators of myogenie

bHLH, GATA, and MEF2 proteins might reveal sueh a mechanism: it is possible

that the synergy is due to the cooperative binding of MEF2 and bHLH or MEF2 and

GATA proteins to CBP/p300 (Sartorelli et aL, 1997; Siobei et aL, 1998). In addition,

the steraid reeeptor coaetivator (SRC) GRIP-1 aets as a cofactor of myogenic

bHLH-MEF2-mediated transcription (Chen et al., 2000b). Given that GRIP-1

directly interacts with MEF2 and serves to recruit the p300 and PCAF coactivators,

potentiation of MEF2 binding ta GRIP-1 might be another mechanism that helps to

reeruit coactivators ta MEF2/bHLH and MEF2/GATA complexes. Thus, the

recruitment of p300, CBP, and/or PCAF by MEF2 may represent the general

meehanism by which MEF2 potentiates transcription of its cofactors.

Altematively, MEF2-GATA or MEF2..bHLH interactions may displace or overcome

a corepressor. For example, MEF2 interaction may displace FOG-2-mediated

GATA repression (Lu et al., 1999; Svensson et aL, 1999; Tevosian et aL, 1999;

Holmes et aL, 1999). Conversely, reeruitment of MEF2 by GATA factors may

displace the MEF2-associated corepressor MITR or the HDAC4 or HDACS

deacetylases (Miska et al., 1999; Sparrow et aL. 1999; Lu et aL. 2000).

Interestingly, the interaction between GATA and MADS-box family proteins is not

limited ta members of the MEF2 family as the MADS-box superfamily member SRF

is also a GATA cofactor (Morin et aL, 2001; Belaguli et aL, 2000). This interaction

appears to be important ta mediate cardiomyocyte nuelear signaling induced by Et

1, suggesting that GATA-MADS complexes may be involved in tissue-specifie

nuclear signaling by extracellular stimuli. The possibility that GATA-4-MEF2

complexes mediate nuclear signaling will be discussed in the next section.

2.4 GATA-4, GATA-6, and the ANFenhanceosome

Studies from our laboratory suggest that the ANF promoter is organized into three

modular domains, which each possess different cardiac activities (Argentin et aL,

1994; Durocher et aL, 1996). The A domain (-700 to ...380 bp) is required for adult,

ventricular activity; the B damain (-380 ta ...137 bp) is required for embryonic

activity; whereas the C domain (-137 to -78 bp) is required for basal cardiac
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activity. Interestingly, the C domain is essential for A and B domain activity in the

context of the promoter (Durocher and Nemer, 1998).

Although GATA factors have not been associated with enhanceosome formation

yet, many evidence lead us to propose that the cardiac GATA-4 and GATA-6

transcription factors are essential components of an enhanceosome formed over

the C domain of the ANF promoter. First, a GATA-4-GATA-6 complex is required

for ANF expression in cardiomyocytes. Second, many transcription factors,

including MEF2, SRF, and Nkx2-5, synergize and interact physically with GATA-4

and/or GATA-6 to regulate ANF expression. Third, DNA-binding sites for these

GATA cofactors are localized within a short region of the proximal ANF promoter

(the C domain) and their phasing is conserved throughout evolution. Fourth,

mutation of any of these DNA-binding sites, including GATA elements, significantly

reduces the proximal ANF promoter activity in cardiomyocytes.

These characteristics are reminiscent of the IFN~ and TCRa enhanceosomes

(Carey, 1998), and lead us to propose the following model (Figure 5.1): (i) GATA-4

or GATA-6 is bound to the -120 bp GATA element of the ANF promoter (Charron et

aL, 1999), (ii) heterotypic GATA-4-GATA-6 interaction occurs with the DNA-bound

GATA factor (Charron et aL, 1999), (iii) a SRF dimer is bound to the -106 bp SRE

Iike and interacts with GATA-4 and/or GATA-6 (Morin et aL, 2001; Belaguli et aL,

2000), (iv) Nkx2-S is bound to the -90 bp NKE and interact with GATA-4 and SRF

(Durocher et aL, 1997; Chen and Schwartz, 1996), (v) MEF2 interacts with GATA-4

and/or GATA-6 (Morin et aL, 2000), (vi) FOG-2 interacts with GATA-4 and/or

GATA-6 (Lu et aL, 1999; Svensson et aL, 1999; Tevosian et aL, 1999; Holmes et

al., 1999), and (vii) CBP and/or p300 coactivators are likely to be in this complex

since they have been shown to interact with GATA, MEF2, and SRF (Sartorelli et

aL, 1997; Blobel et aL, 1998; Ramirez et aL, 1997).

Although our model involves DNA bending to allow contacts between distant

proteins, no uclassic" architectural proteins of the HMG family have been identified

yet that binds to the ANF promoter. It is likely that GATA and SRF, which both

possess intrinsic DNA bending properties (Omichinski et aL, 1993: West et aL,

1997), contribute to DNA looping of the ANF promoter.
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NKE TATA

Figure 5.1 Madel of the ANF enhanceosome. The C damain (-137 ta -78 bp)
and the minimal ANF promoter (-78 to +1 bp) are represented. GATA, SRE,
NKE, and TATA are GATA-4 and/or GATA-6, SRF, Nkx2-5, and general
transcription factor (GTF) machinery binding sites, respectively. Although ail
the proteins shawn to interact with the cardiac GATA factors on the ANF
promoter are shown hare, ail interactions may not occur at the same time. In
addition, post-translational modifications or recruitment of certain cofactors
may affect the presence of other proteins, such as coactivators or
corepressors, in the complex.



Although further experiments will be needed to prove the formation of an

enhanceosome over the ANF promoter, new techniques are now available to

facilitate the characterization of an enhanceosome. Kim and Maniatis showed that

synergistic transcriptional adivation can be observed from an in vitro-assembled

IFNJl enhanceosome: after depleting nuclear extracts of endogenous IFNJl-binding

proteins, it is possible to supplement the extrad with limiting concentrations of the

individual recombinant proteins and recapitulate the synergistic response observed

in vivo (Kim and Maniatis, 1997). Such experiments using the basal ANF promoter

would allow to determine the transcriptional activators, the protein domains, and

the post-translational modifications necessary for enhanceosome formation and for

synergy. In addition, these experiments would also allow to determine the

coactivators and the general transcription factors interacting with the ANF

enhanceosome.

Given that the activity of many ANF enhanceosome components, including SRF,

MEF2, and GATA-4, have been shown to be induced by signal transduction

pathways (Morin et aL, 2001; Han et aL, 1997; Treisman, 1995: Zhao et aL,

1999)(F. Charron, M. Arcand, G. Tsimiklis, L. Robitaille, K. McBride, S. Meloche,

and M. Nemer, manuscript in preparation) and that the proximal ANF promoter is

involved in induced ANF expression in response to growth factor stimulation (Morin

et aL, 2001), it is tempting ta speculate that this induction is mediated bya change

in the stereo-specifie arrangement of GATA, SRF, MEF2, and/or Nkx2-5 activation

domains, leading to the release of a corepressor, such as FOG-2, MITR, HDAC4,

or HDACS, or alternatively, to the recruitment of a coactivator, such as CBP, p300,

or GRIP-1, or the basal transcription machinery. Biochemical experiments on

purified ANF enhanceosome complexes will help ta determine whether stimulation

induces recruitment or release of a cofactor.

3 GATA-4 MEDIATES RHOA SIGNALING AND SARCOMERE

REORGANIZATION IN CARDIOMYOCYTES

3.1 Rho GTPases and cardiomyocyte sarcomere formation

Cardiomyocytes are composed of a highly specialized cytoskeleton partitioned into

contractile units named sarcomeres. Sarcomeres consist of highly organized actin
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and myosin filaments, stabilized by a-actinin. Despite their crucial role in

contraction, the mechanism goveming the regulation of cardiomyocyte sarcomere

organization remains unknown.

Members of the Rho family of small GTPase proteins govern the assembly of

cytoskeletal actin fibers and focal adhesion complex in fibroblasts and in other cell

types (Hall, 1998). In their inactive state, members of the Rho family are bound to

GDP. They are activated by the exchange of GDP for GTP, a reaction catalyzed by

guanine nucleotide exchange factors (GEFs). The endogenous GTPase activity of

Rho proteins hydrolyzes bound GTP to GDP, retuming them to their inactive state.

This GTPase activity can also be stimulated by GTPase-activating proteins

(GAPs). When activated, the Rho proteins undergo a conformational change,

allowing them ta couple to their effectors (Bishop and Hall, 2000).

The work presented in Chapter IV supports the independent findings of Hoshijima

et al. and establishes that (i) activated RhoA is sufficient to induce cardiomyocyte

sarcomere reorganization and that (ii) the RhoA signaling pathway is required for

Phe and Et-1-induced sarcomere reorganization in cardiomyecytes [(F. Charron,

G. Tsimiklis, L. Robitaille, and M. Nemer, submitted, Chapter IV)(Hoshijima et aL,

1998»). Given that other Rho family members, such as Rac1 and Cdc42, have

been shown to cross talk with RhoA and to be involved in cytoskeleton remodeling

(Bar-Sagi and Hall, 2000; Hall, 1998), it will be interesting to determine the

contribution of these proteins to the effect of RhoA.

3.2 GATA-4 mediates sarcomere reorganization

ln this work, we also report that GATA-4 overexpression in cardiomyocytes induces

sarcomeric reorganization (F. Charron, G. Tsimiklis, L. Robitaille, and M. Nemer,

submitted, Chapter IV). Moreover, GATA-4, similarly ta RheA, is essential for

cardiomyocyte sarcomeric reorganization induced by Phe and Et-1, suggesting that

GATA-4 is a mediator of sarcomeric reorganization.

ln addition to GATA-4, GATA-6 is also required for Phe and Et-1-induced

sarcomere reorganization (F. Charron and M. Nemer, unpublished data). Although

this find ing is consistent with a role for heterotypic GATA-4-GATA-6 complexes in

sarcomere formation, the fact that the overexpression of GATA-4 alone (without
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increasing GATA-6 levels) in cardiomyocytes is sufficient to induce sarcomere

reorganization suggests that a certain threshold level of GATA factors is required

to support sarcomere reorganization. The overexpression of GATA-6 in

cardiomyocytes will help to verify this hypothesis: if sarcomeres are not induced. it

would mean that an increase in total GATA levels is not sufficient to mediate

cytoskeleta1 remodeling; conversely. if sarcomeres are induced. these results

would suggest that increasing GATA levels is sufficient to mediate cytoskeletal

remodeling.

Given the similarities between the gain- and loss-of-funetion phenotypes of GATA

4 and RhoA in cardiomyocytes. we proposed that these two proteins act in the

same signaling pathway to regulate cardiomyocyte sarcomere formation. In

agreement with this hypothesis. we show that RhoA aets upstream of GATA-4 to

regulate its transcriptional activity.

3.3 GATA-4 is a transcriptional target for RhoA

ln addition to their effect on the cytoskeleton. Rho family members regulate

transcriptional activation (Hill et aL. 1995: Perona et aL. 1997; Simon et aL. 2000).

Consistent with GATA-4 being a transcriptional effector of RhoA. we show that

RhoA potentiates GATA-4 transcriptional activity on cardiac promoters known ta be

GATA-4 targets (F. Charron. G. Tsimiklis, L. Robitaille, and M. Nemer, submitted.

Chapter IV). These results identify for the tirst time a signaling pathway converging

on a transcription factor to control sarcomere reorganization and suggest that

RhoA, in addition to its direct effect on myotibrillar assembly, also regulates the

expression of sarcomeric proteins and sarcomere reorganization by inducing the

transcriptional activity of GATA-4, thereby linking the regulation of transcription by

RhoA and its effects on the cytoskeleton.

ln addition to GATA-4, RhoA activates two other transcription factors: SRF and NF

KB (Hill et aL, 1995; Perona et aL, 1997). RhoA-mediated SRF activation requires

Diaphanous family proteins and is mediated through the 8rc tyrosine kinase

(Tominaga et aL, 2000; Sotiropoulos et aL, 1999). The mechanism of NF-KS

activation by RhoA involves phosphorylation of the NF-KS inhibitor IKB, causing its

degradation and permitting NF-KS ta translocate to the nucleus ta activate
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transcription (Perona et aL, 1997). However, the mechanism by which RhoA

triggers heS phosphorylation remains to be elucidated.

ln the case of GATA-4, RhoA stimulates the transcriptional activity of GATA-4

through potentiation of its transcription activation domains. This may occur through

RhoA induction of a GATA-4 post-translational modification, such as

phosphorylation or acetylation, and/or regulation of GATA-4 interaction with

cofactors such as SRF, MEF2, or Nkx2-S (Durocher et aL, 1997; Morin et aL, 2000;

Morin et aL, 2001; Belaguli et al., 2000; Lee et aL, 1998; Sepulveda et al., 1998).

Consistent with this hypothesis, results from our laboratory indicate that GATA-4 is

a phosphoprotein in cardiomyocytes and that its phosphorylation is induced by

RhoA..inducing agonists, such as Phe and Et-1 (F. Charron, M. Arcand, G.

Tsimiklis, L. Robitaille, K. McBride, S. Meloche, and M. Nemer, manuscript in

preparation). Since Rho GTPases are potent activators of JNK, p38, and ERK

mitagen activated protein kinases (MAPKs) (Blackwoad and Kadonaga, 1998;

Lemon and Tjian, 2000; Hirose and Manley, 2000; Brewer et al., 1999), we tested

whether these kinases are involved in the potentiation of GATA-4 by RhoA.

However, our results suggest that the ERK and p38 MAPKs are not involved in this

process (F. Charron, G. Tsimiklis, L. Robitaille, and M. Nemer, submitted, Chapter

IV). Due to the unavailability of a JNK inhibitor, we were not able to directly test the

role of this kinase in GATA-4 potentiation by RhoA; hawever, in vitro kinase assays

showed that JNK is able to phosphorylate GATA-4 (F. Charron, M. Arcand, G.

Tsimiklis, L. Robitaille, K. McBride, S. Meloche, and M. Nemer, manuscript in

preparation). Interestingly, GATA-4 harbors two potential JNK docking sites. We

are currently mapping the JNK phasphorylation and docking sites on GATA-4 and

we are directly testing the involvement of JNK, as weil as other RhoA effectors,

such as Rho kinase a (ROKa) and ROKJ3, in RhoA-mediated potentiation of GATA..

4.

3.4 Genetic evidence support a raie for GATA-4 in Rho signaling

Although the early embryonic lethality of Gata4 nul! mice limits their use in

analyzing the role of GATA-4 in sarcomere reorganization (Kuo et al., 1997;

Molkentin et aL, 1997), the defect in cardiomyocyte migration to form a primitive
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heart tube is reminiscent of documented roles of the Rho GTPase signaling

pathway in cell motility during development (Hall, 1998). Thus, the cell migration

defect of Gata4 null mice might reflect defective Rho/GATA-4 signaling. Consistent

with a role for GATA factors in eell motility during development, the GATAc/grain

GATA transcription fador has been shown to regulate œil movement during organ

morphogenesis in Drosophila (Brown and Castelli-Gair. 2000). By erossing

heterozygous Drosophila mutants of Rho and GATAc to generate compound

heterozygotes and analyze cell movement in these animais, it would be interesting

to determine whether GATAc interacts genetically with Rho during this process.

Mice harboring a mutation in another gene that has been linked to the Rho

signaling pathway present a phenotype similar to Gata4 null mice. Fibronectin, a

component of the extracellular matrix and a ligand for integrin adhesion receptors,

is known ta signal to the aetin cytoskeleton through Rho GTPase proteins in order

to effect cytoskeletal changes neeessary for eell motility during development

(Schwartz and Shattil, 2000). Although cardiomyocytes appear normal!y specified

in fibronectin null mice, these animais present a migration defeet of the heart

precursors similar to the Gata4 null phenotype (George et al., 1993; George et aL.

1997). Thus, it is tempting to speculate that this phenotype could be due to the lack

of Rho/GATA-4 signaling activation by fibronectin. These results raise the

possibility that defective Rho/GATA-4 signaling (either due to the lack of GATA-4

or to the lack of Rho signaling activation by fibronectin) may be the unifying theme

that could explain why mutations in sueh different gene types (a transcription factor

and an extracellular matrix component) cause a similar phenotype. It would be

interesting to cross heterozygous fibronectin+/- and Gata4+/- mice and verity

whether compound heterozygous mice present a heart precursor migration defect.

These experiments should also be tried with heterozygous mice deficient in other

genes involved in fibronectin/integrin/Rho signaling and would confirm genetieally

whether the fibronectin signaling pathway is mediating its signal through GATA-4.

3.5 The Rho/GATA signaling pathway is evolutionary conserved

The role of GATA transcription factors in Rho-induced cytoskeletal reorganization

may also be important in other muscle and non-muscle cell types. RhoA and two of
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its effectors, ROKa and ROKp, have been shown to be involved in smooth muscle

contraction (Gong et aL, 1996; Hirata et al., 1992; 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 suggest that RhoA also modulates GATA-6 transcriptional activity,

it is tempting to speculate that a RhoAiGATA-6 pathway might be a mediator of

smooth muscle contraction. In addition, it is weil established that Rho family

GTPases act as unique molecular switches at severa) 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 differentiation 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 GATA transcription factor Ash1p

is regulated by the Cdc42p/Rho signaling pathway effector Bni1 p (a Diaphanous

family protein) (Takizawa et aL, 1997; Evangelista et aL, 1997). In addition, Ash1p

is also regulated by the Cdc42p effector Ste20p (a SerlThr kinase homologous to

the mouse Cdc42p effector p65/PAK) during regulation of filamentous

pseudohyphal growth in response to nitrogen starvation (Chandarlapaty and

Errede, 1998). Despite the fact that the molecular mechanism underlying Ash1 p

regulation by Rho proteins remains unknown, it is nonetheless interesting to note

that the functional interaction between GATA transcription factors and Rho

GTPases is evolutionary conserved from yeast to mammals.

3.6 GATA factors in stimulated transcription and hypertrophie deve/opment

ln addition to its functional and physical interaction with the transcription factor NF

AT3 that mediates calcineurin-dependent cardiac hypertrophy (see the Introduction)

(Molkentin et al., 1998), other lines of evidence are consistent with a role for GATA

factors in cardiac hypertrophy. First, using direct injection of DNA into the

myocardium, three groups have found that GATA elements present on the

promoters of the angiotensin type 1A receptor (AT1AR), p-MHC, and BNP genes
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are required for activation of these promoters in response to hypertrophie stimuli

(Herzig et aL, 1997; Hasegawa et aL, 1997; Marttila et aL, 1999). Second, analysis

of genetie and experimental models of hypertrophy, such as the SHR and the one

kidney one dip rat models, revealed increased GATA-4 transcripts in association with

ventricular hypertrophy (G. Nemer and M. Nemer, unpublished data). Third, a GATA4

SRF complex mediates the effed of the hypertrophie agonist Et-1, leading ta induction

of hypertrophie markers such as ANF, a-SkA, and c-fos (Morin et aL, 2001). Together

with our results showing that (i) RhoA potentiates GATA-4 transcriptional activity to

activate hypertrophie markers such as ANF and BNP and (ii) GATA-4 is a mediator of

Et-1 and Phe-induced sarcomeric reorganization - two hallmarks of cardiomyocyte

hypertrophy - the data strongly support a role for GATA-4 in mediating cardiomyocyte

hypertrophy. We propose that GATA4 plays a central role in the genetic

reprogramming of the hypertrophied heart. This raie likely involves post-translational

changes of GATA-4 that influence its combinatorial interactions with cofactors, such as

SRF, MEF2, Nkx2-5, and NF-AT3, thereby modulating the capacity of GATA-4

containing enhanceosomes to recruit coactivators and/or the basal transcription

machinery.

4 SUMMARY AND FUTURE PROSPECTS

The cardiac GATA-4 and GATA-S transcription factors play non-redundant roles

during embryonic development (Kuo et al., 1997; Molkentin et al., 1997; Morrisey

et aL, 1998) and in postnatal cardiomyocytes, where they are required for the

maintenance of cardiac gene expression (Charron et aL, 1999). The specificity of

GATA-4 and GATA-S is due, at least in part, to their differential DNA-binding

affinity, allowing them to differentially regulate target genes (Charron et aL, 1999).

This work also shows that functional specificity is imparted to GATA factors by their

differential capacity to interact with cofactors (Durocher et aL, 1997; Morin et aL,

2000). In addition, several other GATA target genes are regulated by both GATA-4

and GATA-S and require the combinatorial action of a GATA-4-GATA-S heterotypic

complex at their promoter (Charron et aL, 1999). A possible role for these homo

and heterotypic GATA factor interactions could be the formation of higher-order

structures among distant regulatory elements that share GATA sites, the
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establishment of regions of active chromatin, and/or the formation of an

enhanceosome at the enhancer-promoter.

ln this regard, the current paradigm on transcriptional regulation supports the

notion that a promoter, through its topology, its cis-regulatory element disposition

and its chromatin structure, is able to integrate a complex network of transcriptional

inputs, carried by the trans-acting factors, ta generate a unique transcriptional

output (Carey, 1998). In this mode of regulation, only a small number of

transcription factors can generate complex expression patterns. Thus, the

identification and the characterization of the transcription factors and their

interactions with cofactors responsible for ANF gene expression will be relevant ta

help ta understand the mechanisms underlying cardiac gene transcription in

general (Charron et al., 1999; Durocher et aL, 1997; Morin et aL, 2000; Morin et aL,

2001 ). Moreover, based on the knowledge gained from the ongoing

characterization of the IFNp and TCRa enhanceosomes, it is expected that a

detailed biochemical and genetic understanding of the ANF enhanceosome will be

crucial ta fully understand the complex spatio-temporal expression pattern of ANF

during development and in adult cardiac pathologies. In the long term, this work

should identity common sets of molecular interactions leading to discrete patterns

of gene expression and might perhaps establish a molecular code for regional and

temporal cardiac transcriptional activities.

1n addition to be essential for the maintenance of cardiac gene expression

(Charron et aL, 1999), GATA-4 also plays a role in stimulated transcription in

response to hypertrophie signais (Morin et aL, 2000; Morin et aL, 2001). Relevant

to these results, the hypertrophie agonist-induced RhoA GTPase stimulates GATA

4 transcriptional activity, which may lead to an increase in contractile protein gene

expression and sarcomere reorganization, two hallmarks of cardiomyocyte

hypertrophy (F. Charron, G. Tsimiklis, L. Robitaille, and M. Nemer, submitted,

Chapter IV). Together, these results strongly support a role for GATA-4 in

mediating cardiomyocyte hypertrophy and lead us to propose that GATA-4 is

responsible for the maintenance of cardiac gene expression in basal, unstimulated

conditions and that under stimulated conditions, activation of RhoA-dependent
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signaling pathways would lead to potentiation of GATA-4 transcriptional activity

and upregulation of a subset of cardiac genes, including sarcomeric protein genes

and other hypertrophie markers, such as ANF and BNP. In tum, the upregulation of

these genes would affect the cardiomyocyte mechanical and biological properties,

leading to cardiomyocyte hypertrophy. This hypothesis will need to be tested in

vivo.

ln conclusion, the study of cardiac transcription is critical for elucidating the

molecular basis controlling cardiogenesis and cardiac homeostasis. This, in tum,

will undoubtedly help us understand and perhaps manipulate the profound genetic

and cellular changes that are associated with cardiac diseases.
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Two members of the GATA family of transcription factors, GATA-4 and GATA-6, are expressed in the
developing and postnatal myocardium and are equally potent transactivators of several cardiac promoten.
However, several in vitro and in vivo lines of evidence suaest distinct roles for the IWo factors in the heart.
Since identiftcation of the endogenous downstream targets of GATA factors would greatly help to elucidate
their exact functions, we have developed an adenovirus·mediated antisense strategy to specifically inhibit
GATA-4 and GATA·6 protein production in postnatal cardiomyocytes. Expression of several endogenous
cardiac genes WBS signiftcantly down-regulated in cells lacking GATA-4 or GATA-6, indicating that these
factors are required for the maintenance of the cardiac genetic program. Interestingly, transcription of some
genes like the m- and p-myosin heavy-ehain (m- and P-MHC) genes was preferentially regulated by GATA-4
due, in part, to higher alinity of GATA-4 for their promoter GATA element. However, transcription of several
other genes, including the atrial natriuretic factor and B-type natriuretic peptide (ANF and BNP) genes, was
similarly down.regulated in cardiomyocytes lacking one or buth GATA factors, suggesting that GATA-4 and
GATA·6 could act through the same transcriptional pathway. Consistent with this, GATA-4 and GATA·(j were
found to colocalize in postnatal cardiomyocytes and to interact functionally and physically to provide coop
erative activation of the ANF and BNP promoters. The resulo identify for the first lime bona ftde in vivo targets
for GATA·4 and GATA·6 in the myocardium. The data also show that GATA factors act in concert to regulate
distinct subsets of genes, suggesting that combinatorial interactions among GATA factors may dil'erentially
control various cellular processes.

The vertebrate GATA transcription factors share a highly
conserved domain composed of two zinc fingers (39). This
domain is responsible for specifie binding to a consensus
WGATAR element. Based on sequence homology and tissue
distribution, the vertebrate GATA family can be divided into
two subgroups. The first subgroup is composed of GATA-l, -2,
and -3. These three GATA factors are expressed in the hema
topoietic system and are essential for normal hematopoiesis
(36, 37, 39, 40, 44). The second subgroup is composed of
GATA4. -5, and -6. which are düIerentially expressed in the
heart and gut (26). Within the heart, GATA-S is restricted to
the endocardium (22), whereas GATA-4 and -6 are expressed
in the developing and postnatal myoeardium (14, 18, 21, 33).

Severallines of evidenee have implicated GATA4 in diverse
developmental proeesses incIuding survival, differentiation,
and/or migration ofcardiomyocyte precursors. For example, in
vitro experimenls using embryonic stem celis showed that
GATA4 is essential for survival of cardioblasls and terminal
cardiomyocyte differentiation (15, 16). In vivo, inactivation of
the GATA4 gene is embryo lethal at day 9.5 posteoitum due
to failure of the GATA4 null mice to develop a primitive heart
tube (25, 31). Unfortunately, the requirement for GATA-4 at
early stages of heart development has precluded analysis of its
role in the postnatal myocardium either in vitro or in vivo.
Nevertheless, two lines of evidence suggest that GATA-4 May

• Corresponding author. Mailing address: Institut de Recherches
Oiniques de Montréal. Laboratoire de Développement et Di1I'érencia
tian Cardiaques. 110, des Pins Ouest, Montréal. Québec, Canada H2W
lR7. Phone: (514) 987-5680. Fax: (514) 987-5575. E·mail: nemerrn
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play a critieal role in postnatal cardiac transcription: GATA
elements were round to be essential for activation of sorne
cardiac promoters in adult myocardium (17, 19, 28, 30), and
GATA-4 was shown to functionally and physically interact with
NFAT-3, which would implicate it as a mediator of the cal
cineurin-dependent hypertrophie process in the myocardium
(32).

Analyses of GATA-6 in the myocardium have been more
limited, but the available data are consistent with a role for
GATA-6 in myocardial development and gene expression.
Thus, axis disruption experiments with Xenopus frogs showed
that transcription of GATA-6, much Iike that of GATA-4 and
-S, correlates with specification of cardiac progenitors and ec
topie expression of either of those factors activates the a-rny
osin heavy-chain (a-MHC) and cardiac Cl-actin genes (21).
Moreover, cotransfection experiments using heterologous ceUs
showed that GATA-6 is as potent as GATA-4 in transactivat
ing cardiac genes harboring GATA elements in their pro
moter, such as the eardiac troponin C (cTnC) and atrial natn
uretic factor (ANF) genes (9, 33). Interestingly, Gave et al.
have reported that in XenopLls embryos, GATA-6 overexpres
sion blocks differentiation and stimulate proliferation of heart
precursors (12). Recently, the inactivation of the GATA-6
gene in mice was reported to be embryo lethal al day 7.5
postcoitum, precluding analysis of ils role in the heart (34).
Finally, the inability of GATA-6 to compensale for the
GATA-4 deficiency in GATA-4 null mice suggesls that
GATA4 and GATA-6 play different roles in vivo.

The molecularbasis for the differential raIes ofGATA-4 and
-6 in the myocardium remains largely unknown but could occur
via at least three nonexclusive mechanisms: differential expres-
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sion of GATA-4 and GATA-6 in subsets of cardiomyocytes,
differential affinity of GATA factors for GATA elements and
therefore different in vivo target genes, or differential interac
tion of GATA-4 and -6 WÎth cofactors. Support for this latter
possibility was recently provided by Durocher et aL, who
showed functional and physical interaction between GATA-4,
but not GATA-6, and the cardiac homeodomain protein
Nkx2-S (9, 10). However, the relative affinities ofGATA-4 and
-6 for their DNA-binding sites have not been determined, and
whether GATA-4 and -6 localize differentially in the heart and
target distinct genes is not known.

To address these issues, we have developed antibodies spe
cific for the diJferenl cardiac GATA factors and analyzed at the
cellular level the localization of GATA-4 and -6 in the myo
cardium. We also developed an adenovirus-mediated antisense
strategy to specifically inhibit GATA-4 and GATA-6 protein
production in neonatal cardiomyocytes and assess its etIect on
cardiac gene expression_ The results indicate that severai en
dogenous cardiac genes, including those encoding ANF, B
type natriuretic peptide (BNP), a-MHC, l3-MHC, cTnI, and
platelet-derived growth factor receplor l3 (PDGFR13). are
down-regulated in cardiomyocytes lacking either GATA-4 or
GATA-6, suggesting that these genes are bona fide largets for
bath GATA-4 and GATA-6. lnterestingly. the a- and 13-MHC
genes are preferenlial targets for GATA-4, likely due to the
higher affinity ofGATA-4 for their promoter GATA element.
Remarkably, GATA-4 and GATA-6 colocalize in postnatal
cardiomyocytes and interact functionally and physically to pro
vide cooperative activation of the ANF and BNP promoters.
These results suggest lhat GATA factors are involved in the
maintenance of the cardiac phenotype and that expression of
cardiac genes is controlled by combinatorial interactions of the
ditIerent GATA proteins.

I\IATEIUALS AND METHODS

Plasmids .nd .drnoyirul yretors. The recombinant replication-deficient ade·
novirus type 5 (AdS) expressing antisense regions direcled specifically toward
GATA-4 or -6 was generated by using the c10ning system developed and gener
ously provided by F. L Graham (29). Briefly, a 358.bp EcaRIJHindlIl fragment
encoding the c:xtreme N·terminal portion of rat GATA-4 and a 3S9-bp Xba USru1
fragment from the S' untranslated region (UTR) of rat GATA-6 were subcloned
into HlirdllUEcaRI and EcoRVIXbaI, respectively, between left-cnd adenovirus
sequences in AdS shuttle vector p~ElspIB/CMVIBGH, a plasmid generously
provided by B. A. French (1). This plasmid was constructed by inscrting the
1.276-bp BgflUPvull fragment (containing the eytomegalovirus (CMV] immedi
ate-carly promoter, polylinker. and bovine growth hormone polyadenylation
signal) from pcDNAJ (Invitrogen Corp.. San Diego, Calif.) between the BgfiU
K1enow-blunted CIal sites of the polylinker in AdS shuttle veetor pâElsplB (6).
Each shuttle veetor was cOlransfected into 293 e:mbryonic kidne:y cells with
pJMI7. which contains a circularize:d dfJ09 adenovirus genome, ta generate
replication-deficient viruscs with substitution of the AdS El genes for the anti
sensc GATA-4 and GATA-6 sequenccs (AS4 and AS6). The virus AdS/CMV/
NLS·locZ. carrying an expression cassette: in which the CMV immediate-carly
promoler transcribcs sequences encoding the simian virus 40 (SV40) large T
antigen nuclear localizalion signal (NLS) fuscd to the: EscllericllÛl coli ilIcZ
reporter gene, was used as control (Ctl; a generous gift from 8. A. French) (11).
Putative AdS clones were plaque purified, screened for antiscnsc inscrts, prop
agated, isolated, and tite:re:d according to the protocol of Graham and Prevec
(13), to produce viral stocks with titers of >2 x 109 PFU/ml.

Wild-type raI ANF and BNP reporter plasmids and the wild-typC rat GATA-4
expression vector (pCG·GATA-4) wc:rc: dc:scribc:d previously (14). The various
deletions or mutations of the ANF promoter and GATA-4 cDNA were pero
formed by PCR or by the Altered Sites in vitro mutagenesis system (Promega
Corp., Madison, Wis.) as dcscribed by the manufacturer. The polyhistidine
taggc:d GATA-4 constructs used for in vitro transcription and translation were
generated by insertion of the XbaI-BamHI fragment of the corresponding pCG
GATA4 construct into the N'ld-BamHI or Nhel-Bgfll sites of pRSETA (In
vitrogen Corp.). The rat GATA-6 cDNA was c10ned by PCR and subcloned into
the pcDNAJ expression vector. AU construets were confirmc:d by sequencing.

Neon.tal ardlomyocytl: prrpantlon, Infecllon, ud lraalfection. Primary cul
turcs of cardiac myocyte:s were prepared (rom 4-day-old Sprague-Dawley rats as
previously dcscribed (4), with minor modifications. Essentially, ventricles and
atria of -60 to 72 hearts were digested four to five times. for 15 min each time.

in Joklik's modified Eagle's me:dium (Canadian liCe: Technologics Inc.) contain
ing 18 mM HEPES (pH 7.4), 0.1% collagenase (-250 Ulml; Worthington Bio
chemical Corp.), and DNase 1 (5 l1g/ml; -2.000 Ulmg; Boe:hringer Mannheim
Canada). The enzymatic digestion was stopped with fetal bovine serum (FOS,
qualified grade; Canadian life Technologies Inc.), and the undigested tissue: was
removed by filtration through nylon mesh (pore sizc, 100 I1m). Cardiomyocytes
were purified by three preplalings of 20 min each to remove residual nonmyo
eytes by differential adhesivencss, then plated at a density of 0.5 x 10" cellsl3S
mm-diameter dish (Primeria; Falcon). and cultured for 16 to 24 h in Dulbecco's
modified Eagle's medium (DMEM; Canadian Life Technologies Inc.) containing
10% FBS. The following day, the medium was achanged for serum-free hor
monally defined medium (SFHD) as previously dcscn"bed (4).

Transfeetions were carried out by using calcium phosphate precipitation 24 h
after plating. For assay of basal ANF promoter aetivity. cardiomyocytes were
transfected with 6 I1g of a wild.type or mutant ANF·luciferase reporter. At 36 h
posttransfeetion. ceUs were harvested and luciferasc: activity was assayed with a
Berthold LB 953 luminometer.

SeriaI dilutions of recombinant AdS (Ctl, AS4. or AS6) were prepared in
OptiMEMI (Canadian Life Technologies Inc.). Cardiomyocytes wcre c:xposed 10
200 111 of OptiMEMI containing 0.5 x 111', 2 x 10". or 8 x IOh PFU of
recombinant AdS for 30 min at :!SC, and 2 ml of SFHD was added to each petri
dish. The medium was replaced 16 h laler with fresh SFHD. The cells were kept
for 3 to 5 days, with the medium replaced every 24 h with frcsh SFHD.lust
before replacement, aliquots of the medium were taken for determination of
ANF concentration.

p-e."etosidllSC dl:lrclion. One day after infection, cardiomyoeytes were fixed
in 0.5% glutaraldchyde-phosphate-buffered saline (PBS) for 10 min. washed
twice for 30 min each time with PBS containing 0.02% Nonidet P-40, and stained
with a mixture of 5 mM "'Fe(CN}.... 5 mM K)Fe(CNl.... 2 mM Mgq~. 1 mg of
S-brom0-4<hloro-3-indolyl-fi-o-galactopyranosidc: (X-Gal; Boehringer Mann
heim Corp.) per ml. 0.01 % deoxycholic ac:id. and 0.02% Nonidct P~O in PBS for
1 to 2 h at !SoC in the dark. The stained cardiomyocytes were washc:d with PBS.
and 2 ml of 70% glycerol was added to each petri dish. The stained cells werc
kept at 4°C until photographed.

R.'lJA ucnclion .nd Nortbcrn bloUing. Total RNA was isolated from cardi
omyocytes by the guanidium thiocyanate·phenol<hloroform method as previ
ously dcscribed (3). RNA was denatured with formaldehyde and formamide. size
fractionated on a 1.2% agarose gel, transferred to a nylon membranes (MSr.
Wcstborough. Mass.) by capillary blotting with 20 x SSC (1 x SSC is 0.15 M NaCI
plus 0.015 M sodium citrate), and cross-Iinked to the membrane with a UV
Stratalinker 2400 (120 ml; Stratagene). B10ts were hybridized with random
prime·labeled rat cDNA probes for GATA~. GATA-6. ANF. and glyceralde
hyde-3-phosphate dehydrogenasc (GAPDH). The GATA~ and -6 cDNA frag
ments are the same ones used to generate the AS4 and AS6 adenoviruses. The
ANF cDNA was dc:scribed previously (5), and the GAPDH cDNA was gener
ously provided by P. Jolicocur. Blats were exposed in a Phosphorlmager cassette
and analyzed with ImageQuant (Molecular Dynamics).

CcII cullura .ad Innsfectionl. Hela or L cells were grown in DMEM
supplemented with 10% FBS. Transfeetions were carried out by using calcium
phosphate precipitation 24 h after plating. For overexpressions. 800,000 L cells
were plated per IDO-mm-diameter pelri dish and transfccted with 40 ILg of pCG.
pCG-GATA-4, pCG-GATA-4 mutant. or pCDNA3-GATA-6 expression vcctOr.
At 36 h posttransfeclion, ceUs were harvested and nudear extracts were prepared
as previously dcscribed (14). Nudear extract protein concc:ntrations were quan
titaled by the Bradford assay (Bio-Rad laboratoric.o;, Hercules, Calif.).

For ANF promoter transaetivation assays. 100,000 Hela cclls were plated pc:r
35-mm-diametcr pctri dish and transfeete:d with 3 I1g of ANF-Iuciferase reporter
plasmid and Il1g of GATA expression veetor. For synergy, 200 ng of GATA-6
and 200 ng of wild.type or mutant GATA-4 expression vector were uscd. The
talai amount of DNA was kept constant at 4 JLg. At 36 h posttransfection. cclls
were harvested and luciferase activity was assayed.

Elretropborrtlc mobility Ibift aSlllYS (EMSAs). 8inding rcactions were per
formed in 20-111 reaetion mixtures containing 3 I1g of nuclear extracts from L cells
overcxpressing GATA-4 or GATA-6 in a buffer containing 12 mM HEPES (pH
7.9),5 mM MgCI:!,60 mM Ka, 4 mM Tris-Ha (pH 7.9),0.6 mM EDTA. 0.6
mM dilhiothreitol. 0.5 mg of bovine serum albumin (BSA) per ml, 1 I1g of
poly(dI-dq, 12% glycerol. 20.000 cpm of radiolabeled double-5tranded -120
ANF GATA probe, and increasing amounts of the appropriate unlabeled com
petitor for 20 min at room temperature. Reactions were then loaded on a 4%
polyacrylamide gel and run at 200 V at room temperature in O.2Sx Tris-borate
EDTA. The gel was then dried and exposed to a Phosphorlmager (Molecular
Dynamics) cassette for quantitative analysis. Relative bindings wcre quantitated
and plotted as a function of the unlabeled competitor amount. Probes uscd were,
from S' to 3' (only the coding strand is shawn), rat ANF -120 (proximal;
GATcrCGcrGGAcrGATAAcrITAAAAGG), rat ANF -120mut (TGAC
AAGCITCGcrGGACfCCTAACITrAAAAG), rat ANF -28{) (distal; GAT
crCCCAGGAAGATAACCAAGGAcrCG). and rat m-MHC -265 bp (GAT
CcrCcrCTATCTGCCCATCA). where the WGATAR consensus motifs are
underlinc:d and the mutations are in boldface.

For DNA-binding affinity measurement, EMSAs were pcrformed as described
above but with incrc:asing amounts of radiolabeled ANF proximal or distal
GATA probe with a constant amount (3 I1g) of nuclear extraets from L ccUs
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FIG. 1. Cardiomyocytes arc efficicntly infeeted by adenoyirus. Ventricular cardiomyocytes isolaled from 4-day neonalal raIS were mock infected (A) or infectc:d at
MOIs of 1 (B). 4 (O. and 16 (0) with the Ctl adenovirus. which expresses an NLS-lacZ gene. Twenty hours later. cells were assayed for ~-galactosidase aClivity.

o..ercxpressing GATA-4 or GATA-6. Scatchard analysis was then pcrforrned on
the binding data by plotting the hound/free DNA ratio as a function of Ihe bound
ONA. The resulting dissociation constant (KJ ) was cah:ulated by using Microsoft
Excel.

Watern blol5. Three days after infection. cardiomyocytes were harvcsted and
nuclear CXlracts were prepared; then 20 ..,g ofcardiomyocyte nuclear extraets and
2 ..,g of GATA-4 or GATA-6-0vercxpressing l-ccU nudear cxtracts were boilcd
in laemmli buffer and resolyed by sodium dodecyl sulfate-polyacrylamide gel
electrophorcsis (SD5-PAGE). Proteins were transferred ta a Hybond polyvinyli
deme difluoride membrane and immunablottcd by using the Renaissance chemi
luminescence system (NEN life Sciences. 80slon. Mass.) as dcscribed by the
manufacturer. Goat GATA-4 supcrshift antibody (Santa Cruz Biotechnology.
Santa Cruz, Calif.) was uscd at a dilution of 111.000 and was revealed with an
anti-goat horscradish pcrolÙdase-conjugatcd antibody (Sigma. St. louis. Mo.) at
a dilution of 11100,000. The GATA-6 antibody was made in rabbits by injection
of a GATA-6-spccific peptide Iinked tO keyholc limpet hcmocyanin as describcd
elsewhere (2). The purified GATA-6 antibody was uscd at a dilution of lJl,OOO
and was revealed with an anti-rabbit horseradish pcroxidase-conjugated antibody
(Sigma) at a dilution of 11100.000.

RIA. [mmunoreactive ANF (irANF) concentration was determined in the
cardiomyoeytc culture medium by radioimmunoassay (RIA) as previously de
scnbcd (3).

Pull-dlnnlassays_ Polyhistidine-tagged GATA-4 and wi[d-type GATA-6 wcre
in vitro cotranscribed and cotranslated in the presence of radiolabeled methio
nine ac:oording to the manufacturer's protocol (TNT reticulocyte Iysate kit;
Promega Corp.). The proteins were then allowed to interact Olt 4°C with agitation
in 400 ..,1 ofbinding buffer (ISO mM NaO. 50 mM Tris-O [pH 7.5J. 0.3% Nonidet
P-40. 10 mM ZOO:. 1 mM dithiothreitol. 0.25% OSA) as described pre"iously
(9). ACter 2 h. SO ..,1 of nickel rcsin (ProBond resin; Invitragen Corp.) was added.
and the reaction mixture was incubated further for 2 h at 4°C. The rcsin was Ihen
washed three times with binding buffer and tw'ice with binding buffer minus BSA.
Interacting proteins were rcsol..ed by SOS-PAGE (15% gel). The gel was dried
and exposed to a Phosphorlmager cassette.

Cros5-linldnl- Cardiomyocyte whole-ccll extracts werc preparcd in radioim
munoprecipitation nssay (RIPA) buffer (PBS. 1% NP-40. 0.5% sodium deoxy
cholate, 0.1% SDS. cocktail of protease inhibitors) by repc:ated aspiration
through a syringe needle. followed by centrifugation to pellet cellular debris. The
supcmalant was then incubatcd on ice for increasing amounts of lime in the
presence of 0.02% glutaraldehyde. and the reaction was blocked by the addition
of 1 M glycine (pH 7.6). To reduce nonspecific binding. the cellular extracts were

preincubated at 4°C for 30 min with 1 ILg of normal goat serum and 20 IÙ of
protein AlG PlUS-Agarosc (Santa Cruz Biotechnology). GATA-4/GATA-6
complexes were immunoprecipitated with 1 ..,1 of anti-GATA4 antibody (Santa
Cruz Biotechnology) and 20 ILl of prolein NG PlUS-Agarose at 4°C ovcmight
with agitation. Subsequently. the immunoprecipit3tes were washed four times in
RIPA bull'er. resolved by S05-PAGE. and transferred ta a polyroinylidene ditlu
oride membrane. The presence of the GATA-4/GATA-6 complexes was re
vealed by Western blouing using an anti·GATA-6 antibody.

Immunofluomœnœ. Paraformaldchyde-fuced heart sections from neonatal
micc were processc:d for immunofiuorcscence as describcd elsewhcrc (.$1). The
GATA-4 antibody was uscd at a dilution of 1/500 and was revcaled with a
biotinylated anti-goat antibody ([/200; Vector Lahoratorics Inc.. Burlingame.
Calif.) followed by avidin·rhodamine (1/200; Veetor laboratories). The purilic:d
GATA-6 antibody was used at a dilution of lISO and was revealed with a
tluorescein isothiacyanate-eonjugated anti-rabbit antibody (1/200; Sigma).

RESULTS

ln vivo target Genes for GATA-4 and GATA·6 in postnatal
atrial and ventrieular œrdiomyocytes. To analyze the conse
quence of inhibiting GATA4 or GATA-6 expression for en
dogenous myocardial gene expression, we used adenovirus
mediated delivery of antisense gene regions to cardiomyocytes
in primary culture_ For this, we initially determined the dose of
adenovirus that would efficiently infect ventricular cardiomyo
cytes isolated from 4-day neonalal rats, using a replication
deficicnt adenovirus expressing a lacZ gene fused to an SV40
NLS (Ctl adenovirus). At a rnultiplicity of infection (MOI) of
1, ail the cardiomyocytes showed ~-galactosidase activity (blue
staining) in the nucleus, with staining intensity increasing in a
dose-dependent manner up to an MOI of 16 (Fig. lB to D). No
staining was observed in mock-infected cardiomyocytes (Fig.
lA). Sirnilar results were obtained with atrial neonatal cardi
omyocytes (data not shown). Higher dose of the CU adenovirus
led to cytotoxicity (data not shown). Thus, MOIs ranging from
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FIG. 2. Charaeterization of AS4 and AS6. (A) Schematic reprcsentation of
the constructs used to generate the recombinant adenoviruscs. NLS-lacZ. a
3S8-bp fragment from the extreme N-terminal portion of GATA-4. or a 359-bp
fragment from the 5' UTR of GATA-6 was cloned downstream of the CMV
promotcr and upslream of an SV40 poly(A) sequence: in order to gencr.lte the
recombinant adenoviruses. (B) Transgene expression is dose depcndcnl. Ven
tricular cardiomyocytcs were infc:cted at MOIs of 16,4. and 1 (corresponding to
the progressivcly narrowing triangle) with Ctl, AS4, and AS6. RNA was isolated
3 days postinfcetion. Nonhem blot analysis showed that bath antisense trans
gencs were efficicntly cxpressed in a dose-depcndent manner. (C) AS4 and AS6
are specifie and efficient at dcereasing GATA-4 and GATA-6 protein Icvels.
Ventricular cardiomyocytes were infccted as describcd abave. and nuclcar c:J(

tracts were isolated 3 days po5tinfeetion and analyzed by Western blotting. L cells
overexpressing GATA-4 or GATA-6 were used as controls for the spccificity of
the antibodies. (0) Quantification of the elfeclS of AS4 and AS6 on GATA-4 and
GATA·6 protein levels. The data represcnt the means of [Wo indepcndent
Western blots pcrformed as described for panel C and quantified by dcnsitom
cuy. At an MOI of 4. GATA-4 levels were decreased spccifically by AS4 (80%
reduction). while GATA-6 levels were reduccd specifically by AS6 (60% reduc
tion).

ANF is a direct transcriptional target 'or both GATA-4 and
GATA·6. To detennine if ANF is a directtranseriptional target
for bath GATA-4 and GATA-6, a detailed analysis of the ANF
promoter was performed. Comparison of the ANF pramoter

1 to 16, which achieve efficient infection without any apparent
cytotoxicity (Fig. 1), were used in subsequent experiments.

To specificaUy inhibit GATA-4 or GATA-6 protein produc
tion, replication-deficient adenoviruses expressing an antisense
cONA directed specifically toward GATA-4 or GATA-6 were
generated. A 358-bp fragment from the extreme N-terminal
portion ofGATA-4 was used for the AS4 production (Fig. 2A).
For AS6, a 359-bp fragment from the 5' UTR of GATA-6 was
used. These regions were chosen because of their low overall
homology with other GATA factors, and as shown in Fig. 2B,
the ONA fragments used to generate AS4 and AS6 show no
cross-hybridization with each other's mRNA.

Ventricular neonatal cardiomyocytes were infected at MOis
of 1, 4, and 16 with Ctl, AS4, and AS6, and RNA was isolated
3 days postinfection. Northem blot analysis showed that both
antisense transgenes were efficiently expressed in a dose-de
pendent manner, to a lever exceeding lOQ-fold that of endog
enous GATA-4 or -6 (Fig. 28). AS4 and AS6 were also specifie
and efficient at reducing GATA-4 and GATA-6 prolein levels
in a dose-dependent manner, as evidenced by Western blot
analysis (Fig. 2C). As shown in Fig. 20, AS4 reduced GATA-4
levels by 80% whereas AS6 reduced GATA-6 levels by 60% at
an MOI of 4. The effect of AS4 and AS6 extended also 10
GATA-binding activity as assessed by EMSA; a 50% decrease
in GATA binding over the ANF -120 GATA probe was ob
served with AS4 or AS6, indicating that indeed both GATA-4
and GATA-6 contribute to the GATA-binding activity in post
natal eardiomyoeytes (data not shown). Moreover, AS4 and
AS6 had no effect on GATA-5 mRNA levels, suggesting that
GATA-5 does not compensate for the lack of GATA-4 or
GATA-6 in postnatal cardiomyocytes (data not shawn).

To assess the effects of reduced GATA-4 or GATA-6 activ
ity on endogenaus gene expression, we initially analyzed
changes in ANF mRNA and protein levels. The ANF pro
mater contains two conserved GATA elements (see Fig.4A)
and was previausly shown to be transactivated by GATA-4 and
GATA-6 in heterologous eells (9, 14). In ventricular neonatal
cardiomyocytes with reduced GATA-4 or GATA-6 aClivity,
irANF secretion was decreased in a time-dependent manner
(Fig. 3A). The effect was tirst observed at 3 days postinfection
(50% decrease), and irANF secretion was decreased by 60 la
80% at 5 days postinfection. The decrease of secreted irANF
was dose dependent (Fig. 38). Interestingly, the reduction of
both GATA-4 and GATA-6 activities (AS4 plus AS6) had the
same effect on irANF secretion as reduction of GATA-4 (AS4)
or GATA-6 (AS6) activity alone (Fig. 38), suggesting lhat
either a maximal threshold is reached or GATA-4 and
GATA-6 are in the same transcriptional pathway. The effect of
atlenuation of GATA-4 or GATA-6 on ANF expression ex
tended to the transcript level (Fig. 3C). Similar results were
obtained with atrial cardiomyocytes (data not shown) and in
dicate that the ANF gene is an in vivo transcriptional target for
GATA-4 and GATA-6 in postnatal cardiomyocytes.

We also verified that other cardiac genes were aJfected by
the decrease in GATA-4 or GATA-6. BNP, «-MHC, I3-MHC,
cTnI, and PDGFR~ mRNA levels were down-regulated by
AS4 and AS6 (Fig. 3D). Interestingly, «-MHC and I3-MHC
were preferentially dawn-regulated by AS4, suggesting that
these genes are preferential targets for GATA-4. The lack of
GATA factors did not affect aIl cardiac genes; for example,
cardiac a-actin, myosin Iight-chain 1, and GAPDH rnRNA
levels were not altered by AS4 or AS6 (Fig. 3e and D and data
nat shown). Similar results were obtained by semiquantitative
reverse transcription-PCR analysis (data not shown). Thus,
GATA-4 and GATA-6 are involved in regulating specifie sub
sets of cardiac genes in postnatal cardiomyocytes.
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FIG. 3. In vivo transcriptional targets for GATA-4 and GATA-6 in postnatal eardiomyocytes. (A) irANF secretion is decreascd in a time-dependcnt manner by AS4
and AS6. Vcntricular eardiomyocytes were infccted Olt an MOI of 4 with Ct!. AS4. and AS6. Secreted irANF was assayed in the cardiomyocyte culture medium after
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subsequent analyses were performed Olt this time point. (B) irANF secretion is decrea.sed in a dose-dependent manner by AS4. AS6. and AS4 plus AS6. Ventricular
cardiomyocytcs were infeeted Olt MOIs of 16.4. and 1 (corrcsponding to the progressively narrowing triangle) with Ctl. AS4. AS6. and AS4 plus AS6. (C) ANF mRNA
levels are decreased in a dose-dependent manner by AS4. AS6. and AS4 plus AS6. Ventricular cardiomyocytcs were infeeted as for panel B. and total RNA was analyzed
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down-regulated by AS4. whereas cardiac (c.) Q·actin. myosin Iight<hain 1 (MLCl). and GAPDH mRNA Icvcls wcre not aJfectcd by AS4 or AS6.

sequences available in the database (from human, rat. mouse,
sheep, and bovine genomes) shows that two consensus
WGATAR elements, a proximal one at -120 bp and a distal
one at - 280 bp, are entirely conserved aeross species (Fig.
4A), suggesting that these GATA elements may play important

evolutionarily conserved functions in ANF gene regulation.
Indeed, deletion or point mutation of the proximal or the distal
GATA element decreased by about 50% ANF promoter ac
tivity in postnatal cardiomyocytes (Fig. 48). A more drastic
etrect was observed when both elements were mutated, leaving
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only 30% of wild-type promoter activity. Similar results were
observed for aIl constructs in I-day ventricular or atrial cardi
omyocytes. ThuSy bath proximal and distal GATA elements are
major contributors of ANF promoter activity in postnatal car
diomyocytes.

Since both GATA-4 and GATA-6 are present in neonatal
cardiomyocytesywe tested their relative efficiencies at transac
tivating the ANF promoter. The results indicate that both
GATA factors are patent activators of the ANF promoter,
exhibiting about 25- ta 30-fold aClivation (Fig. 4C). However,
while mutation of the proximal or distal GATA clement re
duced GATA-4 transactivation by approximately 50%, muta
tion of the proximal GATA element fully abrogated GATA-6
lransaclivalion.

To test whether this was due ta dilferential affinity of
GATA-4 and -6 for certain GATA elements, we analyzed the
binding affinities of GATA-4 and GATA-6 for bath ANF
GATA elements. EMSAs were performed with increasing
amounts of radiolabeled probes and a constant amount of
nuclear extracts from L cells overexpressing GATA-4 or
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nuclear extmCt5 from l cells overexprcssing GATA-4 or GATA-6 incubated with
a mdiolabeled -120-bp ANF GATA clement and increasing amounts of an
unlabeled competitor (-120-bp ANF GATA. -l:!o-bp ANF GATAmut. or
-265-bp Œ-MHC GATA; top right panel). Relative bindings were quantitated
and plotted as a function of the amount of unlabeled competilor (Ieft).

GATA-6 (Fig. SA). Scatchard analysis revealed that GATA-4
has similar relative affinities for the proximal and distal GATA
elements (relative KaS of 1.41 and 2.73 nM, respectively). How
everythe relative affinity of GATA-6 for the distal element was
8-fold lower than that for the proximal GATA element (rela
tive KJS of 6.4 and 0.81 nMy respeclively). Similar KaS were
obtained with bactcrially exprcssed proteins (data not shown).
Thesc results show for the first time that GATA-4 and
GATA-6 possess differential affinities for naturally occurring
sites.

Since ditrerential activation of the ANF promoter GATA
elements by GATA-4 and -6 correlated weil with the relative
affinities for these sites, we tested whether the preferential
regulation of a-MHC by GATA-4 was due to dilferential af
finities of GATA factors for the a-MHC GATA element (30).
As shown in Fig. SB, the a-MHC GATA element was more
efficient at competing GATA-4 than GATA-6 binding. Thus,
the higher affinity of GATA-4 for this element may explain the
preferential regulation of the a-MHC gene by GATA-4.

GATA-4 and GATA·6 functionally and physically interact to
cooperatively activate cardiac promoters. The fact that the
reduction of both GATA-4 and GATA-6 protein levels had the
same effect on ANF gene expression as the reduction of either
factor alone suggests that GATA-4 and GATA-6 are members
of a single functional complex and that ablation of GATA-4 or
GATA-6 in that complex is sufficient to disrupt its transcrip
tional activity.

Ta test whether GATA-4 and GATA-6 act cooperatively,
the -70o-bp ANF promoter fused to luciferase was cotrans
fected with various doses of GATA-4 and GATA-6 expression
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vectors. At a low dose of expression vector where neither
GATA-4 nor GATA-6 could activate transcription by itself,
synergistic activation of the ANF promoter was achieved when
both GATA factors were added (Fig. 6A). Interestingly, coop
erative activation by GATA-4 and -6 occurred through a single
GATA-binding site, as evidenced by the activation of the
-135-bp ANF promoter construct. In fact, the proximal
GATA element was necessary and sufficient for synergy, and
the distal GATA element (-700-bp ANF 4GATA -120 bp)
could not mediate cooperative activation. Synergistic activa
tion by GATA-4 and GATA-6 was also observed on the BNP
promoter but not on a shorter ANF promoter lacking GATA
elements (-106-bp ANF).

The domaines) of GATA-4 required for synergy with
GATA-6 was mapped by cotransfection in Hela cells of
GATA-6 and various GATA-4 mutant expression vectors (Fig.
6C; summarized in Fig. 7). Ali mutants werc tested for expres
sion and nuclear localization. The mutants used in transfection
assays were expressed at simiiar levels, as evidenced by EMSAs
and Western blot analysis (Fig. 6B and data not shawn). Pro
gressive deletion of the N-terminal (127 to 443 and 201 to 443)
activation domain of GATA-4 did not drastically affect synergy
with GATA-6. However, deletion of the C-terminal activation
domain of GATA-4 (1 to 332) or GATA-4 mutants harboring
no transcriptional activation domain (201 to 332 and 242 to
332) did not exhibit synergy with GATA-6. DNA binding by
GATA-4 was not required since G4m, a GATA-4 mutant in
the second zinc finger bearing no DNA-binding activity (but
that still localizes to the nucleus) was able to provide synergis
tic activation with GATA-6. Thus. while the N-terminaI acti
vation domain of GATA-4 and GATA-4 DNA-binding ability
are dispensable, the C-terminal activation domain of GATA-4
is required for synergy with GATA-6.

To test whether this functionai cooperation between
GATA-4 and -6 involves direct interaction, polyhistidine
tagged GATA-4 and wild-type GATA-6 were in vitro cotrans
cribed and cotranslated in presence of radiolabeled methio
nine. As shown in Fig. 6D and summarized in Fig. 7, GATA-4
interacted specifically with GATA-6, and this interaction re
quired the zinc fingers and the basic region of GATA-4. The
ability of GATA-4 and GATA-6 to contact each other was
further confirmed in vivo by chemical cross-linking of cardio
myocyte extracts followed by immunoprecipitation with a
GATA-4 antibody and Western blotting with a GATA-6 anti
body. As shown in Fig. 6E. this resulted in immunoprecipita
tion of a heterodimer composed of endogenous GATA-4 and
GATA-6 proteins.

GATA-4 expression and GATA·6 expression colocalize in
postnatal careliomyocytes. To ascertain that the immunopre
cipitated GATA-4 and -6 complex reftects the ability of these
proteins to associate with each other intracellularly. we verified
the coexpression of GATA-4 and GATA-6 in cardiomyocytes.
lmmunotluorescence studies using specifie anti-GATA-4 and
anti·GATA-6 antibodies were performed on sections from
neonatal Mouse hearts and on primary rat cardiomyocyte cul·
tures (Fig. 8 and data not shown). These studies revealed that
GATA-4 and GATA-6 colocalize in most postnatal ventricular
cardiomyocytes.

DISCUSSION

Members of the GATA family of transcription factors play
criticaI roles in diverse cellular processes. A1though some
members are coexpressed in specifie cell types, each family
member appears to fulfill essential, nonredundant functions
during development. However, the mechanisms by which

GATA factors control gene expression and cell fate as weil as
the molecular basis for their specificity remain poorly under
slood.

The data presented in this paper provide evidence for the
existence of specific in vivo downstream targets for two mem
bers of the GATA family, GATA-4 and -6, which are coex
pressed in myocardial celis. The results aIso show that GATA
factors act in concert to regulate transcription of subsets of
cellular genes. suggesting that combinatorial interactions
among GATA factors May differentially control various cellu
lar processes.

Identification 01 in vivo targets for GATA factors in careli·
omyocytes. Regulatory elements containing GATA-binding
sites have been identified in Many cardiac promolers, including
BNP, a-MHC. cTnI, and cTnC, and GATA-4 was shown to
transactivate several of these promoters (8, 14. 20, 28, 30, 35,
38, 42). However, several cardiac markers examined which
were previously proposed ta be GATA-4 targets were still
expressed at high levels in GATA-4 null hearts, raising the
possibility that these genes are not bona fide GATA-4 targets
or that other cardiac factors, including GATA-6, whose expres
sion is up-regulated in GATA-4 null mice, provide compensa
tory pathways (25, 31). Thus, deterrnining the in vivo targets
for GATA-4 and GATA-6 is crucial for understanding their
role in the heart. The data obtained in this study indicate that
white sorne cardiac genes are regulated preferentially by
GATA-4. others are targets for both GATA-4 and GATA·6.
This is consistent with a specialized raie for each factor in heart
development and the requirement for both in normal heart
formation. At present. GATA-6 has been linked to cardioblast
proliferation whereas GATA-4 has been associated with ter
minai ditferentiation (12, 15). ln this respect, it is noteworthy
that markets of later stages of cardiomyocyte diJferentiation-a
and J3-MHC genes-appear to be preferential GATA-4 targets
whereas genes expressed in precardiomyocytes prior to the
beating stage, such the natriuretic peptide (ANF and BNP)
and PDGFR genes (16. 24), are targeted by both GATA-4 and
GATA-6. Since the adenovirus-mediated antisense strategy
revealed that GATA-4 and GATA-6 are required for mainte
nance of the differentiated phenotype in postnatal cardiomyo
cytes, it could now be used to detennine the role of these
factors in embryonic myocytes. Finally, in light of recent re·
ports suggesting a raie for GATA-4 in mediating hypertrophie
signais (17. 19), it will be intcresting to use the adenovirus tools
developed in this study to directly test the implication of
GATA-4 or GATA-6 in cardiomyocyte hypertrophy.

Transcriptional mechanisms of GATA factors. The data
presented here show that a subset of cellular genes May be
bona fide targets for more than one GATA factor, whereas
others are under the control of a specific GATA faclor. It May
be significant that this is the first time that specifie in vivo
targets for cardiac GATA factors have been reported.

Differentiai affinity could be one of the mechanisms by which
GATA factors target distinct downstream genes. In the case of
the hematopoietic GATA-l, -2, and -3 proteins, in vitro bind
ing site selection experiments have shawn difIerences in DNA
binding specificity, although they have not yet been correlated
with natural GATA elements present on hematopoietic pro
moters (23).

ln this study, we show that GATA-4 and GATA-6 bind to
the lwo ANF GATA elements wilh diJferent relative affinities
that correlate weIl with their ability to transactivate the ANF
promoter. The results also show that the higher affinity of
GATA-4 for the a-MHC GATA element correlates with the
finding that the endogenous a-MHC gene is a preferential
GATA-4 target. lnterestingly, the ANF and a-MHC sequences
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AG. 6. GATA-4 and GATA-6 functionally and physically interaet to activate cardiac promoters. (A) GATA-4 and GATA-6 cooperatively activate cardiac
promoters. ANF and BNP reporter vectors were cotransfected with 200 ng of GATA-4 and GATA-6 expression veetors in HeLa ceIls. Luciferase aetivity was assayed
36 h posuransfection. The results are expressed as fold activation by GATA-4 and/or GATA-6. (B) ONA binding by the GATA-4 mutants. EMSAs were perforrned
on the -12Q-bp ANF GATA element. using various GATA-4 mutants overexpresscd in L cells. The results are summarized in Fig. 7. (q Mapping of the domaines)
required for synergy between GATA-4 and GATA-6. HeLa cells were cotransfected with GATA-6 and vanous GATA-4 mutant expression vectors. Luciferase aetivity
was assayed 36 h posnransfection. The results are expressed as fold synergy of the -13S·bp ANF promoter. which is delined by the activation of the -13S·bp ANF
promoter by both GATA-4 and GATA-6 divided by the sum of the activation by GATA-4 and GATA·6 alone. (0) The zinc fingers and the basic region of GATA-f
are sufficient for physical interaction with GATA·6. Polyhistidine·tagged GATA-4 and wild-type GATA·6 were in vitro eotranscribed and cotranslated in the presence
of radiolabcled methionine. The reaetion mixture was then incubated with a nickel rcsin in order to pull down His-tagged GATA-4 from the mixture. Interacting
proteins were resolved by SOS-PAGE. Luciferase (lue) was used as a negative control for interaction. The various His·tagged GATA-f proteins are indicated with
asterisks. and the interacting GATA-6 proteins arc marked by arrows. Note that duc to the His tag, GATA-f has li slightly lower elcetrophoretic mobility than GATA-6.
(E) GATA-4 and GATA-6 interaet in vivo in postnatal cardiomyocytes. Cardiomyocyte whole-ccll extraets wcre cross-Iinked by using glutaraldehyde for IS, 30. and
150 min. followed by immunoprecipitation (IP) with an anti·GATA-4 antibody. The immunoprecipitates were resolved by SOS-PAGE. and the GATA-4/GATA-6
complexes were rcvealed by Western blouing using an anti-GATA-6 antibody. Positions of molecular weight standards (in kilodaltons) arc indicated on the Idt. The
strong signal is duc to the GATA-4 antibody immunoglobulin G ([gG) heavy chains. Note that the GATA-4/GATA-6 compla migrates at about 110 kOa. whieh
corresponds to the sum of the molecular masses of GATA-4 and GATA-6.
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that are preferential GATA-4 binding sites have an A residue
at the W position of the consensus WGATAR. While ascer
tainment of the generality of this observation awaits additional
studies, it is noteworthy that at least one other natural AG
ATAA site present on the BNP promoter (at -30 bp) also
appears to he a preferential GATA-4-binding site (6a). The
results raise the possibility of finding specifie targets for
GATA-4 or -6 based on differential affinities for their DNA
sequences.

An important outcome of this study is the demonstration
that sorne cardiac genes such as the ANF and BNP genes are
bona fide targets for bath GATA-4 and GATA·6 and that the
two GATA factors form transcriptionnally active complexes
over a single GATA element. Several lines of evidence sup
porting the existence of functional interaction between
GATA-4 and GATA-6 are presented. First, the reduction of

both GATA-4 and GATA-6 protein levels had the same effect
on ANF expression as that of either factor alone, suggesting
that GATA-4 and GATA-6 are members of a single functional
complex and that the ablation of GATA-4 or GATA-6 in that
complex is sufficient to disrupt its transcriptional activity. Sec
ond, when GATA-4 and GATA-6 are cotransfected in heter
ologous cells, they cooperatively activate ANF and BNP re
porter genes. The presence of a functional complex between
GATA-4 and GATA-6 is further supported by the finding that
GATA-4 and GATA-6 physically interact in vitro and in vivo in
postnatal cardiomyocytes. Finally. the colocalization of GATA-4
and GATA·6 in postnatal cardiomyocytes lends further cred
ibility to the likelihood of in vivo relevance of a GATA-4 and
GATA-6 interaction.

Homotypic (for GATA-l) and heterotypic interactions be·
tween hematopoietic GATA factors (GATA-l and GATA-2 or

FIG. 8. GATA-4 and GATA-6 colocalize in postnatal cardiomyocytcs. Immunoftuorcscence studies wcre penormed on heart sections rrom nconatal mice, using
a specifie anti-GATA-4 antibody (A) and a specifie anti·GATA-6 antibody (8). (q Superposition or panels A and B indicatcs that GATA-4 and GATA-6 colocalizc
in most postnatal cardiomyocytcs.
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GATA-3) via the DNA-binding domain of GATA-l have also
been reported (7, 27, 43). In the case of GATA-4 and
GATA-6, physical interaction also occurs via the DNA-binding
zinc finger domain; however, functional cooperativity requires
the C-terminal activation domain of GATA-4, suggesting that
the transcriptionally active complex includes additional cofac
tors that are involved in specific protein-protein interactions
with one but not the other GATA member. [n the case of
ANF, such a cofactor may be Nkx2-S, which was shown to
specifically interact with GATA-4 but not GATA-6 (9, 10).
Thus, heterotypic interactions may be an intrinsic property of
GATA factors, and the combinalorial interaction of diJferent
GATA factors presenl in various cell types with each other and
with other cellular cofactors may contribute to their cell-spe
cific mode of action. The finding that GATA-4 and GATA-6
cooperatively target the ANF and BNP genes in neonalal car
diomyocytes provides biological relevance for these hetero
typic interactions.
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The myocyte enhancer factor-2 MEF2) proteins are
MADS-box transcription factors that are essential for
ditrerentiation of all muscle lineages but their mech
anisms of action remain largely undefined. In mam
mals, tbe earliest site of MEF2 expression is the heart
where the MEF2C isofonn is detectable as early as
embryonic day 7.5. Inactivation of the MEF2C gene
causes cardiac developmental arrest and severe down
regulation of a number of cardiac markers induding
atrial natriuretic factor ANF). However, most of
these promoters contain no or low affinity MEF2
binding sites and they are not significantly activated
by any MEF2 proteins in heterologous cells suggesting
a dependence on a cardiac-enricbed cofactor for
MEF2 action. We provide evidence tbat MEF2
proteins are recruited to target promoters by the cel1
specific GATA transcription factors, and lbat MEF2
potentiates the transcriptional activity of tbis Camily
of tissue-restricted zinc finger proteins. Fundional
MEF2IGATA-4 synergy involves pbysical interaction
between the MEF2 DNA-binding domain and the
carboxy zinc finger of GATA-4 and requires the acti
vation domains of botb proteins. However, neither
MEF2 binding sites nor MEF2 DNA binding capacity
are required for transcriptionsl synergy. The results
unravel a novel patbway for transcriptional reguJation
by MEF2 and provide a molecular paradigm for eluci
dating the mecbanisms or action of MEF2 in muscle
and non-muscle cells.
Keywords: GATA factorslheart development1MEF2
proteinslmuscle transcription

Introduction
Members of the myocyte enhancer factor-2 MEF2) family
of MADS MCM 1, Agamous. Deficiens. Serum response
factor)-box transcription factors are evolutionarily con
served proteins that are expressed at high levels in ail
muscle ceUs. MEF2 proteins are also found in non-muscle
ceUs including brain and lymphoid tissue reviewed in

2046

Black and Oison. 1998). In mammals, the MEF2 family is
composed offour members, MEF2A. MEF2B, MEF2e and
MEF2D, which fonn homo- and heterodimers that bind
the consensus DNA sequence T/C)TA Aff)4TA GIA)
present in many muscle and non-muscle promoters. MEF2
proteins contain a conserved N-tenninal 56 amino acid
MADS domain and an adjacent 29 amino acid MEF2
domain, which together mediate DNA binding and
dimerization.

Genetic studies have provided evidence for an essential
role of MEF2 proteins in muscle-specific gene expression
and differentiation of ail three muscle lineages. In
Drosophila, mutation of the D-mtJ2 gene results in
embryos lacking differentiated skeletal, cardiac and vis
ceral muscle ceUs Bour et al., 1995; Lilly et al., 1995;
Ranganayakulu et al., 1995). In mice, inactivation of the
MEF2C genet which is the first MEF2 isofonn expressed
during embryonic development. leads to cardiac morpho
genetic defects, vascular abnormalilies and lethality by
embryonic day 9.5 Lin et al.. 1997. 1998; Bi et al.. 1999).
The mechanisms by which MEF2 proteins regulate
myogenesis of both striated and smooth muscle ceIls and
the identity of their downstream targets in these various
tissues are onlY starting to be elucidaled. At present, the
mechanisms of action ofMEF2 have been analyzed mostly
in skelelal muscle where MEF2 appears to act as cofactors
for the myogenic basic helix-loop-helix bHLH) proteins.
MyoD, Myf5. myogenin and MRF4 Kaushal et al.. 1994;
Molkentin et al., 1995; Black et al.. 1998). Thus. MEF2
proteins strongly potentiate the transcriptional activity of
the bHLH myogenic factors and cooperate with them for
inducing and maintaining the skeletal muscle phenotype.
This cooperativi ty is mediated by direct interaction
between the DNA-binding domains of MEF2 and
myogenic proteins. and necessitates a DNA-binding site
for only one of the two factors. Therefore. in skeletal
myocytes, MEF2 may modulate transcription by two
distinct pathways: one involving DNA binding to MEF2
sites and another one involving recruitment of MEF2 to
E-boxes in target promoters via the myogenic bHLH
factors. Whether similar mechanisms underlie the action
of MEF2 in cardiac and visceral muscle cells where the
MyoD family of transcription factors is not expressed
remains unknown.

MEF2-binding sites have been reported in several
cardiac promoters and their mutation was shown to
decrease promoter activity in cardiomyocytes; they
include the MEF2 sites in the ventricular myosin light
chain MLC2V). cardiac troponin T, cardiac troponin 1. 0.

myosin heavy chain aMHC) and Desmin Iannello et al.,
1991; Zhu et al.. 1991; Yu et al.• 1992; Molkentin and
Markham. 1993; Kuisk et al., 1996; Di Lisi et al.• 1998).
Analysis of cardiac gene expression in mice with targeted
mutation of the MEF2C gene confinned that sorne ofthese
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A

Fig. 1. The ANF promoter harbors a low-affinity MEF2-binding site.
A) Schemalic representation of the ANF promoter. Regulatory

clements are boxed and their location relative to the transcription stan
site is indicated. Ali these clements are evolutionarily conserved on the
ANF promoter from many species. SRE-like is a 10w·affinilY serum
response clement: the GATAd and GATAp are the distal and proximal
GATA-binding sites. respectively. The consensus MEF2-binding site is
also shown. The Aff-rich mut sequence indicates the mutations
introduced to abolish the Arr-rich elcmenL rANF and hANF are the rat
and human ANF promoter. respectively. B) The A1f·rich element is a
low-affinity MEF2·binding site. EMSAs were perfonned on the MEF2
element of the MCK promoter MEF2-MCK. left panel) or the AIT
rich clement of ANF Atr-rich. right panel) using in virro translated
MEF2A. In the left panel. the MEF2A binding was competed with
different unlabeled ANF probes described in Materials and methods.
Only the AJT·rich element of the ANF promoter was able to compete
the MEF2A binding. Similar results were obtaincd with in virro
translated MEF2e and MEF2D.

sufficient to recapitulate cardiac specifieity and spatio
temporal regulation of the endogenous gene in cultured
cardiomyocytes Argentin el al., (994) and in transgenic
mice Durocher el al., 1998).

Sequence analysis of the eotire 700 bp rat ANF
promoter revealed no consensus MEF2 sites; the closest
sequence homologies to MEF2-binding sites mapped to an
Aff-rich element sharing similarities with a MEF2
consensus Figure lA). To verify whether this Aff·rich
element could be recognized by cardiac-derived or
recombinant MEF2 proteins. it was used in gel shift
assay to compete MEF2 binding on the weil characterized
muscle creatine kinase MCK) MEF2 site. As seen in
Figure 1B, several Aff-rich ANF elements including the
TATA-box, the SRE-like and the CArG-bo)t could not
compete the MEF2 binding on the MCK probe even when
used at a SOO-fold molar excess. On the other hand, the
distal AIT-rich element was able to displace the MEF2
binding although at a much lower efficiency than the MCK
site. Identical results were obtained using MEF2C and

B

genes, like aMHC, required MEF2C for optimum tran
scription Lin et al., (997). In addition to aMHC, two
other cardiac-speeific genes not previously associated with
MEF2 proteins, atrial natriuretie factor ANF) and
a-cardiac aetin a-CA), were completely absent in the
hearts of MEF2C-deficient embryos. How MEF2C regu
lates transcription of these target genes remains unclear;
the two aMOC MEF2 sites are low-affinity MEF2-binding
sites Yu etaI., 1992; Molkentin and Markham, (993), and
MEF2 proteins are unable to activate aMHC-driven
reporters in cotransfection assays aJthough they can
potentiate transaetivation of the aMOC promoter by the
thyroid hormone receptor Lee et al., 1997). Moreover,
ectopie expression of MEF2 proteins in explanted Xenopus
ectodenn failed to activate endogenous aMHC or a-CA
genes Chambers et al., 1994; Fu and Izumo, (995).
However, forced expression of MEF2 proteins in whole
Xenopus embryos results in precocious expression of
endogenous aMHC and enlarged hearts Fu and Izumo,
1995). Together, these studies suggest that MEF2 regu
lates transcription of aMHC and possibly other cardiac
genes in conjunction with a cell-specifie cofactor present
in embryonic mesoderm or endoderm) but not in
ectodenn.

The ANF promoter, a known downstream target for
the cardiac-specifie transcription factors GATA-4 and
Nkx2-5, does not contain MEF2 consensus binding sites
Durocher el al., 1996, 1997; Charron et al., 1999); this

suggests an indirect action of MEF2 on ANF transcription
possibly through modulation ofGATA-4, Nkx2-5 or other
ANF regulators. However, neither GATA-4 nor Nkx2-S
levels are altered in MEF2c-'- embryos Lin el al., 1997).

ln this study, we provide evidence that MEF2 proteins
are recruited by the cardiac-specific transcription factor
GATA-4 to synergistically activate ANF and several other
MEF2C target promoters including aMHC and a-CA. The
MEF2-GATA-4 synergy is mediated by physical inter
action between the respective DNA-binding domains and
requires the lransactivation domains of both factors.
GATA-binding sites are necessary and sufficient for
cooperativity with MEF2. Other GATA factors, including
GATA-6, which is expressed in cardiac and smooth
muscle ceUs, and GATA-2 and -3, which are present in
hemopoietie and neuronal eeUs, are also able to cooperate
with MEF2 proteins. Together, the data suggest that in
addition to cooperating with the myogenic bHLH proteins
in skeletal muscle differentiation, MEF2 proteins act as
cofactors for the tissue-restricted zinc finger GATA
proteins in cardiac myogenesis and raise the possibility
that GATA factors may be essential components of MEF2
action in several other ceU types.

Results
MEF2 proteins activate the ANF promoter via two
distinct mechanisms
The absence of ANF transcripts in the hem of mice
homozygous for a null mutation of the MEF2C gene Lin
el al., 1997) indicates that ANF is a downstream target for
MEF2 proteins. We tested whether the effeet of MEF2C
was due to direct action on the ANF promoter be it via
DNA binding or through recruitment by protein-protein
interactions. The first 700 bp of the rat ANF promoter are
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were performed as in A) using 1.5 J,lg of various GATA expression
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expression vector. Note that cooperative interaction between MEF2A
and me different GATA factors was identical ta me one shawn here for
MEF2C and GATA-t to -6. Similar results were also obtained in me
CVI cellline.

MEF2D or cardiomyocyte nuclear extracts data not
shown). Consistent with its ability to recognize MEF2
proteins, the ANF Aff-rich probe was able to bind ail three
recombinant MEF2 proteins tested MEF2A, MEF2C and
MEF2D) albeit with low affinity Figure 1B and data not
shown). Finally, when cloned upstream of a minimal
promoter. the ANF Aff-rich element could be transacti
vated 4-fold by cotransfection with MEF2 expression
vectors in heterologous cells Figure 2C). These results
suggest that the ANF promoter contains a very low-affinity
MEF2-binding site that could mediate MEF2 action.

Indeed. MEF2C and other MEF2 proteins activate the
ANF promoter in a dose-dependent manner in several non
cardiac ce1ls Figure 2A). Interestingly. the magnitude of
activation was much greater 4- to 6-fold) in HeLa ceIls
than in most cell Iines tested including CVI. Pl9 and
C2C12). with maximal ANF promoter induction of
15-fold. This difference in MEF2 responsiveness was
also observed with the cardiac aMHC promoter, which
was induced by IO-fold in Hela ce1ls and was barely
responsive in CVI or Pl9 cells Figure 2B and data not
shown); in contrast, a synthetic promoter harboring a
multimerized MCK MEF2 site upstream of a minimal
ANF promoter was more similarly activated by MEF2 in
HeLa 9-fold) and CV1 6-fold) cells Figure 2B). The
transfected MEF2 vectors produced similarly high levels
of MEF2 proteins in a1l cell lines as assessed by gel shift
assays data not shown). Thus. the differences observed in
the level of MEF2-dependent ANF and aMHC promoter
activation may reflect cooperative interaction between
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transfected MEF2 proteins and other cellular factors bound
to the promoters.

Mutational analysis was used to test which DNA
elements on the ANF promoter are required for activation
by MEF2 Figure 2C). Consistent with its characterization
as a weak-affinity MEF2 site. the Atr-rich element was
necessary for maximal MEF2 activation but its deletion or
mutation reduced promoter activation by only 30%.
Surprisingly, mutation of the proximal GATA element
that can bind endogenous GATA-2 protein present in
Hela cells Grépin et al.. 1994) had a more drastic effect
on MEF2 responsiveness, suggesting that GATA factors
may cooperate with MEF2. In facto the proximal ANF
promoter ANF-135). which lacks any MEF2-binding site.
was induced 4- to S-fold by MEF2 proteins. and mutation
of the GATA site therein abrogated MEF2 responsiveness
Figure 2e). This e1ement is a high-affinity binding site for

GATA factors Charron et al.. 1999) but does not bind
MEF2 proteins Figure 18). Together. these resu1ts
suggest that MEF2 could act as a cofactor of promoter
bound GATA proteins to activate the ANF and possibly
other cardiac promoters.

Synergistic activation of the ANFpromoter br
MEF2and GATA factors
Two members of the GATA family of zinc finger
transcription factors, GATA-4 and GATA-6, are expressed
in cardiac muscle cells and bind to and activate the ANF
promoter Charron et al., 1999). To test whether either
factor could recruit MEF2 proteins to target promoters. the
effect of co-expressing them with MEF2 in heterologous
cells was assayed on ANF promoter activity.
Cotransfection of GATA-4 with MEF2A, MEF2C or
MEF2D leads to a synergistic 40- to 50-fold activation of
the ANF promoter Figure 3A). MEF2 proteins were also
able to cooperate to varying degrees with other GATA
factors inc1uding the hemopoietic GATA-l, -2 and -3. and
the other cardiac GATA factor. GATA-6. but not GATA-5
Figure 38). The inability of MEF2e and MEF2A to

synergize with GATA-S and the more modest synergy
achieved with GATA-2 and -3 are not due to different
levels of GATA proteins produced as ail expression
vectors have been shown to produce similar protein levels
Viger et al., 1998; Nemer el al., 1999).
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DIVE au 1-86) retains the MAOS and MEF2 domains. Co-immunoprecipitations were pcrformed as dcscribed in Cl, The asterisks highlight the
MEF2A orVE band. The protein complexes were resolved on 20% SOS-PAGE. E) MEF2 ONA-binding-defeclive mutants interact with GATA-4.
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In order to map the promoter element s) required for the
synergy between MEF2 and GATA-4, various ANF
promoter mutations were tested. Mutation of the low
affinity MEF2-binding element Aff-rich) or the distal
GATA element reduced maximal MEF2-GATA-4 syn
ergy by 35-40% Figure 4A). Mutation of the proximal
GATA element in the context of the -700 or the -135 bp
promoter completely abolished synergy, indicating that
this element is essential for MEF2-GATA4 cooperation.
Interestingly, the -135 bp ANF promoter was sufficient to
produce 50% of the maximal synergy oblained with the
longer promoter ANF-700) and displayed the same
response to the various MEF2-GATA combinations as
the ANF_7oo promoter Figure 3), suggesting that binding
of GATA factors to the proximal GATA element may be
sufficient ta recruit MEF2 proteins ta the promoter.

Indeed, an artificial reporter driven by multimerized
GATA-binding sites could be synergistically activated by
GATA and MEF2 proteins; however, neither the high
affinity MCK MEF2-binding site nor the lower affinity
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ANF MEF2 element was sufficient ta support MEF2
GATA cooperativity Figure 48).

MEF2 factors physically interact in vitro and in
vivo with GATA-4
The observation that MEF2A-GATA-4 synergy required
only the GATA-binding site implied that GATA-4 reeruits
MEF2 proteins to the ANF promoter through protein
protein interaction. Indeed, MEF2A and GATA-4 could he
co-immunoprecipitated in vivo Figure SA), suggesting
physical interaction between the two proteins.

To determine whether this interaction was direct. we
perfonned in vitro pull-down assays using immobilized
MBP-GATA-4 and in vitro translated 3sS-labeled MEF2
proteins. MBP-GATA-4 was able to retain specifically
MEF2A. MEF2e and MEF2D but not the control
luciferase Figure SB), confinning that GATA-4 and
MEF2 directly interaet.
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Discussion

The MEF2 transcription factors are key regulators of
cardiac myogenesis and morphogenesis, but the molecular

Fig. fi. Mapping of the GATA-4 and MEF2 domains require~ for .
synergy. A) The C·tenninal activation domain of GATA-4 15 requlred
for MEF2 synergy. Cotransfections were perfonned in Hela ceUs on
the ANF_700 promoter cons[rUct using 1 Jlg of MEF2 and 1.5 Jlg of
GATA-4 expression vectoFS. 8) The C-lenninal activation domain ~f

MEF2. but not ilS DNA-binding capacity. is required for synergy Wlth
GATA-4. as shown by the ability of MEF2C R3T and MEF2C R24L to
synergize with GATA-4. Nole mat the DNA-binding domain MEF'-A
OlYE) is not sufficient to support functional synergy although it
interacts physically with GATA-4 as shown in the previous ligure.

a.MHC and a-CA are downregulated in MEF2C null mice
and neither contain a high-affinity MEF2-binding site
although both are GATA targets Sepulveda et al., 1998;
Charron et al., 1999). However. as shown by the ~MHC
promoter. not aIl GATA target prom~ters are synerg~stic

ally activated by MEF2. suggestlng that functlonal
GATA-MEF2 synergy is promoter context dependent
and May he targeted to a specific subset of cardiac genes.

Finally. to ascertain whether. in cardiac ceIls. MEF2
proteins are GATA cofactors, the effeet of a dominant
negative MEF2 protein on the activity of the proximal
ANF pramoter was determined. This promoter c~ntains a
GATA- but no MEF2-binding site. Cotransfectlon of a
MEF2 mutant that retains the ability to associate physic
ally with GATA-4 but lacks the activation domain reduces
by 50% the activity of the ANF promater in.prim~
cardiomyocyte cultures; in contrast, cotransfectlon wlth
wild-type MEF2A induces promoter activity by 80%
Figure 78). Both activation by wild-type MEF2 and

inhibition by its dominant-negative form are blunted by
point mutation of the GATA-binding site Figure 78).
These data are consistent with a role for MEF2 proteins as
co-activators of GATA factors in cardiac muscle cells and
point to a novel GATA-dependent pathway far transcrip
tional activation by MEF2.
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In order to map the interaction domain between MEF2
and GATA proteins. different mutants ofGATA-4 were in
vitro cotranslated with MEF2A and co-immunoprecipi
tated using an antibody directed against the extreme
C-terminus of GATA-4 present in ail mutants tested).
MEF2A was able to interact with the full-Iength GATA-4
and the N-terminal activation domain-deleted mutant
201-443) Figure SC). Deletion of the N-terminal zinc

finger of GATA-4 242-443) reduced but did not abrogate
interaction with MEF2A. However. MEF2A was unable to
interact with the G4m [which harbors a point mutation in
the C-tenninal zinc finger. abolishing DNA binding
Charron et al.• 1999)J or the 6303-390 mutan~ indicating

that the C-terminal zinc finger structure and the basic
region are essential for physical interaction with MEF2.
The same approach was also used to map the GATA-4
interaction domain on MEF2 and revealed that the DNA
binding damain consisting of the MAOS and MEF2
domains MEF2A DIVE, aa 1-86) is sufficient for
interaction with GATA-4 Figure 50). Interestingly,
within the MAOS domain. interaction with GATA factors
and binding to DNA could be segregated as two DNA
binding-defective mutants MEF2C R3T and MEF2C
R24L) retained the ability to bind GATA-4 Figure SE).
These results suggest that GATA-4 and MEF2 physically
interact through their DNA-binding domains.

MEF2-GATA syn.'gy do•• not ,equir. MEF2 DNA
binding
To determine whether the activation domains of either or
bath GATA and MEF2 proteins are required. variaus
GATA-4 mutants were tested far their capacity to activate
the ANF promoter synergistically with MEF2A. The
GATA-4 mutants that delete the N-tenninal region 127
443 and 201-443) and the first zinc finger 242-443) were
able ta synergize with MEF2A Figure 6A). However. the
GATA-4 mutants that delete the C-tenninal transactiva
tion damain 1-332, 201-332 and 242-332) were ail
unable to support MEF2 synergy. Consistent with a
requirement for GATA-4 DNA binding Figure 4A) and
the GATA-4 DNA-binding domain for physical inter
action with MEF2 Figure SC), a point mutation in the
second zinc finger that destroys DNA binding G4m)
abrogated MEF2 synergy Figure 6A).

Functional synergy also required the activation domain
of MEF2, as deletion of the C-terminal activation domain
MEF2A DIVE) campletely abolished the synergy with

GATA-4 Figure 6B). However. consistent with the
requirement far GATA- but not MEF2-binding sites.
MEF2C mutants that are DNA-binding defective retained
the ability to synergize with GATA-4 Figure 6B). These
results indicate that GATA-4 is able to recroit DNA
binding-defective MEF2 proteins to transcriptionally
active complexes.

MEF2-GATA synergy: a mechanism for MEF2
action in the heart
We next tested whether transcription of other cardiac
genes is cooperatively activated by MEF2 and GATA-4.
As seen in Figure 7A, in addition to ANF. the aMHC,
a-CA and B-type natriuretic peptide BNP) promoters are
also synergistically activated by MEF2 andGATA-4. Both
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basis for their actions is poorly understood. The data
presented here provide evidence that. in cardiac myocytes,
MEF2 proteins are recruited by the cardiac-specific GATA
transcription factors to target promoters and functionally
synergize with this family of tissue-restricted zinc finger
proteins. This observation is reminiscent of the coopera
tive interaction between MEF2 proteins and the myogenic
bHLH factors in skeletal muscles. and suggests that MEF2
proteins are able to internct with and potentiate the action
of other classes of cell-specific transcription factors. Given
the co-expression of MEF2 and GATA factors in severai
cell types including smooth muscle. neuronal and T cells.
the GATA-dependent MEF2 pathway described in this
work may provide a molecular paradigm for understanding
the mechanisms of action of MEF2 in many target cells.

GATA proteins are evolutionarily conserved ce11
restricted transcription factors that play crucial roles in
differentiation. In vertebrates. six GATA factors have been
identified and they are aIl expressed in a Iineage-restricted
and developmentally controlled manner. GATA-I. -2 and
-3 are predominantly expressed in hemopoietic cells while
GATA4, -5 and -6 are largely restricted to the heart and
guI. Genetic and biochemical studies have revealed crucial
roles for specific family members in hemopoietic. cardiac.
neuronal and endodennal cells Pevny et al.. 1991; Tsai
et al.. 1994; Grépin et al.. 1995; Pandolfi et al.. 1995;
Molkentin et al.. 1997; Morrisey et al.• 1998). In addition
to their essential roles in development. GATA factors are
also required for the proper function of adult organs.

GATA-binding sites are present on Many hemopoietic and
cardiac promoters. which are potently activated by GATA
factors reviewed in Charron and Nemer. (999).
Moreover. GATA proteins act cooperatively with other
classes of transcription factors including several zinc
finger proteins. such as SPI and FOG-I friend of
GATA-l) and homeodomain-containing factors Iike the
cardiac-specific Nkx2-S Durocher et al.. 1997; Tsang
et al.. 1997). The differential interactions of GATA
proteins with other transcription factors are Iikely to be
important for functional specificity of GATA proteins
during embryonic development and in differentiated and
adult cells.

In this study. we report for the first time that. in addition
to interacting with homeodomain- and zinc finger-con
taining proteins. GATA factors are also able to interact
with members of the MADS-box family of transcription
factors. This interaction involves physical contact between
the C-tenninal zinc finger DNA-binding domain and the
adjacent basic region of GATA-4 and the MADS domain
of MEF2. This, in tum. leads to synergistic activation of
the ANF and other MEF2 target promoters independently
of the DNA-binding activity of MEF2. Synergy is
observed with two of the three cardiac GATA factors:
GATA-4 and -6 but not with GATA-5; MEF2 synergy was
also detected with GATA-l, -2 and -3 although al varying
levels. Thus, aIl GATA factors are not equally competent
to synergize with MEF2. The observation that GATA4
and -6 but not -5 synergize with MEF2 is interesting given
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that GATA-4 and -5 but not -6 synergize with the cardiac
homeodomain protein Nkx2-5 Durocher et al., 1997); this
suggests that while MEF2 and Nkx2-S internet with the
same domain of GATA-4, they apparently do not
recognize the same molecular detenninants.

Although GATA factors physically contact MEF2
proteins through the DNA-binding domain, DNA binding
and GATA interaction are dissociable and neither physical
nor functional interaction with GATA-4 on natura!
promoters requires MEF2 DNA binding. The ability of
MEF2 to cooperate with MyoD in skeletal myogenesis and
to synergize with MyoD in activating an anificial promoter
driven by multimerized MyoD-binding sites was also
shown to be independent of MEF2 DNA-binding capacity
Molkentin et al., 1995). DNA binding has been shown to

be dispensable for sorne of the actions of two other
sequence-specific DNA-binding proteins, the glucocorti
coid receptor Reichardt et al., 1998) and the cell-specific
homeodomain protein Pit1 Dasen et al., (999). However,
in both cases, DNA-binding-independent activities in
volvt:d transcriptional repression. In the present study, we
show that transcriptional activation of several natural
promoters by MEF2 proteins is independent of MEF2
binding sites and MEF2 DNA-binding ability. Thus, both
suppressive and activating functions of transcription
factors may involve DNA-binding-independent pathways.

In addition to the MADS domain, the activation domain
of MEF2 is required for functional synergy with GATA-4,
suggesting that MEF2 proteins potentiate trnnscriplional
activily of GATA factors through recruitment and/or
stabilization of co-activators in the GATA transcription
complex. Such co-activators may include the CBP/p300
family, as both MEF2 and GATA proteins have been
shown to internct independently with these co-activators
Sartorelli et al., 1997; Blobel et al., 1998; Kakita et al.,

1999). Alternatively, MEF2-GATA interaction may dis
place or overcome a corepressor of either or both factors.
For example, MEF2 interaction with GATA-4 or -6 in the
heart may displace fOG-2, a GATA-associated cofaclor
that represses GATA-4 activity Lu et al., 1999; Svensson
et al., 1999). Converse1y, recruitment of MEF2 by GATA
factors may displace the MEF2-associated corepressors
MITR or the HDAC4 deacetylase Miska et al.. 1999;
Sparrow et al., 1999).

ln addition to cardiomyocytes, MEF2 proteins are co
expressed with members of the GATA family in several
other cell types. Most notable is the presence of MEF2
proteins with GATA-6 in smooth muscle cells Narita
et al., 1996; Suzuki et al., 1996), and with GATA-3 in T
lymphocytes Zheng and F1avell, 1997), somites George
et al., 1994) and brain Pandolfi et al., 1995). Given the
demonstrated role of GATA factors in cell differentiation,
the GATA-MEF2 synergy provides a general paradigm
for underslanding the role of MEF2 proteins as determin
ing factors in diverse celllineages.

Finally, it is tempting to speculate on the role of the
MEF2-GATA synergy as a nuclear target of several
signaling cascades including calcineurin and p38 MAP
kinase. Both pathways, which are highly relevant to many
human disorders such as ischemia, heart failure and
inflammatory diseases, have been shown to aClivate MEF2
in cardiac Kolodziejczy et al., 1999), skeletal muscle
Zetser et al., 1999), neuronal Mao et aL, 1999) and

GATA-4 recruits MEF2 to urgel promot....

T ceIls Han et al., 1997; Blaeser et al., 2(00). GATA
factors have also been suggested as downstream targets of
calcineurin in cardiac and skeletal muscle hypertrophy in
connection with the calcineurin-activated NFAT factor
Molkentin et al., 1998; Musaro et al., 1999; Semsarian

et al., 1999). It would be interesting to test whether
calcineurin or p38-dependent post-translational modifica
tions of MEF2 or GATA proteins modulate the MEF2
GATA physical interaction and/or the resulting functional
synergy.

Materials and methods

C." cultu"" .nd tnnsfftfions
Hela ceUs were grown in Dulbecco's modified Eagle's medium
DMEM) supplemented with 10% fetal bovine serum FBS).

Transfections were came<! out using calcium phosphate 24 h after
phlting. At 36 h post-transfection. cells were harvcsted and lucifemse
activity was assayed wim a Berthold LB953 luminometer. The amount of
reporter was kept at 1.5 ~g per 35 mm dish and me total amount of DNA
was kept consunt usuaUy 7 J.l.g). The amount ofexpression vector uscd is
indicated in me figure legends. Primary cardiomyocyte cultures were
prepared from 4-day-old Sprague-Dawley rats as previously described
Charron el al.. 1999). The results shown are the mean := SD of at least

two independent experiments carried out in duplicate.

PI.smids
ANF-Iuciferose promoter constructs were c10ned in the PXP-2 vector as
described previously Argentin el al.. 1994; Durocher el al.. (996). The
BNP-luc constructs were described in Grépin el al. (994). the ~MHC-luc
and cardiae a·actin-Iue reporters were described in Abdellatif el al.
1994). The aMHC-Iuc vector was kindly provided by P.M.Buurick
Buurick el al.• 1993). The construction of the various pCG·GATA-4

vectors was based on the original rat GATA-4 cDNA as previously
described Grépin el al.. 1994). The VariOUS deletions or point mutations
of the ANF promoter and the pRSET·GATA-4 derivativcs were
generated as described previously Durocher et al.• 1997; Charron el al..
1999). ANF constructs with mutations in the GATA e1ements or in the
NIŒ were previously described Durocher el al.. 1996; Charron el al.•
1999). The AIr-rich mutation is shown in Figure 1; the SRE-like
mutation replaces the TIT of the ANF-SRE by GGG thus desrroying SRF
binding. Heterologous promoters were generated by multimerizing the
relevant oligonucleotidcs flanked by 8amH[ and 8glH sites upsueam of
the minimal -50 bp) ANF-Iuciferase reporter. pcDNA-MEF'..A DIVE
was constructed by insertion of the Xbal-8amHl fragment of the
corrcsponding pCGN-MEF"-A DIVE constrUct imo the Xbal-BamH1 sites
of the pcDNA-3 vector. MEF2 plasmids were kindly provided by
E.N.Olson Molkentin el al.. 1996a) and K.Walsh Andres el a/.• 1995).
The MBP-GATA-4 plasmid was prepared by subcloning a Xbal-BamHl
rat GATA-4 cDNA fragment containing the entire open reading frame
and 1.2 kb of 3' untranslated sequences Grépin el al.• 1994) into the
MBP-expressing pMalc-2 vector New England Biolabs. Beverly. MA)
cut with Nhel-BamHI.

Recombin.nt prot.in production
Recombinant MBP-GATA-4 was obtained according to our previously
described protocol Durocher el al.. 1997). EssentialIy. individual
colonies were picked and grown in 500 ml of LB up to an OD of 0.6 at
600 nm. Induction of me recombinant protein was carried out by adding
isopropyl-l3-o-thiogalactopyranoside IPTG) at il final concentration of
0.5 mM for 2 h at 37°C. The cultures were centrifuged and the bacteria
were resuspended and Iysed by sonication. Purification on amylose
columns New England Biolabs. Beverly. MA) was perfonned according
to the manufacturer's instructions.

ln vilro uanscribedltranslated 35S-Jabeled MEF2 and GATA proteins
were produced in rabbit reticulocyte Iysates using the TNT-eoupled in
vitro transcription/translation system Promega Corp.. Madison. WI)
from pcDNA-MEF2 derivatives using eitherTI or Sp6 RNA polymerase.

ln vitro prot.in-prot.in interactions
ln vitro binding sludics were perfonned using purilied MBP-GATA-4
immobilized on an amylose-Sepharose resin New England Biolabs) and
in vilro transcribedltranslated MEF2 proteins. Typically. 2~ ~I of
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35S-labeled MEn proteins were incubaled in the presence of 300 ng of
immobilized GATA-4 fusion proIein in 500 111 ofbinding buffer [150 mM
NaCl. 50 mM Tris-Cl pH 75. 0.3% Nonidel P-40. 1 mM dithiolhn::itol
Dm.05 mM phenylmethylsulfonyl ftuonde PMSF) and 0.25% bovine

serum albumin BSA)1for 2 h at4aC with agitation and then centrifuged
for 2 min at 15 000 r.p.m. al room lemperaull'e. The resin was washcd
r.hree times by voncxing in 500 J11 of binding buffer at room temperalure
and three more times by vonexing in 500 J1I of binding buffer without
BSA. The protein complexes were releascd from the resin after boiling in
Laemmli buffer and resolved by SDS-PAGE. Labelcd proteins were
visualized and quantificd by autoradiography on phospho storage plates
Phosphorlmager. Molecular Dynamics).

To determine dle domains ofGATA-4 and MEF2 required for physical
interaction. full.length GATA-4 or mutated GATA-4 plasmids were used
for in vitro cotranseriptionlcotranslation widl wild-type or mutant
MEF'-A and MEF2e. The cotranslated proteins were incubated in
500 I.d of binding buffer widl l ,.L1 of GATA-4 antibody Santa-Cruz
Biolechnology) for 2 h at 4°C with agitation and for an additional2 h with
20 ,.11 of protein A/G Plus-agarose addcd Santa Cruz Biotechnology).
Bound immunocomplexcs were washed and visualized as mentioned
above.

EI«tTophoNtic mobilitr shift .....,. EMSA.'
Three microliters of the in vitro translaled MEF2A. MEF2C and MEF2D
proteins were used for the binding reactions performed essentially as
previously described for GATA binding Charron et al.• 1999) except mat
[00 ng of dI..<JC were included in the binding reaction. Reactions were
loaded on a 4% polyaery[amide gel and ron at 200 V at room temperalure
in O.25X Tris-borate-EDTA. The MEF2-MCK probe is as described in
Molkentin et al. [996b). The rat ANF probes used were as follows:
TATA-box. ~CAGGGAGCTG<iGGGCTAT AAAAACGGGAGACGCCII

.

SRE-like. -I:!-IGATCCACTGATAACTTTAAAAGGGCATCTTCA-99: CAtG:
....mGATCCTCCCGCCCTTATITGGAGCCCCTGA-390; NT-rich. -'97GAT.
CCATACTCTAAAAAAATATAATAGCTCTTTCA-~7.

Immunopr.cipit.fion••nd immunoblom
Co-immunoprecipitations of Aag-GATA-4 and HA-MEF"-A were carried
out using nuclear extraets of 293T cells overexpressing the relevant
proleins. Nuc1ear extracts were prepared as follows: five million 293T
cells transfected Wilh 15 J,lg of expression veetors were harvested 48 h
post-transfection in ice-cold phosphate-buffered saline PBS) containing
1 mM sodium onhovanadale and 1 mM EDTA. The cells were
resuspended in hypotonie buffer 20 mM HEPES pH 7.9. 20 mM sodium
fluoride. 1 mM sodium pyrophosphate. 1 mM sodium orlhovanadate.
[ mM EDTA. 1 mM EGTA. 0.25 mM sodium mo[ybdate. [0 J,lglm[
leupeptin. 10 J,lglml aprotinin. 10 ~g1ml pepstatin. 2 mM OTT. 0.5 mM
PMSF and 100 nM okadaic acid) and swollen on ice for [5 min. Twenty
five microlilCrs of [0% NP-40 were added and the microlubes were
vonexed vigorous[y. The nuclei wcre then pelleled by centrifugation at
7000 r.p.m. Olt 4aC. The nuclear pellet was resuspended in 50-100 J11 of
high salt buffer hypotonie buffer containing 20% glycero[ and 0.4%
NaC!) and shaken vigorous[y at4aC for 1 h. The nuclear extracts were
cleared by centrifugation at 15000 r.p.m. for 15 min at 4aC and the
protein concenll'ation was determined by the Bradford assay. Co
immunoprecipilation reactions wcre carried out on 50 J,lg of nuclear
extracts using [ ~I of 12CAS antibody in 500 I.d of binding buffer without
BSA. and bound immunocomplexes were washed and subjected 10 SDS
PAGE. as described previously Durocher et al.. 1997). Proteins were
lI'ansferred on Hybond-PVDF membrane and subjeeled 10 immunoblot
ling. Anli-Aag M5 Sigma) and [2CA5 aoti-HA) monoclonal antibodies
were used at a dilution of 118000. revea[ed with an anti-mouse-HRP
Sigma) at a dilution of lI50 000 and visualized using ECL Plus
Amersham Pharmacia Biolechnology).
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The tissue-restricted GATA-4 transcription factor and
Nkx2-S homeodomain protein are two early markers
of precardiac cells. 80th are essential for heart form
ation, but neither cao initiate cardiogenesis. Over
expression of GATA-4 or Nkx2·S enhances cardiac
development in committed precursors, suggesling each
interacts with a cardiac cofactor. We tested whether
GATA-4 and Nkx2·5 are cofactors for each other by
using transcription and binding assays with the cardiac
atrial natriuretic factor (ANF) promoter-the ooly
known target for Nkx2·S. Co-expression of GATA.4
and Nkx2-S resulted in synergistic activation of the
ANF promoter in heterologous ceIls. The synergy
involves physical Nkx2·S-GATA-4 interaction, seen
in vitro and in vivo, which maps to the C·terminal
zinc linger of GATA-4 and a C·terminus extension;
similarly, a C-terminally extended homeodomain of
Nkx2-5 is required for GATA-4 binding. Structurel
function studies suggest that binding of GATA-4 to
the C-terminus autorepressive domain of Nkx2·5 may
induce a confonnational change that unmasks Nkx2·S
activation domains. GATA-6 cannot substitute for
GATA-4 for interaction with Nkx2-S. This interaction
may impart functional specificity to GATA factors and
provide cooperative crosstalk between two pathways
critical for early cardiogenesis. Given the co-expression
of GATA proteins and NIa class members in other
tissues, the GATAINkx partnership may represent a
paradigm for transcription factor interaction during
organogenesis.
Keywords: ANF/cardiogenesislGATA factors!
homeodomainltranscription

Introduction

The GATA family of transcription factors are key develop
menlal regulators that have been conserved throughout
evolulion (Fu and ManIuf, 1990; Spieth et al., 1991;
Winick et al., 1993; Stanbrough et al., 1995; Coffman
et al., 1996; Platt et al., 1996). Various family members

ce Oxford University Press

have been shown to alter transcription of target genes via
binding to the consensus WGATAR sequence through a
DNA-binding domain consisting of lwO adjacent zinc
fingers of the C21C2 family. Sequence-specifie DNA
binding requires the C-tenninal zinc-finger and the
N-terminal finger may stabilize the DNA-protein complex
via electrostatic interactions with the phosphate backbone
(Whyalt el al., 1993). This DNA-binding domain is
the highest conserved region among the various GATA
proteins. In vertebrates, six members have been identified
so far and they can he divided into two subgroups based
on sequence homology and tissue distribution. The first
subgroup, which includes GATA-l, -2 and -3, is largely
restricted to the hematopoietic system where ail three
GATA factors have been shown to play essential, non
redundant functions (Tsai et al., 1994; Pandolfi et al.,
1995; Fujiwara et al., 1996; Ting el al., 1996). Remarkably,
arrested proerythroblasts lacking GATA-l express several
GATA-l target genes although they are unable to achieve
tenninai erythroid differentiation (Weiss el al., 1994),
raising the possibility thal GATA-2-which is co
expressed with GATA-l in proerythroblasts-may partiaily
substitute for GATA-l. Consistent with this, GATA factors
appear to be functionally interchangeable in sorne (Blobel
et a/., 1995; Visvader et al., 1995) but not ail (Briegel
et a/., 1993; Weiss el al., 1994) in vilro assays. Taleen
together with the in vivo data, these results suggest that
functional specificily of GATA proteins Iikely involves
interactions with other cell-restricted cofactors. Consistent
with this hypothesis, GATA-l was found to interact with
the erythroid-specific LIM protein RBTN2 and to he
present in complexes conlaining RBTN2 and the hemato
poietic basic helix-Ioop-helix protein SCUfAL1 (Osada
el al., 1995). GATA-I was also shown to cooperate with
the ubiquitous SPI protein and with two other erythroid
factors, the basic leucine zipper NFE-2 {Walters and
Martin, 1992; Gong and Dean, 1993} and the zinc finger
EKLF (Merika and Orkin, 1995; Gregory el al.. 1996)
for transcriptional activation of erythroid promoters!
enhancers. At least, in the case of SP1 and EKLF, the
interaction was also observed with GATA-2 and involved
direct contact through the DNA-binding domains (Merika
and Orkin, 1995). Thus, the identity of the proteins that
serve as cofactor(s) to impan functional specificity of
GATA proteins in the hematopoietic system remains essen
tially unknown.

The other subclass of vertebrale GATA factors includes
GATA-4, -5 and -6 whose expression is restricted to the
heart and gut (Arceci et al., 1993; Kelley el al., 1993;
Grépin el al., 1994; Laverriere et al., 1994; Jiang and
Evans, 1996). Ali three genes are transcrihed at very early
stages of Xenopus, avian and mouse cardiac development
(Kelley et al., 1993; Heikinheimo et al., 1994; Laverriere
el al., 1994; Jiang and Evans, 1996; Morrisey el a/., 1996).

5687



D.Durocher ft .,.

GAra

B JlI JlI

J5 35 Tk109-luc

1: 1:
! TIl !'ll

E T 10

~
S T 10 on

U < ~
u < ~ ~~

~
.JI!.oC: z l: z i!;" ~

..
Cl

Fig. 1. Nkx2-S and GATA-4 can cooperate transcriptionally.
(A) Structural organization of the proximal ANF promoler. Regulumry
elemenrs of the ANF promoter are boxed. and their location relative ta
me transcription stan are indicated. The PERE corresponds to me
phenylephrine response clement (Ardati and Nemer. 1993). me NKE
lo me NK2 response clement (Durocher et al.. 1996). The Nk:<2-S
binding site and the GATA elements of the ANF promoler are
conserved among species (rat. human. bovine and mouse promoters)
and their spacing is conserved (20 bp. [Wo tums of the DNA double
helix). (B) GATA-4 and Nk:x2-S synergistically aclivate the ANF
promolcr. HeLa cells were transiently co-transfected as described in
Materials and melhods using CMV~riven expression veclors for
GATA-4 and Nkx2·5 or the backbone vector as control (pCGN) in
conjunction with either ANF-luciferase or T1c109-luciferase reporters.
The resulrs. expressed as fold induction of reporter constnlcrs. are
from one representative experiment (out of at least four) and represent
me mean of a duplicate.

A

et al., 1996), ANF being the major secretory product of
embryonic and postnatal cardiomyocytes. The region of
the ANF promoter which is essential for high basal cardiac
aClivity (Argentin et al.. 1994) harbors a GATA element
located at -120 bp in the rat promoter which binds
with high affinity all the members of the cardiac GATA
subfamily (ECharcon et al., manuscript in preparation),
and the NKE which binds Nkx2-5 and is required for
ANF promoter and enhancer function (Durocher et al.,
1996). As seen in Figure 1A. the nucleotide composition
of these elements as weil as their phasing are conser/ed
across species, suggesting an evolutionary pressure to
maintain important regulatory pathways. This led us to
investigate whether GATA proteins and Nkx2-5 could
functionally interact at the level of the ANF promoter. We
tested tbis hypothesis by co-transfecting GATA-4 and
Nkx2-S expression vectors in non-cardiac cells (Hela
cells) atlimiting DNA concentrations (Grépin el al., 1994;
Durocher el al., 1996) in order to avoid squelching. Under
these conditions, GATA-4 and Nkx2-5 were able to activate
synergisùcally the ANF promoter but not control pro
moters lacking GATA and NKE sites such as TKI09
(Figure LB). This cooperative response was not caused by
transactivation of the CMV promoter which drives Nkx2-S
and GATA-4 expression since the co-expression of both
vectors does not alter the level of either Nkx2-S or
GATA-4 protein (see Figure 68).

Within the heart, transcripts for GATA-4, -5 and -6
are found in distinct cell types with GATA-S mRNA
predominantly found in endocardial cells while GATA-4
and -6 are present in the myocardium (Kelley et al., 1993;
Grépin et al., 1994; Morrisey et al., 1996). The spatial
and temporal expression of GATA-4 together with various
functional studies are consistent with an important role of
this GATA family member in cardiogenesis. Thus, GATA-4
was round to be a potent transactivator of several cardiac
specific promoters (Grépin et al., 1994; Ip et al., 1994;
Molkentin et al., 1994); inhibition of GATA-4 expression
in an in vitro Moder of cardiogenesis altered survival of
precardiac ceUs and inhibited terminal cardiomyocyte
differentiation (Grépin et al., 1995, 1997). Moreover,
targeted inactivation of the GATA-4 gene blocks formation
of the primitive heart tube, indicating a crucial role for
GATA-4 in heartdevelopment (Kuo et al., 1997; Molkentin
et al., 1997). However, ectopic expression of GATA-4 is
not sufficient to initiate cardiac differentiation or to activate
the cardiac genetic program, although it markedly potenti
ates cardiogenesis (Jiang and Evans, 1996; Grépin et al.,
1997) suggesting cooperative interaction between GATA-4
and other cardiac transcription factors.

Genetic studies in Drosophila melanogaster have identi
fied the gene TInman as a key regulator of heart differenti
ation. In tin embryos, tUes lack the dorsal vessel, the fly
structure homologous to the heart. as a result of defects
in late mesodenn specification (Bodmer et al., 1990;
Azpiazu and Frasch, 1993; Bodmer, 1993). Presumptive
homologues of TInman have been cloned in vertebrates
(Nkx2-3, Nkx2-S and Nkx2-7) and are expressed in the
myocardium (reviewed in Harvey, 1996; see also lints
el al., 1993; Tonissen et al., 1994; Evans et al.. 1995;
Schultheiss et al., 1995; Buchberger et al., 1996; Chen
and Fishman, 1996; Lee el al., 1996). Targeted disruption
of the Nkx2-5 gene in mice leads to embryonic death due
to cardiac morphogenetic defects (Lyons et al., 1995).
However, gain-of-function studies in zebrafish Danio rerio
and Xenopus laevis indicate that ectopic expression of
Nkx2-5 results in enhanced myocyte recruitment but
is not sufficient to initiate cardiac gene expression or
differentiation (Chen and Fishman, 1996; Cleaver et al.,
1996), suggesting that Nkx2-5 acts in concert with other
transcription factors to specify the cardiac phenotype.

Since the cardiac-specific atrlal natriuretic factor (ANF)
promoter is a transcriptional target for both GATA-4 and
Nkx2-5 (Grépin el al.. 1994; Durocher et al.. 1996), we
used it to investigate functional cooperation between
Nkx2-5 and GATA-4 in the hearl. We present data showing
that Nkx2-S and GATA-4 specifically cooperate in actival
ing ANF and other cardiac promoters, and physically
interact bolh in vitro and in vivo. This molecular interaction
provides the interesting possibilily that inslead of being
part of the same epistatic group. the lwo pathways collabor
ate in the early events of cardiogenesis.

Results

GATA-4 and NIcx2·5 s'lnergisticall'l activate cardiac
transcription
Recent studies from our laboratory have demonstrated
that two cardiac-specific transcriptional pathways converge
on the ANF promoter (Grépin et al., 1994; Durocher
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promoter fragments lacking these putative NKEs are no
longer responsive ta Nkx2-S/GATA synergy (data not
shown). On the other hand. neither additive nor synergistic
effects were observed on the a-MHC and the I3-MHC
promoters in response to Nkx2-S and GATA-4 at all
different DNA concentrations tested (Figure 2A and data
not shown). These data suggest that only a subgroup of
cardiac genes are targeted by both transcription factors
and that bath NKE and GATA sites are required for
synergy. This hypothesis was further tested using ANF
promoter mutants deleted of either the GATA or the NKE
elements. As shown in Figure 28. there appears to be an
absolute requirement for both elements to achieve synergy.
The same results were obtained using BNP promoters
containing only GATA sites or heterologous promoters
with multimerized GATA elements (data not shown). This
suggests that. in natural promoters. both proteins have to
be recruited at the promoter or require a confonnational
change induced upon DNA-binding. Indeed. a GATA-4
mutant that no longer binds DNA because one of the
zinc-coordinating cysteines in the carboxy-tenninal zinc
finger was mutated. no longer supports Nkx2-S synergy
(Figure 2C).

Since multiple GATA and homeobox proteins are
expressed in the heart. we investigated the specificity of
the synergy. In co-transfection assays using the proximal
- 135 bp ANF promoter as reporter. we found that Nkx2-S
was able cooperatively ta activate transcription of the
ANF reporter only with GATA-4 and GATA-S (Figure
3A). No synergy was observed with either GATA-l or
GATA-6. Since GATA-6 is as patent as GATA-4 in
transactivating the ANF promoter (our unpublished data).
the results suggest that transcriptional caoperativity
between Nkx2-S and GATA proteins requires specifie
molecular/structural determinants on the GATA-4 and
-5 proteins. The same approach was used to identify
homeoproteins that could cooperate with GATA-4. includ
ing other NK2 proteins (TIF-IlNkx2-1; Guazzi et al..
1990; Lints et al.. 1993). Hox proteins (HoxB3). Pou
proteins (Octl; Stunn et al.. 1988) or bicoid-related
hameoboxes (Pu1; Lamonerie et aL. 1996). Transcrip
tional cooperativity was observed with the members of
the Antp superfamily Nkx2-S. TIf-1 and HoxB3. but not
with Octl and Ptxl (Figure 38). These results suggest
that the Antp-type homeodomain plays an important raie
in the specificity of the synergy.

We then used deletion mutants of bath Nkx2-S and
GATA-4 to map the domains involved in synergy over
the ANF promoter. Ali mutant proteins were tested for
expression level and nuclear localization (data not shawn).
The analyses revealed that. in addition to the DNA-binding
damain (Figure 2C). two GATA-4 domains are required
for the synergy. one located within the N-tenninal 119
amina acids of the protein. and the second in the C-terminal
121 amino acids (Figure 4). Both domains contain GATA-4
activation domains although the presence of either domain
is sufficient for transactivatian of GATA-dependent pro
moters in heterologous cells (Figure 4B). The observation
that both domains are required for cooperative interaction
with Nkx2-S. suggests that synergistic interaction between
these two domains may he required for Nkx.2-S-induced
transcriptianal activation of the ANF promoter or that
each domain fulfills a distinct function. Mutational analysis
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Fig. 2. A subset of cardiac promaters are synergistically activated by
the Nkx2-5-GATA-4 cambinatian. (A) Hela eells were transiently
ca-tranSfected as deseribed in Figure 1 using variaus cardiac
pramaters linked ta the lucifecase reporter. ANF represents the rat
ANF -135 cansbllet; (}-MHC. the rat -667 bp promoter; a·MHC. the
rat -613 bp promoter whereas BNP represents the rat -2 kbp promoter.
(D) The synergy between GATA-4 and Nkx2-5 requires bath binding
sites in the context of the ANF promoter. Transient co-transfections in
Hela cells were carried out as described in the previaus figures and
the pramoter described represents either the -135 bp promoter (Wl).
the â-l06/-13S bp promoter which removes the GATA element and
the â-57/-106 bp promoter which removes the NKE site. (C) GATA-4
binding fO DNA is required for synergy. A point mutant of GATA-4
(073G) which does not bind DNA ;n vitro and which cannot activate
GATA·dependent promoters was used in a co-transfection assay with
or without Nkx2-5.

The relevance of this synergy to cardiac transcription
was further assessed by co-transfecting Nkx2-S and
GATA-4 with other cardiac promoters including ANF.
j3-MHC. (X-MHC and the B-type natriuretic peptide (BNP)
reporters. Under the conditions used in Figure 1. a subset
of promoters that contain both NKE and GATA elements
couId he synergistically activated by the combination of
Nkx2-S and GATA-4 (Figure 2A). Thus. BNP promoter
which is a GATA-4 target (Argentin et al.. 1994) responds
synergistically to Nkx2-S and GATA-4. Interestingly.
sequences with high homology to the NKE are present
around -38S and -437 bp and are conserved across species;
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Fig. 3. The synergy is specifie for a subset.,f cardiac GATA proteins
and Antp-type homeoproteins. (A) Co-ttansfection assays in HeLa cells
using various GATA expression vectors were done in presence (+) or
absence (-) of the Nkx2-5 expression vector. Ctrl represents the
backbone vector for most of the GATA constructs (pCGN).
(8) Co-unnsfection assays in HeLa cells were perfonned in the
presence of various homeodomain protein expression vectors in
absence (-) or in presence (+) ofGATA-4 (+.0.1 Ilg; ++.0.25 J.lg).

of Nkx2-5 showed that. white the homeodomain is critical
for Nlot-GATA synergy. domains outside the homeobox.
particularly sequences C-terminus of the homeodomain,
are also important (Figure 5A). Thus, neither the homeo
domain (122-203), nor in fusion with the N-terminal
regions of NIot2-S (1-203) is able to sùmulate GATA-4
activity. Oeletion of the entire C-tenninal region totally
impairs the ability of Nkx2-S to sùmulate GATA-4 tran
scripùon while partial deletions of the C-tenninus (1-246
and .1204-246) reduce consistently the extent of synergy
observed without completely abolishing il. This result
suggests that these two regions of the C-terminus are
only partially redundant or that the functional interaction
between Nkx2-S and GATA-4 requires an 'extended'
homeodomain in the C-terminus. The C-tenninus is not
known as a transcripùonal activation domain, in fact; it
appears to be an autorepression domain since its deletion
leads to superactivation (Figure SB). Thus, the requirement
for the C-terminus suggests that GATA-4 physically inter
acts with Nkx2-S to cause a conformational change and
derepress (or unmask) Nkx2-S activation domains.

GATA-4 and NIcx2·5 ph'lsically interaet in vitro and
in vivo
We first assessed possible physical interaction between
NIot2-S and GATA-4 using pull-down assays with
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Fig. 4. The synergy requires both activation domains of GATA-4.
(A) GATA-4 vectors (50 ng/35 mm dish) expn:ssing truncated
GATA-4 proteins able to translocate to the nucleus were used in co
[fllIlSfection assays with or without the Nkx2-S expression vector. ctrl
represents the baekbone vector. The results are expressed as fold
stimulation of Nkx2-5 activation (equivalent to fold synergy where the
value of 1 represents no synergy. i.e. the ratio between the activity of
the reporter in the presence of the GATA deletion mutant plus Nkx2-S
over the activity of the reporter only in the presence of the GATA
deletion mutant). (8) GATA-4 activation domains an: located both at
the C- and N-termini. GATA-4 vectors were transfected in HeLa ceIls
at the dose of 0.2 J.lg/dish with the ANF -135 bp luciferase reporter.

immobilized MBP-Nkx2-S and in vitro-translated, 35S_
labeled GATA-4 (Figure 6A). MBP-NIot2-S was able la

retain GATA-4 specifically while a MBP-LacZ control
fusion could not retain GATA-4 on the column and the
immobilized NIot2-S couId not internct with labeled control
luciferase (Figure 6A). The interaction between GATA-4
and Nkx2-S was also observed in the presence of ethidium
bromide, suggesting that this interaction occurs without
ONA bridging (data not shown). In order to ascertain the
in vivo relevance of this interaction. co-immunoprecipit
ations were perfonned on nuclear extracts from 293 ceUs
transfected with expression vectors for wild-type GATA-4
or HA-tagged Nkx2-S alone or in combination. Nuclear
extracts from the~e transfected ceUs were then incubated
with the monoclonal antibody 12CA5 which recognizes
the HA epitope. Immunocomplexes were separated on
SOS-PAGE, subjected to Western blotting and visualized
with the anti-GATA-4 antibody. As seen in Figure 68,
GATA-4 protein was precipitated by the 12CAS mAb
solely when both proteins were expressed, implying eiLher
a direct or indirect contact with Nkx2-S.

Next. deletion mutants of GATA-4 were generated in
order to map the region(s) of GATA-4 protein involved
in physical interaction wiLh Nkx2-S. Figure 7A displays
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Fig. S. The synergy requires the C-tenninus of Nkx2-S.
(A) CMV-driven vectors. expressing various deletions of Nkx2-S. were
used in co-transfection assays as described in Figure 4A. where
Nkx2-S concentration was kept at 0.5 J.lgl3S mm dish. ctrl represents
the backbone vector without inscrt. The data are expressed as fold
stimulation of GATA-4 activation which is calculated by the ratio of
the reporter activation when GATA-4 and Nkx2-S expression vectors
are present over the reporter activation when GATA-4 aJone is present.
(B) The C-terminus domain of Nkx2-S is an auto-inhibitory domain
that masks an activation domain located N-tenninal of the
homeodomain. Co-transfections in HeLa cells were carried out with an
optimal dose of pCGN-Nkx2-S constructs (2 J.lgldish) on the ANF
-13S bp promoter. The results depict the mean of six independent
experiments.

the results of the binding studies and the left panel of
Figure SA shows the structure of the deletion mutants and
summarizes their behavior in pull-down and transfection
assays. The Nkx2-S interaction domain seems to map to
the second zinc-finger and a C-terminal basic region that
is not part of 'IllY known activation domain of GATA-4.
This localization is consistent with the observation that
the physical interaction requires zinc ions. since pull
down assays in the presence of chelating agents (EDTA
and phenanthroline) abolish the interaction (data not
shawn). Unfortunately the requirement of the Nkx2-S
binding domain for the synergy couId not be assessed
since it is part of a basic region essential for the nuclear
targeting of GATA-4 (ECharron et al.. unpublished
results). Interestingly, neither GATA-I nor GATA-6. which
do not transcriptionally synergize with Nkx2-S, could be
retained on the MBP-Nkx2-S column. suggesting that
physical interaction is required for functional cooperativity.

The same approach was also used to map the GATA-4
interaction domain on Nkx2-S. A series of Nkx2-S deletion
mutants were bacterially produced in fusion with MBP,
quantified and assayed for their ability to internet with
3sS-labeled GATA-4. The results of these binding assays
revealed that both the homeodomain and its C-terminal

btlC: I2CAS 1Mb

Fig. 6. GATA-4 and Nkx2-S physically interact in vilro and in \';\'0.
(A) GATA-4 and Nkx2-S interact in vitro. Pldl-down protein-protein
binding assays were pcrformed using immobilized. bacterially
produced MBP fusions (MBP-Nkx2-S and MBP-LacZ as conuol) and
either 3sS-1abeled GATA-4 or luciferase protein. After incubation. the
protein complexes were spun. extensively washed and separated on a
10% SDS-PAGE. Labeled proteins were visualized and quantified by
autoradiography on phosphor plates. (8) GATA-4 and Nkx2-S interact
in vivo. Nuclear extract5 from the simian kidney cell Hne 293
transfected with either the backbone vectors (mock). GATA-4
expression vector ajonc (GATA-4). HA-tagged Nkx2-S (Nkx2-S). or a
combination of GATA-4 and HA-Nkx2-S (GATA-4lNkx2-S) were used
for immunoprecipitation. 60 J.lg of nuclear extract were incubated with
the mAb 12CAS and precipitated with protein-G-agarose. The top
panel represents the immunocomplex separated by elecuophoresis and
blotted with an antj·GATA-4 polyclonal antibody. The bottom two
panels represent Western blots on the transfected nuclear extracts
(20 J.lg) using either the anti-GATA-4 Ab (middle panel) or the
anti-HA (12CAS) mAb. The white ghost bands are produced by the
immuglobulin hcavy chains that co-migrate with GATA-4 on
SOS-PAGE.

region are required for physical interaction (Figures 7B and
SA). The homeodomain by itself (122-203) or extended to
contain the N-terminal domain (1-203) were insufficient
for physical interaction. However, when the homeodomain
was fused to parts of the C-tenninal (1-246 and A204
246) the fusion proteins regained the ability to bind
GATA-4, suggesting that the C-terminal extension pro
vided an essential docking site for the GATA protein or
was required for the proper folding of the homeodomain.
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Fig. 7. The physical interaction maps near the C-terminal zinc·linger
of GATA-4 and to the C-tcrminally extended homeodomain of
Nkx2-S. (A) Luciferase (lue) or deletion mutants of GATA-4 were
translated and labeled with [3sSlmethionine to be subsequently used in
pull-down assays with full.length MBP-Nkx2-S as described in Figure
6. (8) A series of immobilizcd dcletion mutants of Nkx2-S. in fusion
with the maltose binding protein (MBP). were produced in bacteria.
quantified on gel. and used in pull-down assays with in vitro translated
GATA-4. ~HO represents Nkx2-S â122-203. Protein complexes were
separated by electrophoresis and GATA-4 protein was visua1ized by
autoradiography on phosphor plates.

It is notewonhy lhat these results are in complete agree
ment with the transfection dara and indicate that the
determinants of Nkx2-S and GATA-4 interaction reside
mostly in the homeodomain and a C-terminal extension.
Collectively. the results also suggest that functional
synergy between Nkx2-S and GATA-4 requires physical
interactions of the two proteins.

Discussion

Transcription factors GATA-4 and Nkx2-5 are two of the
earliest markers of precardiac cells and. as evidenced by
gene inactivation studies (Lyons el al.. 1995; Kuo el a/.•
1997; Molkentin el al.. 1997), both play critical roles in
cardiogenesis. The data presented here show that GATA-4
and Nkx2-5 interact physically and synergistically to
activate cardiac transcription, suggesting functional con
vergence of two critical cardiac pathways.
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Modulation of NIut2·5 lICtitlïty br GATAa4
Members of the GATA family of transcription factors
(GATA-l, -2 and -3) have been shown to interact with
other classes of nuclear proteins containing Lim domain
(Osada et a/., (995). zinc finger (Merika and Orkin. 1995;
Gregory et al.. (996), and basic leucine zipper (Walters
and Martin. 1992; Gong and Dean, 1993; Kawana et al.,
(995) motifs. The present work demonstrates that GATA
factors are also able to interact with homeodomain
containing proteins of the NK2 and Antp type. This
GATA-Nkx interaction is so far the first example of zinc
finger-homeodomain interaction in venebrates. The only
other known zinc finger-homeodomain cooperation is in
Drosophi/a. where it was recently shown that the orphan
nuclear receptor aFtz-Fl is a cofactor for the homeo
domain protein Ftz (Guichet et al., 1997; Yu et al., (997);
in this case, the physical association between aFtz-FI and
Ftz is thought to enhance the binding of the Ftz to its
lower-affinity target sequences (Guichet el al., 1997; Yu
et al., (997). much in the same way that Extradenticle
and Pbx modulate the DNA binding activity of Hox
proteins (Phelan el aL, 1995; Lu and Kamps. 1996;
Peltenburg and Murre, (997). The interaction of GATA-4
with Nkx2-5 does not appear to result in cooperative DNA
binding since neither protein appears to alter the affinity
or sequence specificity of the other; moreover. the presence
of both GATA and NKE sites does not enhance either
GATA-4 or Nkx2-5 binding to their sites, as evidenced
by gel shift assays using nuclear extracts containing both
proteins or each one separate (data not shown). Instead,
the data suggest that GATA-4 interaction with Nkx2-5
serves to unmask the activation domains of Nkx2-5 as
ilIustrated in Figure 8B; this would be reminiscent of the
Extradenticle-induced conformational change. that
switches Hox proteins from repressors to activators (Chan
et al., 1996; Peltenburg and Murre, (997).

The region of GATA-4 that contacts Nkx2-5 spans the
second zinc finger and a -40 amino acid C-terminal
extension (Figure SA, left panel). This represents a highly
conserved segment among the cardiac GATA-4. -5 and
-6 proteins with an overal1 85-95% homology; notable
differences between GATA-4 and -6 (but not GATA-4
and -5) that rnay account for the differential interaction
with Nkx2-5 are found in the hinge region (aa 243
270) preceding the second zinc finger and three non
conservative changes that affect phosphorylatable residues
(H244S, N250S. S262P). The differential interaction of
GATA proteins with Nkx2-5 reveals for the first time
differences between GATA proteins in an in vitro assay.

Is NIut2·5 a speci6cify cofaetor for GATA-47
Two GATA proteins. GATA-4 and -6, are present in the
myocardium and both are potent activators of cardiac
transcription. However. inactivation of the GATA-4 gene
arrests cardiac development at a very early stage, despite
marked up-regulation of GATA-6 arguing for specificity
of GATA-4 and ·6 function (Kuo el al.. 1997; Molkentin
et al.. (997). The up-regulation of GATA-6 might, at
least partially, account for ANF expression in presumed
cardiogenic cells of the GATA-4-1- embryos (Molkentin
et al., (997), much like up-regulation of GATA-2 in
GATA-l-1- pre-erythroblasts might explain globin gene
expression in the absence of GATA-l. However. il should
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Fig. 8. (A) Schematic summary of the Nkx2-S-GATA-4 interaction. The left panel reprcsents the activity of GATA-4 deletions bath in transfection
experiments and in pull-down assays. NID represents constructs that were not testcd. Constructs deleting the 266-332 region cannot be used in
co-tranSfections since they do not translocate into the nucleus. The right panel summarizes the activities of Nkx2-S deletion mutants in co
transfections with GATA-4 or in pull-down assays. The asterisks ($) on the GATA-4 molecule represents the amino acids that are conserved betwecn
GATA-4 and -5 but not in GATA-6. they are: H244S. N2500. L26IV. S262P where the second amino acid represents the residue present on GATA-6
at the equivalent position. (B) Model of NkxlGATA synergy. Synergistic interactions between Nkx2-S and GATA-4 require the binding of GATA4
and Nkx2-S to their cognate binding sites. GATA-4 displaces the C·terminal auto-inhibitory region of Nkx2-S and liberates the Nkx2-S activation
domain. The GATA-4 activation domains can then synergize with Nkx2-S activation domains.

be pointed out that ANF transcription is controlled by
multiple pathways in complex spatiotemporal manner
(Argentin el al., 1994; Durocher el al.. 1996); thus. the
presence of ANF transcripts in GATA-4-1- cells may retlect
activation or maintenance of more complex compensatory
paLhways; moreover. GATA-S-which can also cooperate
with Nkx2-S in the heart-does not seem to be restricted
to the endocardial cells before the primitive heart tube
stage (Morrisey et al., 1997). The exact reason for which
GATA-4 is obviously essential for primitive heart develop
ment must await further biochemical and genetic studies.
Nevertheless, the available evidence clearly indicates that
GATA-6 is unable to substitute fully for GATA-4 with
respect to cardiogenesis. Similarly. despite their seemingly
interchangeable role in sorne in vilro assays (Blobel el al..
1995; Visvader et al.. 1995), the hematopoietic members
of the GATA family are clearly non-redundant (Tsai el al..
1994; Pandolfi el al., 1995; Fujiwara et al.. 1996; Ting
el al.. 1996). Unfortunately, the molecular basis for GATA
factor specificity has yet to be unraveled. The data
presented suggest that interaction of GATA proteins with
other tissue-restricted transcription factors might be the
underlying mechanism for functional specificiLy of the
GATA family members. Thus, Nkx2-S may he the specifi
city cofactor for GATA-4 while other homeodomain pro-

teins of the NK2 or antennapedia class may fulfill a
similar function for GATA-6 in the myocardium.

The presence of a cofactor for GATA proteins is likely
the case for the hematopoietic system. Indeed, in a recent
publication. Weiss el al. demonstrated that the presence
of the GATA-l zinc fingers was essential for erythroid
differentiation. Interestingly, the homologous region of
GATA-3 (which is not co-expressed with GATA-l) but
not the entire GATA-2 (which is up-regulated in GATA-l-1
pre-erythroblasts) couId functionally substitute for
GATA-l zinc fingers. suggesLing that interaction of zinc
fingers with an as yet unidentified nuclear factor may be
an important determinant for definitive erythropoiesis
(Weiss et al.. 1997). Since GATA proteins and other
members of the NK2 family are also co-expressed in ather
tissues such as spleen (GATA-S and Nkx2-5) and gut
(GATA-5. -6 and Xbap) (Lints el al.. 1993; Morrisey
el al.. 1996, 1997; Newman el al.. 1997), it is tempting
to speculate wheLher the GATA-Nkx partnership may
represent a paradigm for transcription factor interaction
during cell fate detennination.

It is noteworthy Lhat, at least in cardiac muscle, such
paradigm appears to have been evolutionarily conserved.
Indeed. in Drosophila, the cardiac promoter of the
transcription factor D-mef which is a target for Tinman.
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Table 1. Evolutionary conservation of the GATA-NK2 interaction on muscle promoters

Gene Species Promoter sequence GATA Nia Reference

ANF vertebrates 'fG&.'1'AACTT(N20 )CGCCQCUQfG GATA-4 N1ot2-5 this srudy
Myo-2 C.elegans 'l'A&&O'fGG'rrGTGTGG&'1'M elt·2 cn Ceh-22 OkJcema and Fire (1994)
D-Mef Drosophila QGA'1'UGGGGC'1'CAAQ'1'GQ pannier (?) linman Gajewski el al. (1997)

CACftQ&GACCGGGGCTCGC'l'AlfCQ

Conserved GATA or NKE motifs are depicted in bold lettcrs.

contains juxtaposed GATA and NKE sites (Table 0; while
the NKEs are necessary, they are Dot sufficient for cardiac
expression, thus raising the possibility of an interaction
with other factors (Gajewski et al., 1997). Moreover. in
Caenorhabditis elegans, two members of the GATA family
have been described (elt-I and -2; Spieth et al., 1991;
Hawkins and McGhee, 1995) whose expression is found
in gut and perhaps pharyngeal muscles, and GATA ele
ments are necessary for tissue-specifie transcription in
those tissues (Okkema and Fire, 1994; Egan et al., 1995).
Moreover. al least one member of the NK2 family, CEH
22, is also expressed in C.elegans pharyngeal muscle and
has been implicated in activation of the muscle·specific
myosin heavy chain (Myo-2) enhancer (Okkema and Fire,
1994). Interestingly, the Myo-2 enhancer requires the
c10sely linked GATA and NKE sites (Table 1) for muscle
expression (Okkema and Fire, 1994). Thus, at least in
muscle ceIls the GATA and Nkx interactions appear to
have been evolutionarily conserved.

Mat.rials and methods

Celll:ultur•••nd tr.n.fKtion.
Hela and 293 cells were gcown in Oulbecco's modified Eagle's medium
(OMEM) supplemented with 10% felal calf serum. Tcansfections were
carried out using calcium phosphate precipitation 24 h after plating. At
36 h post-transfection. cells were harvested and luciferase acùvity
was assayed with an LKB luminometer and the dala were recorded
automatically. In ail experiments. RSV·hGH was used as internaI control
and the amount of reporter was kept at 3 ~g per dish: the (otal amount
of DNA was kept constant (usually 8 ~g). Unless othecwise stated. the
results reported were obtained from at least four indepcndent experiments
with at least IWO different DNA preparations for each plasmid. Primary
cacdiocyte cultures wece prepared fcom 1- or 4-day-old Sprngue-Dawley
rats and kept in serum·free medium as described previously (Argentin
el al.• 1994).

PI••mid.
ANF·luciferase promoter constructs were c10ned in the PXP-2 vector as
described previously (Argentin el al.• 1994: Ourocher el al.. 1996). The
construction of the various pCG-GATA-4 vectors was based on the
original rat GATA-4 cONA described by Grépin tl al. (1994). The
position of the mutationldeletion is indicated on the figures. Ali constructs
were sequenced and functionally tested for nucleac translocation and
DNA-binding activity following tcansfection in L cells as previously
described (Grépin el al.• 1994). pRSET-GATA-4 derivatives for in vitro
translaùon wece consteUctcd by insertion of the Xbal-BamHI fragment
of the corresponding pCG-GATA-4 conslCUct into the Nhel-BamHI sites
or Nhel-Bglll sites ofpRSETA (lnvitrogen Corp.). MBP-Nkx2·S (à203
246) was obtained by the insertion of an oligonucleotide corresponding
to aa 198-203 in the PjlMl-Sadl sites of Nkx2·5. The SphI-SacIl
fragment cocresponding to the deletion was then transfecced in MBP
NIot2-S. The other MBP-Nkx2-S deletions were described by Chen and
Schwartz (1995).

Recombin.nt prof.in produl:tion
After transformation of BL21(OEJ) Escherichia coli strain with the
MBP fusion vectors derived fcom pMalc-2 (New England Biolabs).
individual colonies were pickcd and grown in 50 ml 2XYT up to an
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00 of 0.6 at 600 nm. Induction of the recombinant pcoteins and their
purification wece carried out as previously described (Oucocher el al.•
1996). ln vilro translation of GATA-4 and Nkx2-5 derivatives were
pecformed with rabbit reticulocyte Iysates using the TNT-coupled in vitro
transcriptionltranslation system (Promega Corp.• Madison. Wl)

Prof.in-protein bindinll ....p
ln vilro binding srudies wece pecformed with MBP-NIot2-S derivatives
purified fcom bacteria and coupled to amylose-Sephacose beads (New
England Biolabs). GATA-4 derivatives were labeled with [35Slmethionine
during in vilro translation and typically 2-8 J.L1 of labeled GATA proteins
were incubated in the presence of 300 ng of immobilized Nkx2-S fusion
proteins in 400 J..L1 of 1x binding buffer (150 mM NaCI. 50 mM Tris
CI. pH 75. 0.3% Nonidet P-40. 10 mM ZnCI!. 1 mM dithiothreitoJ.
0.5 mM phenylmethylsulfonyl ftuoride. 0.25% BSA) for 2 h at 4DC with
agitation and then centeifuged for 2 min at 13 000 r.p.m. at room
temperatuce. Beads wece washed three times by vortexing in 500 ml of
binding buffer at room temperature. the protein complexes were released
after boiling in Laemmli buffer and resolved by SOS-PAGE. Labeled
proteins were visualized and quantified by autorndiography on phosphor
stomge plates (Phosphorlmager. Moleculac Oynamics).

ImmunoprfICipif.tions .nd immunoblots
Immunoprecipitations on nudear exteacts of transfected 293 cells wece
done using 60 ~g of nucleac extract. Exteacts were pre-c1eared with
20 j.Ù of normal rabbit serum and 15 ~I of agarose-pcotein G beads
(Sigma Chemicals) for 2 h at 4DC. Binding ceactions were cacried out
with 40 ~I of 12CAS antibody in SOO ~l of 1x binding buffer without
BSA as described in the protein-protein binding assays paragcaph for
2 h at 4°C. with agitation without protein G beads and for an additional
2 h with 15 ,.11 of protein G beads. Bound immunocomplexes wece
washed four times in 1x binding buffer and were cesuspended in 20 ~1 of
1x Laemmli buffer. boiled and subjected to S05-PAGE electeophoresis.
Proteins were transfem:d on Hybond·PVOF membrane and subjected to
immunobloning. GATA-4 antibody (Sanla-Cruz Biotechnolgy) was used
at a dilution of 111000 and was revealed with biotinylated anti·
goat antibody (dilution 1112 000) and avidin-biotinylated horseradish
pecoxidase (HRP) complex (Vectastain). The 12CAS (anti-Ha) antibody
was used at Il dilution of 11500 and was a generous gift of Benoit
Gcondin and Muriel Aubry (Grondin el al.. 1996). The secondary
antibody was anti-mouse·HRP and the antigens wece visualized with
chemiluminescence (Kodak).
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GATA transcription factors and cardiac development
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Three members of the GATA family of transcription factors,
GATA-4, -5, and -6, are expressed in the deueloping heart.
One family member, GATA-5, is restn'cted to the
endocardium while the other two, GATA-4 and -6, are
present in the myocardium where they apparrotly fulfil
distinct functions. The mechanisms underlying GATA factor
specifiaty are not fully understood but may involve
interaction with other tissue-restricted or ubiquitous ca
factors. Thus, combinatorial interaction among GATA
factors or between GATA factors and other eo-faetors may
differentially control various stages of cardiogenesis.

Key words: embryonic development / GATA factors /
heart / transcription / ventricular hypcrtrophy
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Introduction

The GATA family of transcription factors

MEMBERS OF mE GATA family of transcription factors
are zinc finger proteins that have been shown ta play
critical non-redundant roles in cell growth and dif
ferentiation. The founding member of this family,
GATA-l, is largely restricted to the hematopoietic
lineage, where it was initially shown to be a key
activator of globin genes by binding to conserved
GATA sites in the promoters and locus control re
gion {reviewed in ref O. Two other GATA factors,
GATA-2 and -3, were subsequenùy identified and
shown to be also restricted ta hematopoietic ceUs.2

GATA-2 expression is initially required for the prolif.
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eration of the hematopoietic precursors and its over·
expression in culture leads to proliferation at the
expense of differentiation.3 GATA-I expression char
acterizes more differentiated states since transcripts
are found in mature erythroid ceUs and megakary
ocytes. In hematopoictic cells, GATA-3 expression is
restricted lO T lymphocytes and is required for T cell
difTerentiation." Thcse GATA factors are also found
later in development in non-hematopoietic cells,
namely gonads for GATA-l and brain and kidney for
GATA-3. Targeted disruption of GATA-l, -2, and -3
has confirmed the critical function of each of these
factors in hematopoiesis.-I-i Thus, although GATA
factors may be co-expressed in specific ceUs, they
apparenùy play distinct, non-redundant roles during
development.

Raies of GATA factors in embryonic heart
development

Spatial and temporal expression ofGATA4, -5, and-6

Analysis of the cardiac regulatory elements of the
R-type nalriuretic peptide promoter (BNP) led to the
characlerization of tissue-specifie regulatory elements
containing GATA motifs and cloning of an additional
member of the GATA family, GATA-4, whose expres
sion is mainly restricted to the heart and gonads.8

.!J

GATA-4 can be detected in the precardiac mesoderm
as early as 7.0-7.5 dpc at the late primitive streak
stage, where it precedes the expression of the earliest
cardiac difTerentiation markers, such as contractile
protein genes and natriuretic peptide genes. In the
mesodenn, GATA-4 expression is confined to the
cardiogenic crescents, on each side of the embryo;
GATA-4 transcripts are also detected in the visceral
endodenn. This expression pattern is very similar to
thal of Nkx2-5 and coincides with the heart-forming
region in mouse, chicken, and Xenopus. IO

-
12 At later

stages, GATA-4 transcripts are detected throughout
the myocardium and endocardium where they are
present al high level in the postnatal heart.8

•
12 Thus,
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GATA-4 is an early marker of the cardiac ceUs where
it may regulate various stages of cardiogenesis.

In Xenopus and chicken, two additional GATA
factors, GATA-5 and -6, were isolated by low strin
gency hybridization to the GATA-I DNA binding
domain and they were shown to be expressed in a
broad ventral area that includes the heart progeni
tors and later predominantly in the heart and gut. IO,l1
Rat and mouse homologues of these factors were also
characterized. 13

-
15 GATA-4, -5, and -6 are hornolo

gous in their amine acid sequence, particularly in the
DNA binding domain (90% homology), and form a
distinct subclass of GATA factors. The proteins are
more divergent outside of the zinc finger region,
with 45% homology in the N-terminal domain and
35% homology in the Cterminal domain. Consistent
with a conserved specialized function for GATA fac
tors, the amine acid sequence of each protein is
highly conserved among species, as shown in Figure
1. Within the heart, the three GATA factors are
differentiaIly regulated throughout development with
GATA-4 being the predominant transcript in car
diomyocytes at aIl stages. GATA-6 is also expressed in
the precardiac mesodenn at the late primitive streak
stage and is later found in myocardial ceUs and aIso
in the vascular smooth muscles.Il·15.16 GATA-5 tran
scripts are largely restricted to endocardial cells.!7
These data are summarized in Table 1.

Functional analysis of GATA-4, -5, and-6

ln vitro, transfection studies in non-eardiac ceUs es
tablished that GATA-4 is a potent transactivator of
numerous cardiac promoters including atrial natri
uretic factor (ANF),IB BNP,s cardiac troponin C
(cTnC).19 cardiac troponin l (cTnI).:W.21 m2 mus
carinic acetylcholine receptor,22 and slow myosin
heavy chain 3 (slow MyHC 3).23 Moreover. structure
function analysis revealed the presence of two tran
scriptional activation domains located in the N- and
C-tenninal regions of GATA-4. 18.2-1

The role of GATA proteins in cardiogenesis has
been assessed through gene inactivation and loss- or
gain-of-function studies. The first evidence for a role
of GATA-4 in heart differentiation came from our in
vitro studies where GATA-4 expression was knocked
down byan antisense strategy in the pluripotent Plg
embryonal carcinoma ceUs which provide a cellular
model of inducible cardiac differentiation. (n GATA
4 - Hnes, terminal cardiac differentiation could not
be achieved and massive apoptosis of precardiac cells
was observed, suggesting that GATA-4 is a mediator
of survival, proliferation. and/or differentiation sig
nals.25

•
26 Subsequent inactivation of the GATA-4 gene

in transgenic mice confinned that GATA-4 is essen
tial for normal heart development.27.28 Mice lacking
GATA-4 fail 10 develop a linear heart tube and die in
ulero by day 9. The cardia bifida phenotype may be
due to absence of ventral closure of the embryo
resulting in the absence of morphogenetic move
ments required for the fusion of the bilateral primor
dia. Nevertheless, differentiated cardiomyocytes are
observed in the GATA-4 -/- mice, suggesting that the
function of GATA-4 in the heart might be compen
sated by other proteins and/or signaIs in the devel
oping mouse. One candidate for this compensation is
GATA-6 whose levels are up-regulated in GATA-4 -/
mice.27

,:!8 The exact mechanism underlying the role
of GATA-4 during early cardiac development re
mains presently unclear. Studies with chimeric mice
injected \Vith GATA-4 - /- ES cells suggest that the
cardiac defect is not cell autonomous.27

•
29 ln fact,

both the in vivo and in vitro studies suggest that
GATA-4 is required for proliferation and/or migra
tion of cardiac ceUs or for early mesoderm-endoderm
interactions. These possibilities are not exclusive as
GATA-4 may be involved at more than one develop
mental stage.

Complementary gain-of-function studies revealed
another function for GATA-4 in cardiogenesis. Ex
periments carried out in P 19 ceIls, where GATA-4,

Table 1. Spatial and temporal expression of GATA transcription factors in the embryonic and postnatal
heart

Cardiac
progenitors

Embryonic heart

Myocardium Endocardium

Postnatal heart

Myocardium Endocardium

GATA-4
GATA-5
GATA-6

+
++
+/--

++

+

+
++

This table is based on results from refs 8.10-13,15-17.19 and from our unpublished results.
* Indicates that the expression was not confinned at the protein level.
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mGATA-4 IcIentity to mGATA-4

rGAT~ 15%

hGATA-t tO%

cGATA-4 tI%

mGATA~ ldentlty to mGATA-6

rGATA'" 15%

hGATA'" It%

eGATA'" 77%

mGATA·' ldentity to mGATA-5

l'GATA·' 15%

cGATA05 62%

Figure 1. GATA-4, ·5, and -6 are highly conserved across
species, consistent \Vith a conserved specialized funcùon for
these factors. Amino acid identiùes are shown in percent
age relative to the mouse protein. m-, r-. h·, and c-GATA
refer to mouse, rat. humant and chicken GATA factors,
respecùvely.

was stably over-expressed, revealed that GATA-4
markedly potentiates cardiogenesis as evidenced by
the earlier appearance and persistence of beating
cardiac celIs.26 These resuhs suggest that GATA-4
can pmentiate cardiogenesis by recruiting more cells
to the cardiogenie field. A recent study in zebrafish
suggests that early expression of GATA-4 may even
serve ta maintain precursor cells in a cardiac compe-
tent stage.30

The raIe of the other GATA factors in the develop
ing heart is not clear yet. Axis disruption experiments
in Xenopus showed intimate association between
GATA-4, -S, and -6 expression and specification of
cardiac progenitors. 11 Moreover, ectopie expression
of GATA-4, -5, or -6 was shown to activate transcrip
tion of the cardiac a-actin (c. a-actin) and a-myosin
heavy chain (a-MHC) genes. Other gain-of-function
studies in Xenopus revealed that GATA-6 could also
be a regulator of the cardiogenie field. 16 Injection of
GATA-6 mRNA in gastrulating embryos resulted in a
transient block of cardiac differentiation and en
hanced proliferation of cardioblasts; after the decay
of the injected GATA-6 mRNA, cardiomyocytes re
sumed differentiation to generate an enlarged hearL
This is reminiscent of the proliferative effect of
GATA-2 in hemopoietic progenitors3 and suggeslS
that GATA-6 might regulate proliferation of cardiac
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progenitor cells. Collectively, these genetic manipula
tions are consistent with critica! roles for GATA fac
tors in the developing heart.

Combinatorial interaction between GATA-4 and Nkx2-5

As stated above, studies in P19 ceIls indicated that
ectopie expression of GATA-4 potentiates cardiogen
esis only in .permissive' cellular environments, sug
gesting that GATA-4 action requires a ca.factor. The
expression pattern of GATA-4 overlaps with that of
the homeodomain transcription factor Nkx2-S in the
heart-forming region in various species (reviewed in
ref 31). Nkx2-5 is one of the mammalian homologs of
linman, a gene required for heart development in
drosophila.3:!.33 Nkx2-5 is also essential for normal
heart development as targeted disruption of its gene
in mice leads to embryonie death due to cardiac
morphogenetic defects.34 InterestingIy, gain-of-func
tion studies in zebrafish and Xenopus indicate that
ectopie expression of Nkx2-S results in enhanced
myocyte recruitrnent but is not sufficient to initiate
cardiac gene expression or differentiation,35.36 sug
gesting that Nkx2-S acts in concert with other tran

scription factors to specify the cardiac phenotype.
The fact that GATA-4 and Nkx2-S, two of the earliest
markers of precardiac ceUs, are essentiai for heart
formation and that over-expression of either alone
cannot initiate cardiogenesis yet enhances recruit
ment and/or differentiation of committed precur
sors raised the possibility that these proteins may
be mumai co-factors. Because ANF was the only
shown transcriptional target for both GATA-4 and
Nkx2_S,8.3i it provided a usefuI tool to investigate
potential functionai cooperation between GATA-4
and Nkx2-S. Indeed, we showed that at the level of
the Al"'lF promoter, GATA-4 and Nkx2-S are mutual
co-factors as co-expression of GATA-4 and Nkx2-S
resulted in synergistic activation of the ANF promoter
in heterologous cellsY~ The synergy, whieh requires
the DNA binding site for both factors, involves physi
cal interaction between Nkx2-S and GATA-4 as evi
denced in vitro and in vivo. This interaction maps to
the carboxy-terminai zinc finger of GATA-4 and a
G-terminus extension; similarly, a G-terminally ex
tended homeodomain of Nkx2-S is required for
GATA-4 binding. The structure/function study sug
gests that binding of GATA-4 to the Cterminus au
torepressive domain of Nkx2-S may induce a confor
mational change that unmasks Nkx2-S activation do
mains. Remarkably, the other myocardial GATA fac
tor, GATA-6, is unable to substitute for GATA-4 in
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binding or functionaI interaction with Nkx2-5. Thus.
the molecular interaction, which appears to have
been evolutionarily conserved between specific mem
bers of the GATA zinc finger family and Nkx2-5, may
impart functional specificity to GATA factors and
provide cooperative cross-talk between two pathways
that are critit:aI for the early events of cardiogenesis.
FunctionaI and physical interactions between GATA-4
and Nkx2-5 were aIso observed on the ANF and c.
a-actin promoters by other groupS.38.39

The GATA-4 / Nla2-5 interaction: a mediator of BMP
signalling?

Since GATA-4 and Nkx2-5 are the earliest markers of
the myocardial cell fate, the identification of the
upstream regulators of GATA-4 and Nkx2-S in the
precardiac mesoderm should give important insights
on the nature of the inducers of the cardiac fate. In
Drosophila, genetic studies have established that the
tinman (tin) gene, the homologue of Nkx2-5, is di
rectly downstream of the ectodennal decapentaplegic
(dpp) signaI:W•

4• This signai is required for cardiac
cell formation since null mutations in dpp result in
an absence of cardiac differentiation. Dpp is part of
the growing family of BMP/TGF-,8-reLated molecules.
(ts sequence is most related to that of the vertebrate
BMP-2 and BMP-4 proteins and the dpp signal trans
duction pathway seems ta be conserved from Dro
s(1phila to mammals since its receptors (Type ( and
Type (n, its inhibitors (such as shmt-ofgastrulation in
flies; noggin or chardin in vertebrates) and its intra
cellular effectors (such as the Mad proteins) are con
served in mammals (reviewed in ref 42).

Interestingly, molecular conservation of the dPP/
tin cascade was elegantly demonstrated in chicken
since recombinant BMP-2, -4, and -7 can induce
Nk.x2-5 in anterior Lateral mesoderm.43 Moreover,
GATA-4 expression is also robustly induced in ante
rior mesoderm explants treated with BMP-2 and -4
implying that GATA-4 is aIso a downstream target of
the BMPs. Hawever, when expLants are treated with
BMP-7, GATA-4 induction is not observed and this
correlates with the lesser potency of BMP-7 ta induce
the expression of terminal cardiac phenotypic mark
ers, such as ventricular myosin heavy chain (vMHC)
and the formation of beating explants.43 These
observations are consistent with the gain-of-function
studies which demonstrated that neither GATA-4 nor
Nk.x2-S could alone initiate cardiogenesis although
either protein could potentiate it in committed
cells.26.35.36 The physical and functional interactian
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between Nkx2-5 and GATA-4 may provide an expla
nation for the requirement of both proteins in BMP
mediated cardiogenesis. This functional interaction,
which potentiates the transcriptional activities of both
proteins, would be especially important at low con
centrations of GATA-4 and Nkx2-5, a situation that
likely occurs in the early moments of cardiac cell fate
induction.

Roles of GATA factors in posbtatal heart
development

Heterotypic interactions between GATA-4 and GATA-6
and the maintenance ofcamiac gene expression

Twa lines of evidence suggest that GATA-4 may play
a critical role in postnatal cardiac transcription: GATA
elements were found to be essential for activation of
sorne cardiac promoters in adult myocardium.... - 4ï

and GATA-4 was shown to functionally and physically
interact with NF-AT3, which would implicate it as a
mediator of the calcineurin-dependent hypertrophie
process in the myocardium.-I8 Unfortunately, because
mice lacking GATA-4 die prior to formation of the
primitive heart tube, they are not useful for assessing
the role of GATA-4 in postnatal heart development.
An altemate model that blacks GATA-4 expression
later in development or in specifie cells or regions of
the heart had to be developed. We have developed
an adenovirus-mediated antisense strategy to specifi
cally inhibit GATA-4 or GATA-6 protein production
in cardiomyocytes and llsed this approach to assess
the role of these factors in postnatal cardiomyocytes.49

The results indicate that severai endogenous cardiac
genes, including &'lF, BNP, cTnI. a-MHC, ,8-myosin
heavy chain (,8-MHC), and platelet-derived growth
factor receptor P (PDGFRP), are down-regulated in
cardiomyocytes lacking either GATA-4 or GATA-6,
suggesting that these genes are hona fide targets for
both GATA-4 and GATA-6. (nterestingly, the a- and
,8-MHC genes appear to be preferential targets for
GATA-4. As determined by binding affinity, this is
likely due to the higher affinity of GATA-4 for their
promater GATA element and suggests that selectivity
at the level of DNA binding may be one mechanism
of target gene specificity for GATA factors. This
approach also identified for the first lime down
stream targets for GATA-4 and -6 in the myocardium
and revealed that a subset of genes is targeted by
both GATA-4 and GATA-6. Remarkably, removal of
both GATA proteins had the same effect as removing



either one by itself suggesting mat GATA-4 and -6
might be part of the same active transcription com
plex."9 Indeed. experiments using the ANF and 8NP
promolers revealed that GATA-4 and GATA-6 fonn a
helerotypic complex that binds a single GATA ele
ment and synergistically activales transcription of car
diac promoters. To confinn the in vivo relevance of
this mechanism. antibodies specifie for the different
GATA factors were developed and used for im
munohislochemical localization of GATA-4 and -6
proleins in lhe heart. The data c1early showed that
GATA-4 and GATA-6 co-Iocalize in posmatal car
diomyoCYles and could therefore pOlentially interact
\Vith each other. Taken together. these results suggesl
mat GATA-4 and GATA-6 can act in concert to
regulale expression of a subset of cardiac genes.

GATA factors and cardiac deuelopment

A mie for GATA f«dors in hypertrophie development?

Soon after birth. cardiomyoeytes lose their ability to
proliferate and respond to growth stimulation by
increasing their size but not their number. a process
known as cardiac hypenrophy. Over the last year, a
few groups have accumulaled various Unes of evi
dence consistent with a role for GATA factors in
cardiac hypertrophy. Using direct injection of DNA
in to the myocardium. t'Wo groups have found that
GATA e1ements present on the promoters of the
angiotensin type lA receptor (ATIAR) and the p.
MHC are required for activation of these promoters
in response to pressure overload.-46.-4i Using a similar
approach in the nephrectomized rat, a model of
volume overload, we have found that regulation of

o.velopmental
Stage

-Pre-cardioblasts

-Prclfferating
cardioblasts

Gen.
T·fllets

-ANF
-SNP
-cardiac
~·actin

Putative
Roi••

°Cardiac lineage
commitment

-Expansion of
cardiob/asts

-Proliferating -1 ·expansion of
cardioblasts cardioblasts

-Cardlomyocytes -ANF oMaintenance of
'SNP cardlac phenotype

-Cardiomyocytes -a-MHC -Maintenance of
-Il-MHC cardiac phenotype

oCardiomyocyte - AT1AR -Adaptive response
hypertrophy - P-MHC

-fIELr.
NF-RE WGATAR

·Cardiomyocyte
hypertrcphy

-SNP °Adaptive response

Figure 2. Combinatorial int~racti~ns invol..ing GATA~ or -6 during cmbryonic and postnatal
heart development. Interactlons mvolvc the cooperation among GATA factors or with other
co-.faclors. such as Nkx2-5, NF-AT3. or other putative co-factors (co-factor X or y). WGATAR.
NKE. and NF-RE are GATA, Nkx2-5, and NF·AT3 hinding sites. respectively.
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the BNP promoter in response to hemodynamic stress
is also mediated by GATA elements.5O GATA-4 was
also found to functionally and physically interact
with transcription factor NF-AT3 that Mediates cal
cineurin-dependent cardiac hypertrophy.-I8 Finally,
our analysis of genetic and experimental models of
hypertrophy, the spontaneously hypertensive rats
(SHR) and the one kidney one clip rat model, re
vealed increased GATA-4 transcripts in association
with ventricular hypertrophy (unpublished data).
Thus, GATA-4 may play a role in the genetic repr<r
gramming of the hypertrophied heart either through
increased expression of the protein or through re
cruitment of other co-factors (such as NF-AT3).

Conclusions

The establishment and maintenance of the cardiac
phenotype require the activation of cardiac-specific
genes in a tightly regulated temporal and spatial
manner. This process is likely govemed by the com
binatorial action of cell-restricted as well as ubiqui
tous transcriplional regulators. Of the few known
cardiac-restricted and/or enriched transcription fac
tors, GATA-4 and -6 are receiving increasing atten
tion. Both in vitro and in vivo studies clearly demon
strated the essentiai roles of these factors for embry
onie and postnatal heart development, although the
molecular mechanisms underlying these raIes are just
beginning to be elucidated. One mechanism by whieh
specificity is achieved likely involves the preferential
affinity of certain GATA factors for a subset of GATA
elements, as shown for a- and j3-MHC gene regula
tion. Other mechanisms involve the cooperative in
teraction of GATA factors among themselves, such as
observed between GATA-4 and GATA-6 in arder to
maintain expression of a subset of cardiac genes, and
their cooperation with other cardiac-restricted tran
scription factors, such as observed between GATA-4
and Nkx2-5 in order to possibly mediate BMP sig
nalling. Moreover, recruitment by GATA proteins of
various inducible co-factors (such as NF-AT3) May he
critical for tissue-specific regulation in response to
extracellular stimuli (summarized in Figure 2).

Finally, and in addition to their crucial roles in the
embryonic heart and in the maintenance of cardiac
gene expression in the postnatal heart, various lines
of evidence point to a role of GATA-4 and GATA-6
in the reprogramming of gene expression in the
hypertrophie heart and possibly in other adaptive
responses of the postnatal myocardium.
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'nteractions
entre les facteurs MEF2 et GATA
dans la diHérenciation cellulaire
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98

Les facteurs de transcription à
boite MAOS (MCMI, Agamo'Us,
Dtficiens et Serum response factor 

SRF) constituent une famille de pro
téines incluant les facteurs de trans
cription métazoaires SRF et ~'1EF2

(myocyte enhancl!T factor-2) qui jouent
un rôle clé dans le contrôle de divers
processus biologiques. Chez les \'erté
brés, le facteur de transcription SRf
contrôle l'expression des gènes pré
coces et de gènes exprimés spécifi
quement dans les muscles. Pour leur
part, les facteurs MEF2 ont été impli
qués dans la régulation de )'expres
sion des gènes musculaires, la diffé
renciation des cellules du muscle
squelettique, l'induction de rapop
tose dans les lymphocytes T et la sur
\ie des neurones.
La boite MADS est un motif structu
rellement très conserYé de 56 acides
aminés présent dans le domaine de
liaison à l'ADN des membres de cette
famille [1], qui possèdent également
des spécificités de liaison à l'.-\J)~

très similaires. La capacité de ces pro
téines de former des dimères corrèle
a\'ec la S\métrie en dvade de leurs
sites de Ii~ison à l'ADN.

Les facteurs de transcription
de la famille MEF2

Les membres de la famille de facteurs
de transcription ~ŒF2 ont été initia
lement identifiés par leur acti\ité de
liaison aux sites d'ADN spécifiques
des muscles. acti\ité qui est observée
majoritairement dans les cellules
musculaires différenciées (pour revue
voir [2]). Ces facteurs MEF2 jouent
un rôle important dans l'activation
transcriptionnelle de plusieurs gènes
des muscles cardiaque et squelet
tiques. Chez les vertébrés, il existe
quatre gènes mej2: meJ2a, mej2b, meJ2c

et mej2d. L'organisation des introns et
des exons des gènes mej2 des verté
brés et de l'unique gène meJ2 de la
drosophile (D-mef2) est identique
dans les régions conservées de ces
gènes (boite MADS et domaine
MEF2 ; figure 1), suggéran t qu'ils pro
\iennent d'un gène mef2 ancestral
commun. En re\ëU1che, leur domaine
carboxy-terminal est non seulement
très divergent, mais il subit aussi un
épissage alternatif. Il est fort probable
que les mécanismes qu'utilisent ces
facteurs pour activer la transcription
soient em, aussi di\'ergents car c'est ce
domaine carboxY-lerminal qui est res
ponsable de la transacti\'3.tion.
Les protéines MEF2 peuvent former
entre elles des homo- et des hétéro
dimères, mais elles ne peuvent pas
former d'hétérodimères a\'ec
d'autres facteurs à boite ~l-\DS; ceue
capacité de dimérisation des pro
téines ~rEF2 requiert un domaine de
29 acides aminés situé directement
en carboxv-terminal de la boite
~IADS et appelé le domaine ~[EF2
(figure 1). Il contribue également à
assurer une affinité de liaison ma.xi
male à l'ADX, Ensemble. la boite
MADS et le domaine MEF2 sont
nécessaires et suffisants pour per
mettre une liaison de haute affinité à
la séquence consensus (TIC) TA
(A/T) ..TA{G/A). Des sites de liaison
pour les protéines MEF2 ont été
identifiés dans les promoteurs de plu
sieurs gènes des muscles cardiaque et
squelettiques (POUT reuue voir [2}).

Expression des facteurs MEn
au cours du développement

Durant l'embryogenèse des verté
brés, les transcrits mef2 sont abon
damment exprimés dans les cellules
musculaires cardiaques, squelettiques

et lisses ainsi que dans d'autres types
cellulaires, incluant les neurones et
les l~mphocytes. Chez la souris, les
gènes me.f2b et me.f2c sont les premiers
membres de la famille exprimés,
leurs transcrits apparaissant dès le
jour embryonaire ï.5 (Ei,5) au
niveau des précurseurs mésoder
miques qui formeront le cœur (2).
Peu après, au jour E8,O, les transcrits
des gènes mej2a et meJ2d sont expri
més dans l'ébauche du rnvocarde.
Puis l'expression des quatre gènes
mef2 est aussi détectée dans les cel
lules musculaires squelettiques et
lisses de façon concomitante à l'acti
'Cltion de leur programme de diffé
renciation. Plus spécifiquemen t,
l'expression des gènes meJ2 débute
dans le mésoderme somitique pour
ensuite gagner le myotome.
Les membres de la famille MEF2 sont
également exprimés dans les l~mpho

cnes B [3] et dans le S\"stème ner
\"eux central en dé\'eloppemem [4].
Temporellement, l'expression des
protéines MEF2 dans les neurones
est corrélée avec l'acti\'3.tion de la dif
férenciation de ces cellules.
Chez l'adulte. en dépit de l'expres
sion ubiquitaire des AR'\;m de mej2,
les protéines MEf2 et leur acti\ité de
liaison à l'AD=" sont très enrichies
dans les muscles. les lymphocytes et
le cerveau. Cette disparité entre
l'expression des transcrits et des pro
téines suggère l'existence de méca
nismes post-transcriptionnels impli
qués dans la régulation de
l'expression de ces facleurs,

Analyses génétiques du rôle
des facteurs MEn

Plusieurs é\idences génétiques suggè
rent que les protéines MEF2 contri
buent à rexpression des gènes mus-
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Figure 1. Représentation schématique des membres de la famille MEn, MyoD et GATA. A. Les quatre membres de la
famille MEF2: MEF2A, MEF2B, MEF2C et MEF2D sont représentés avec, pour chacun, les épissages alternatifs pos
sibles. Le domaine de dimérisation et de liaison à l'ADN comprend la boite MAD5 et le domaine MEF2. La longueur des
protéines ainsi que les domaines d'activation de la transcription et d'interaction avec les facteurs bHLH myogéniques
et GATA sont également indiqués. B. Représentation schématique de MyoD. Le domaine HLH et la région basique (++),
qui permettent la liaison à l'ADN, sont indiqués. C. Représentation de GATA-4. Les doigts de zinc (CC CC) et la région
basique (++) sont requis pour la liaison à l'ADN. La structure des autres facteurs GATA est similaire à celle de GATA-4.

culaires et à la myogenèse. Chez la
drosophile, la mutation de D-mej2
inhibe la différenciation terminale
des cellules musculaires squelet
tiques, cardiaques et viscérales [2].
Cependant, les précurseurs myogé
niques de chacune de ces lignées
semblent spécifiés normalement. Ces
résultats suggèrent un rôle relative
men t tardif de D-mej2 dans la diffé
renciation de tous les types muscu
laires chez la drosophile.
m/u" 1. vol. 17. jarnfÛ!r 2001

Chez les vertébrés, la fonction des
gènes meJ2 commence seulement à
être élucidée, notamment grâce aux
études d'inactivation de gène chez la
souris. Le premier gène me!! à avoir
été inactivé est mej2c (meJ2c -) [5]. Les
embryonsmej2c~panU~ntnormaux

jusqu'au jour E9,0, où l'on observe
un ralentissement généralisé de leur
développement ainsi qu'un épanche
ment péricardique, témoin d'une
insuffisance cardiaque. Le tube car-

diaque reste droit sans subir la cour-
bure permettant la morphogenèse
eardiaque et le futur ventricule droit
ne se forme pas. Dans ces embryons
mutants, plusieurs transcrits car
diaques, comme ceux de l'ANF (atriai
natriuTetic factor), l'aMHC (a-myosin
heauy chain) et l'a-actine cardiaque.
ne sont pas exprimés, tandis que
d'autres. comme MLC2V (myosin üght
chain) et MLC2A, sont exprimés nor
malement [5]. Ces résultats contir· -
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Figure 2. Interactions combinatoires entre les facteurs MEF2, bHLH et GATA.
Ces interactions, dont le rôle fonctionnel est démontré dans le muscle sque
lettique et cardiaque, représentent probablement un mécanisme général de
contrôle spécifique de la transcription dans certains tissus comme le muscle
lisse, les lymphocytes et les neurones.

Muscle
Il...

aMHC et aCA, on pouvait supposer
que les facteurs MEF2 soient impli
qués dans la régulation transcription
nelle de ces gènes cibles. Cependant,
la plupart des promoteurs de ces
gènes ne contiennent pas de site de
liaison, ou seulement des sites de liai
son de faible affinité, pour les pro
téines MEF2. En outre, lorsqu'ils sont
exprimés dans des cellules hétéro
logues, les facteurs MEF2 ne peuvent
activer de façon significative ces pro
moteurs [13]. Ces résultats suggèrent
que l'action des facteurs MEF2 dans
le muscle cardiaque nécessite la pré
sence d'un c~facteur spécifique de
ce tissu.
En accord avec cette hypothèse, nous
avons démontré que les facteurs
MEF2 sont recrutés au niveau des
promoteurs de leurs gènes cibles par
le facteur de transcription spécifique
du cœur GATA-4 dont ils potentiali
sent l'activité transcriptionnelle [13].
GATA-4 est, chez les vertébrés, un
des six membres (GATA-I à -6)
connus de la famille des facteurs de
transcription GATA (pour revue voir
[14]). Ils possèdent tous un domaine
de liaison à l'ADN très conservé de
type doigt de zinc qui lie spécifique
ment la séquence (A/T)GATA
(A/G). et peuvent être divisés en
deux groupes selon leur patron
d'expression et leur homologie de
séquence: l'un comprend GATA-l,
GATA-2 et GATA-3, qui sont princi-

Muscle
cardiaque

Muscle
lCluelettique

gèrent que les facteurs MEF2 peu
vent moduler la transcription des
gènes musculaires selon deux méca
nismes différents: par leur liaison
directe à leur site sur le promoteur,
ou encore en étant recrutés par un
membre de la famille myogénique lié
à une boite E sur le promoteur.
Les protéines MEF2 peuvent égale
ment interagir avec MASH1 (mowe
acJuzete seule homolog 1), une protéine
bHLH de la famille achaele seule
exprimée dans les neurones [Il, 12].
Comme dans le muscle squelettique,
la boîte MAOS des protéines MEF2
interagit directement avec le
domaine bHLH de MASHI et cette
interaction résulte en une activation
synergique de la transcription. Bien
qu'aucun gène neuronal n'ait été
identifié comme cible de l'interac
tion MEF2/MASHl, ces résultats sug
gèrent un rôle possible des protéines
MEF2 comme ca-facteurs des pro
téines bHLH neurogéniques.

Interactions entre les facteurs MEF2
et les protéines de la famille GATA

• Mécanismes d'action des fadeuTS
MEF2 dans le muscle cardiaque
L'inactivation du gène mej2c étant
responsable d'un arrêt du développe
ment cardiaque et d'une diminution
(voire une abolition) de l'expression
de nombreux gènes cardiaques
comme ceux codant pour l'ANF,

ment donc le rôle essentiel de MEF2
dans la différenciation terminale des
cardiomyocytes.
Outre ces défauts de développement
du muscle cardiaque, les souris
meJ2cl - présentent également des
défauts vasculaires [6, 7] : les cellules
musculaires lisses ne se différencient
pas et l'organisation des cellules
endothéliales est anormale, suggé
rant un rôle crucial de MEF2C dans
le développement vasculaire.

Interactions entre les facteurs MEn
et les protéines de la famille bllLH

Les membres de la famille MEF2,
comme les autres protéines à boite
MAnS, coopèrent avec d'autres fac
teurs de transcription pour contrôler
le programme d'expression génique
propre à un tissu. Dans le muscle
squelettique, il s'agit des membres de
la famille des facteurs myogéniques
de type hélice-boucle-héIice (bHLH),
MyoD, myogénine, Myf5 et MRF4,
qui contrôlent la spécification et la
différenciation des cellules muscu
laires squelettiques ([8] et mIs 1997,
n°l 0, p.1182). Ces facteurs myogé
niques forment des hétérodimères
avec les facteurs de transcription
bHLH ubiquitaires, les protéines E,
et lient une séquence spécifique
appelée boite E (CANNTG) sur
l'ADN de plusieurs promoteurs de
gènes spécifiques des muscles. Cha
cun de ces facteurs myogéniques
peut activer le programme de diffé
renciation musculaire lorsqu'il est
exprimé de façon ectopique dans des
cellules non musculaires. Contraire
ment aux facteurs myogéniques, les
protéines de la famille MEF2 sont
incapables d'activer le programme
de différenciation musculaire.
Cependant, elles peuvent coopérer
avec les facteurs myogéniques pour
activer de façon synergique les pro
moteurs des gènes musculaires sque
lettiques et pour induire la myoge
nèse [9, 10]. Plusieurs études ont
démontré que cette coopération est
due à une interaction physique
directe entre la boite MAnS des pro
téines MEF2 et le domaine de liaison
à l'ADN bHLH des facteurs myogé
niques (figure 1). De plus, le site de
liaison à l'ADN d'un seul des deux
facteurs est requis. Ces résultats sug-
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paIement exprimés dans le système
hématopoïétique et le système ner
vemt. et l'autre comprend GATA-4.
GATA-5 et GATA-6, qui le sont prin
cipalement dans le système cardiovas
culaire. Plus précisément. GATA-4 et
GATA-6 sont tous deux exprimés
dans les cardiomyoeytes [15. 16] dans
lesquels ils sont essentiels au main
tien du phénotype cardiaque [16J,
GATA-4 étant en outre requis pour la
différenciation et la survie des cardia
myoeytes [17, 18].
En coopérant avec GATA-4 et GATA
6, les facteurs MEF2 contribuent
ainsi à l'activation de nombreux pra
moteurs de gènes cardiaques [13].
Cette activation synergique entre les
facteurs MEF2 et GATA-4 requiert à
la fois une interaction physique entre
le domaine de liaison à l'ADN de
MEF2 et le doigt de zinc carboxy-ter
minaI de GATA-4, et la présence des
domaines d'activation de la transcrip
tion de chacun des deux facteurs
(figure /). Si la liaison de GATA sur sa
séquence consensus d'ADN est indis
pensable à cette synergie, celle des
facteurs MEF2 ne l'est pas. Ces résul
tats suggèrent donc l'existence d'un
nouveau mécanisme de régulation
combinatoire impliquant le recrute
ment des facteurs MEF2 par les pra
téines GATA liées à leur site sur le
promoteur. Ce mécanisme n'est pas
sans rappeler le recrutement des fac
teurs MEF2 par les facteurs myogé
niques et suggère un rôle fondamen
tal des facteurs MEF2 en tant que
co.facteurs transcriptionnels essen
tiels à la m}'ogenèse et à la régulation
de l'expression des gènes muscu
laires cardiaques et squelettiques.

• Un paradigme pour la régulation
spécifique de la transcription
dans de nombreux tissus ?
Les mécanismes moléculaires contrô
lant l'expression des gènes spéci
fiques au muscle lisse demeurent
inconnus. Cela est principalement dü
au fait que peu de facteurs de trans
cription spécifiques de ce tissu ont
été identifiés à ce jour. De façon inté
ressante, outre le myocarde, GATA-6
est également exprimé dans le
muscle lisse et est capable d'interagir
physiquement et fonctionnellement
avec les protéines MEF2 [13]. li est
donc possible que le recrutement des
mis 11°1. voL li, jallWr 2001

facteurs MEF2 par GATA-6 contribue
aussi à l'expression des gènes du
muscle lisse (figure 2).
L'interaction des facteurs GATA et
MEF2 pourrait aussi jouer un rôle
dans le muscle squelettique. En effet.
des protéines GATA, telle GATA-2, y
sont exprimées et contribuent, de
concert avec les facteurs NFAT
(nuciear factors ofactit'ated T telLs), à la
réponse des cellules aux facteurs de
croissance [19}. On peut emisager
que les facteurs G.-\TA participent
aussi à l'action de MEF2 dans la régu
lation du programme d'expression
génique et la différenciation du
muscle squelettique.
Enfin, la co-expression des facteurs
GATA et des protéines MEF2 n'est
pas limitée au muscle, mais est égaie
ment observée dans les lymphocytes
T (MEF2/GATA-3; [3. 20, 21]) et les
neurones (MEF2/GATA-2 et GATA
3 ; [22. 23]). Puisque les facteurs
GATA contrôlent rexpression de
nombreu.x gènes I}mphoïdes et neu
ronaux, unt. implication éventuelle
des facteurs MEF2 dans ces régula
tions est proposée.

Les facteurs MEF2:
points de convergence
pour de multiples voies
de signalisation

L'acthité transcriptionnelle des fac
teurs :\IEF2 est modulée par trois
voies de signalisation: la voie des
MAPK (mitogen-activated protein
kinases) p38 et ERK5/BMKI. la voie
de la calcineurine et la \'oie des
CaMK (calciwn/calmodulin-dependent
prottin kinases). Les ~lAPK p38, en
phosphorylant directement les fac
teurs MEF2 dans leur domaine d'acti
vation de la transcription, augmen
tent leur acth;té transcriptionnelle
[24]. Inversement. la ca1cineurine.
une phosphatase qui est activée par
une augmentation de la concentra
tion intracellulaire du calcium, peut
déphosphoryler les facteurs MEF2
dans leur domaine de liaison à
l'ADN, augmentant ainsi leur capa
cité de liaison à l'ADX et, indirecte
ment leur acti\;té transcriptionnelle
[25]. L'élévation des niveau.x de cal
cium inlracellulaire active égaIement
les Ca:\.(K, qui sont elles-mêmes

capables de stimuler l'acthité traDs
criptionnelle des facteurs ~(EF2 [26].
Les mécanismes par lesquels ces voies
de signalisation modulent l'actÏ\;té
des facteurs MEF2 demeurent large
ment inconnus. la phosphorylation
des facteurs MEF2 par les :\l-\PK p38
et la CaMK se situe au niveau du
domaine de transacti\"ation et
n'affecte pas leur activité de liaison à
l'AD~. Ces résultats suggèrent qu'un
gain de charge négative et!ou une
modification de la confonnation de
la protéine module sa capacité à
interagir avec la machinerie trans
criptionnelle de base ou a\"ec un co.
facteur. Dans ce contexte. il serait
intéressan t de déterminer si ces voies
de signalisation peuvent influencer la
capacité des facteurs MEF2 à inter
agir avec les facteurs myogéniques ou
les facteurs de la famille GATA et
ainsi con tribuer à régler de façon
fine les mécanismes combinatoires
des facteurs MEF2.

Conclusions

L'ensemble de ces données mon
trent que les interactions combina
toires des facteurs ~ŒF2 a\"ec les dif
féren ts facteurs GATA et à motif
bHLH pourraient représenter un
mécanisme général permettant de
contrôler la transcription de nom
breux gènes de façon spécifique dans
certains tissus. Elles pourraient plus
généralement être impliquées dans
les processus de différenciation,
d'apoptose et de sUf\ie cellulaire.
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