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The myocyte enhancer factor-2 (MEF2) proteins are
MADS-box transcription factors that are essential for
differentiation of all muscle lineages but their mech-
anisms of action remain largely undefined. In mam-
mals, 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 down-
regulation 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
by any 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-
specific GATA transcription factors, and that MEF2
potentiates the transcriptional activity of this family
of tissue-restricted zinc finger proteins. Functional
MEF2/GATA-4 synergy involves physical interaction
between the MEF2 DNA-binding domain and the
carboxy zinc finger of GATA-4 and requires the acti-
vation domains of both proteins. However, neither
MEF2 binding sites nor MEF2 DNA binding capacity
are required for transcriptional synergy. The results
unravel a novel pathway for transcriptional regulation
by MEF2 and provide a molecular paradigm for eluci-
dating the mechanisms of action of MEF2 in muscle
and non-muscle cells.

Keywords: GATA factors/heart development/MEF2
proteins/muscle transcription

Introduction

Members of the myocyte enhancer factor-2 (MEF2) family
of MADS (MCM1, Agamous, Deficiens, Serum response
factor)-box transcription factors are evolutionarily con-
served proteins that are expressed at high levels in all
muscle cells. MEF2 proteins are also found in non-muscle
cells including brain and lymphoid tissue (reviewed in

2046

Black and Olson, 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(A/T)4,TA(G/A)
present in many muscle and non-muscle promoters. MEF2
proteins contain a conserved N-terminal 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 all three muscle lineages. In
Drosophila, mutation of the D-mef2 gene results in
embryos lacking differentiated skeletal, cardiac and vis-
ceral muscle cells (Bour et al., 1995; Lilly et al., 1995;
Ranganayakulu et al., 1995). In mice, inactivation of the
MEF2C gene, which is the first MEF2 isoform expressed
during embryonic development, leads to cardiac morpho-
genetic defects, vascular abnormalities 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 cells and
the identity of their downstream targets in these various
tissues are 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—loop-helix (hHLH) proteins,
MyoD, Myf5, myogenin and MRF4 (Kaushal ez 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 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 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 I, o-
myosin heavy chain (dMHC) and Desmin (Iannello ef 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 confirmed that some of these
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genes, like aMHC, required MEF2C for optimum tran-
scription (Lin et al., 1997). In addition to oMHC, 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 regu-
lates transcription of these target genes remains unclear;
the two oMHC MEF?2 sites are low-affinity MEF2-binding
sites (Yu et al., 1992; Molkentin and Markham, 1993), and
MEF2 proteins are unable to activate oMHC-driven
reporters in cotransfection assays although they can
potentiate transactivation of the aMHC promoter by the
thyroid hormone receptor (Lee et al., 1997). Moreover,
ectopic expression of MEF2 proteins in explanted Xenopus
ectoderm failed to activate endogenous ocMHC 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 oMHC and enlarged hearts (Fu and Izumo,
1995). Together, these studies suggest that MEF2 regu-
lates transcription of tMHC and possibly other cardiac
genes in conjunction with a cell-specific cofactor present
in embryonic mesoderm (or endoderm) but not in
ectoderm.

The ANF promoter, a known downstream target for
the cardiac-specific transcription factors GATA-4 and
Nkx2-5, does not contain MEF2 consensus binding sites
(Durocher et al., 1996, 1997; Charron et al., 1999); this
suggests an indirect action of MEF2 on ANF transcription
possibly through modulation of GATA-4, Nkx2-5 or other
ANF regulators. However, neither GATA-4 nor Nkx2-5
levels are altered in MEF2C ™~ embryos (Lin et al., 1997).

In 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 o MHC and a-CA. The
MEF2-GATA-4 synergy is mediated by physical inter-
action 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
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 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
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Fig. 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 to the transcription start
site is indicated. All these elements are evolutionarily 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 shown. 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 A/T-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 (A/T-rich, right panel) using in vitro translated
MEF2A. In the left panel, the MEF2A binding was competed with
different unlabeled ANF probes described in Materials and methods.
Only the A/T-rich element of the ANF promoter was able to compete
the MEF2A binding. Similar results were obtained with in vitro
translated MEF2C and MEF2D.

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 mapped to an
A/T-rich element sharing similarities with a MEF2
consensus (Figure 1A). To verify whether this A/T-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 1B, several A/T-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 500-fold molar excess. On the other hand, the
distal A/T-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
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Fig. 2. The low-affinity A/T-rich and the proximal GATA elements contribute to MEF2-dependent ANF promoter activation. (A) Dose-dependent
ANF 790 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 ng and 1 pg of MEF2 expression vector. Note the fold-activation difference between HeLa and CV-1 or P19 cells. (B) Preferential
activation of the ANF 4, and aMHC promoters, but not an artificial MEF2 reporter, in HeLa cells. Transfections were performed using 1 pg of
MEF2A expression vector. Similar results were obtained using MEF2C and MEF2D. (C) The low-affinity A/T-rich and the proximal GATA elements
contribute to MEF2-dependent ANF promoter activation. Transfections were performed in HeLa cells using 1 pg of MEF2A expression vector.
Similar results were obtained using MEF2C and MEF2D. 3XMEF2 and 2XA/T are the MEF2-MCK and the ANF A/T-rich elements trimerized and

dimerized, respectively, in front of the ANF_so minimal promoter.

MEF2D or cardiomyocyte nuclear extracts (data not
shown). Consistent with its ability to recognize MEF2
proteins, the ANF A/T-rich probe was able to bind all 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 A/T-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 cells (Figure 2A). Interestingly, the magnitude of
activation was much greater (4- to 6-fold) in HeLa cells
than in most cell lines tested (including CV1, P19 and
C2C12), with maximal ANF promoter induction of
15-fold. This difference in MEF2 responsiveness was
also observed with the cardiac «MHC promoter, which
was induced by 10-fold in HeLa cells and was barely
responsive in CV1 or P19 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 all cell lines as assessed by gel shift
assays (data not shown). Thus, the differences observed in
the level of MEF2-dependent ANF and oMHC promoter
activation may reflect cooperative interaction between
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Fig. 3. The MEF2 and GATA transcription factors cooperatively
activate the ANF_7oo promoter. (A) MEF2A, MEF2C and MEF2D
functionally interact with GATA-4. Cotransfections were performed
in HeLa cells using the ANF-luc_;q, construct and 1 pug of MEF2A,
MEF2C or MEF2D expression vector in the absence (—) or presence
(+) of 1.5 ng of GATA-4 expression vector. (B) MEF2 proteins
functionally interact with a subset of GATA proteins. Cotransfections
were performed as in (A) using 1.5 pg of various GATA expression
vectors in the absence (-) or presence (+) of 1 pug of MEF2C
expression vector. Note that cooperative interaction between MEF2A
and the different GATA factors was identical to the one shown here for
MEF2C and GATA-1 to -6. Similar results were also obtained in the
CV1 cell line.
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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 MEF?2 (Figure 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%.
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 fact, the proximal ANF
promoter (ANF_35), 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
(Figure 2C). This element is a high-affinity binding site for
GATA factors (Charron et al., 1999) but does not bind
MEF2 proteins (Figure 1B). 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.

dimer of the BNP GATA elements in front of the minimal BNP
promoter.

Synergistic activation of the ANF promoter by
MEF2 and 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 MEF?2 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 including the hemopoietic GATA-1, -2 and -3, and
the other cardiac GATA factor, GATA-6, but not GATA-5
(Figure 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 all expression
vectors have been shown to produce similar protein levels
(Viger et al., 1998; Nemer et al., 1999).
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Fig. 5. MEF2 proteins physically interact with GATA-4. (A) MEF2A interacts in vivo with GATA-4. Nuclear extracts from 293T cells transfected
with empty vectors (Ctl), Flag-GATA-4 and/or HA-MEF2A were immunoprecipitated using an anti-HA antibody, separated on 10% SDS-PAGE,
transferred to PVDF 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 extracts 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 >*S-labeled MEF2A, MEF2C, MEF2D or luciferase (luc) protein. The protein complexes
were resolved on 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-length GATA-4 and various GATA-4 mutants (depicted in Figure 6A) were in vitro cotranslated with MEF2A and co-
immunoprecipitated using an antibody directed against the extreme C-terminus of GATA-4. The protein complexes were resolved on 15% SDS—
PAGE. The asterisks highlight GATA protein bands. (D) 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 20% SDS-PAGE. (E) MEF2 DNA-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 10% SDS-PAGE.

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 (A/T-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-GATA-4 cooperation.
Interestingly, the —135 bp ANF promoter was sufficient to
produce 50% of the maximal synergy obtained with the
longer promoter (ANF_;o9) and displayed the same
response to the various MEF2-GATA combinations as
the ANF_;oo promoter (Figure 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
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ANF MEF2 element was sufficient to support MEF2—
GATA cooperativity (Figure 4B).

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 recruits
MEF2 proteins to the ANF promoter through protein—
protein interaction. Indeed, MEF2A and GATA-4 could be
co-immunoprecipitated in vivo (Figure 5A), suggesting
physical interaction between the two proteins.

To determine whether this interaction was direct, we
performed in vitro pull-down assays using immobilized
MBP-GATA-4 and in vitro translated *°S-labeled MEF2
proteins. MBP-GATA-4 was able to retain specifically
MEF2A, MEF2C and MEF2D but not the control
luciferase (Figure 5B), confirming that GATA-4 and
MEF?2 directly interact.



In order to map the interaction domain between MEF2
and GATA proteins, different mutants of GATA-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 all mutants tested).
MEF2A was able to interact with the full-length GATA-4
and the N-terminal activation domain-deleted mutant
(201-443) (Figure 5C). 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-terminal zinc finger, abolishing DNA binding
(Charron et al., 1999)] or the A303-390 mutant, indicating
that the C-terminal zinc finger structure and the basic
region are essential for physical interaction with MEF2.
The same approach was also used to map the GATA-4
interaction domain on MEF2 and revealed that the DNA-
binding domain consisting of the MADS and MEF2
domains (MEF2A DIVE, aa 1-86) is sufficient for
interaction with GATA-4 (Figure 5D). Interestingly,
within the MADS 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 5E).
These results suggest that GATA-4 and MEF2 physically
interact through their DNA-binding domains.

MEF2-GATA synergy does not require MEF2 DNA
binding

To determine whether the activation domains of either or
both GATA and MEF2 proteins are required, various
GATA-4 mutants were tested for their capacity to activate
the ANF promoter synergistically with MEF2A. The
GATA-4 mutants that delete the N-terminal region (127-
443 and 201-443) and the first zinc finger (242-443) were
able to synergize with MEF2A (Figure 6A). However, the
GATA-4 mutants that delete the C-terminal transactiva-
tion domain (1-332, 201-332 and 242-332) were all
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 5C), 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) completely abolished the synergy with
GATA-4 (Figure 6B). However, consistent with the
requirement for 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 recruit 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 and GATA-4. Both
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Fig. 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. Cotransfections were performed in HeLa cells on
the ANF_;q promoter construct using 1 pug of MEF2 and 1.5 ug 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 shown 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 to support functional synergy although it
interacts physically with GATA-4 as shown in the previous figure.

oMHC 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 all GATA target promoters are synergistic-
ally activated by MEF2, suggesting that functional
GATA-MEF2 synergy is promoter context dependent
and may be targeted to a specific 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 that retains the ability to associate physic-
ally with GATA-4 but lacks the activation domain reduces
by 50% the activity of the ANF promoter in primary
cardiomyocyte cultures; in contrast, cotransfection with
wild-type MEF2A induces promoter activity by 80%
(Figure 7B). Both activation by wild-type MEF2 and
inhibition by its dominant-negative form are blunted by
point mutation of the GATA-binding site (Figure 7B).
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 for transcrip-
tional activation by MEF2.

Discussion

The MEF2 transcription factors are key regulators of
cardiac myogenesis and morphogenesis, but the molecular
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Fig. 7. The MEF2-GATA-4 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 cotransfected with 1 pg of MEF2A and 1.5 pg of GATA-4 expression vectors together with various cardiac promoters.
Except for the cardiac a-actin promoter that was from chicken, all other promoters used are from rat and are described in Materials and methods.
TKS81 is the thymidine kinase —81 bp promoter. Elements shaded in black and gray 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
was transfected with the wild-type ANF_,35 (left panel) or GATA-mutated ANF_,35 promoter (GATAp mut/ANF_,3s, right panel) and no (-), 50 ng
(+) or 1000 ng (++) of MEF2A or a dominant-negative form of MEF2A (MEF2A DIVE). The results shown represent the mean * SD of two

independent experiments each carried out in duplicate.

basis for their actions is poorly understood. The data
presented here provide evidence that, in cardiac myocytes,
MEF?2 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 interact with and potentiate the action
of other classes of cell-specific transcription factors. Given
the co-expression 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 evolutionarily conserved cell-
restricted transcription factors that play crucial roles in
differentiation. In vertebrates, six GATA factors have been
identified and they are all 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
gut. Genetic and biochemical studies have revealed crucial
roles for specific family members in hemopoietic, cardiac,
neuronal and endodermal 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.
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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 like the
cardiac-specific Nkx2-5 (Durocher et al., 1997; Tsang
et al., 1997). The differential interactions of GATA
proteins with other transcription factors are likely 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-terminal zinc finger DNA-binding domain and the
adjacent basic region of GATA-4 and the MADS domain
of MEF2. This, in turn, leads to synergistic activation of
the ANF and other MEF?2 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 although at varying
levels. Thus, all 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 Nkx2-5 interact with the
same domain of GATA-4, they apparently do 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
MEF?2 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 to be independent of MEF2 DNA-binding capacity
(Molkentin et al., 1995). DNA binding has been shown to
be dispensable for some 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 Pitl (Dasen et al., 1999). However,
in both cases, DNA-binding-independent activities in-
volved 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 transcriptional
activity 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 interact 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 cofactor
that represses GATA-4 activity (Lu et al., 1999; Svensson
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).

In 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-3in 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 determin-
ing factors in diverse cell lineages.

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
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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 modifica-
tions of MEF2 or GATA proteins modulate the MEF2—
GATA physical interaction and/or the resulting functional

synergy.

Materials and methods

Cell cultures and transfections

HeLa cells 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, cells were harvested and luciferase
activity was assayed with a Berthold LB953 luminometer. The amount of
reporter was kept at 1.5 pug per 35 mm dish and the total amount of DNA
was kept constant (usually 7 ug). 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 £ SD of at least
two independent experiments carried out in duplicate.

Plasmids

ANF-luciferase promoter constructs were cloned in the PXP-2 vector as
described previously (Argentin et al., 1994; Durocher et al., 1996). The
BNP-luc constructs were described in Grépin et al. (1994), the BMHC-luc
and cardiac o-actin-luc reporters were described in Abdellatif et al.
(1994). The oMHC-luc vector was kindly provided by P.M.Buttrick
(Buttrick et al., 1993). The construction of the various pCG-GATA-4
vectors was based on the original rat GATA-4 cDNA as previously
described (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 (Durocher et al., 1997; Charron et al.,
1999). ANF constructs with mutations in the GATA elements or in the
NKE were previously described (Durocher et al., 1996; Charron et al.,
1999). The A/T-rich mutation is shown in Figure 1; the SRE-like
mutation replaces the TTT of the ANF-SRE by GGG thus destroying SRF
binding. Heterologous promoters were generated by multimerizing the
relevant oligonucleotides flanked by BamHI and BgIII sites upstream of
the minimal (-50 bp) ANF-luciferase reporter. pcDNA-MEF2A DIVE
was constructed by insertion of the Xbal-BamHI fragment of the
corresponding pPCGN-MEF2A DIVE construct into the Xbal-BamHI sites
of the pcDNA-3 vector. MEF2 plasmids were kindly provided by
E.N.Olson (Molkentin et al., 1996a) and K.Walsh (Andres et al., 1995).
The MBP-GATA-4 plasmid was prepared by subcloning a Xbal-BamHI
rat GATA-4 cDNA fragment containing the 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)
cut with Nhel-BamHI.

Recombinant protein production

Recombinant MBP-GATA-4 was obtained according to our previously
described protocol (Durocher et al., 1997). Essentially, individual
colonies were picked and grown in 500 ml of LB up to an OD of 0.6 at
600 nm. Induction of the recombinant protein was carried out by adding
isopropyl-B-D-thiogalactopyranoside (IPTG) at a final concentration of
0.5 mM for 2 h at 37°C. The cultures were centrifuged and the bacteria
were resuspended and lysed by sonication. Purification on amylose
columns (New England Biolabs, Beverly, MA) was performed according
to the manufacturer’s instructions.

In vitro transcribed/translated 3S-labeled MEF2 and GATA proteins
were produced in rabbit reticulocyte lysates using the TNT-coupled in
vitro transcription/translation system (Promega Corp., Madison, WI)
from pcDNA-MEF2 derivatives using either T7 or Sp6 RNA polymerase.

In vitro protein-protein interactions

In 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 ul of
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35S-labeled MEF2 proteins were incubated in the presence of 300 ng of
immobilized GATA-4 fusion protein in 500 ul of binding buffer [150 mM
NaCl, 50 mM Tris—Cl1 pH 7.5, 0.3% Nonidet P-40, 1 mM dithiothreitol
(DTT), 0.5 mM phenylmethylsulfonyl fluoride (PMSF) and 0.25% bovine
serum albumin (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 pl of binding buffer at room temperature
and three more times by vortexing in 500 pl of binding buffer without
BSA. The protein complexes were released from the resin after boiling in
Laemmli buffer and resolved by SDS-PAGE. Labeled proteins were
visualized and quantified by autoradiography on phospho storage plates
(PhosphorImager, Molecular Dynamics).

To determine the domains of GATA-4 and MEF2 required for physical
interaction, full-length GATA-4 or mutated GATA-4 plasmids were used
for in vitro cotranscription/cotranslation with wild-type or mutant
MEF2A and MEF2C. The cotranslated proteins were incubated in
500 pl of binding buffer with 1 pl of GATA-4 antibody (Santa-Cruz
Biotechnology) for 2 h at 4°C with agitation and for an additional 2 h with
20 ul of protein A/G Plus—agarose added (Santa Cruz Biotechnology).
Bound immunocomplexes were washed and visualized as mentioned
above.

Electrophoretic mobility shift assays (EMSAs)

Three microliters 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 dI-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-EDTA. The MEF2-MCK probe is as described in
Molkentin et al. (1996b). The rat ANF probes used were as follows:
TATA-box, “**TCAGGGAGCTGGGGGCTATAAAAACGGGAGACGCC™',
SRE-like, ""**GATCCACTGATAACTTTAAAAGGGCATCTTCA™; CAIG,
“GATCCTCCCGCCCTTATTTGGAGCCCCTGA™; A/T-rich, ~”"GAT-
CCATACTCTAAAAAAATATAATAGCTCTTTCA™®,

Immunoprecipitations and immunoblots
Co-immunoprecipitations of Flag-GATA-4 and HA-MEF2A were carried
out using nuclear extracts of 293T cells overexpressing the relevant
proteins. Nuclear extracts were prepared as follows: five million 293T
cells transfected with 15 pg of expression vectors were harvested 48 h
post-transfection in ice-cold phosphate-buffered saline (PBS) containing
1 mM sodium orthovanadate and 1 mM EDTA. The cells were
resuspended in hypotonic buffer (20 mM HEPES pH 7.9, 20 mM sodium
fluoride, 1 mM sodium pyrophosphate, 1 mM sodium orthovanadate,
1 mM EDTA, 1 mM EGTA, 0.25 mM sodium molybdate, 10 pg/ml
leupeptin, 10 pg/ml aprotinin, 10 pg/ml pepstatin, 2 mM DTT, 0.5 mM
PMSF and 100 nM okadaic acid) and swollen on ice for 15 min. Twenty-
five microliters 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 pl of
high salt buffer (hypotonic buffer containing 20% glycerol and 0.4%
NaCl) and shaken vigorously at 4°C for 1 h. The nuclear extracts were
cleared by centrifugation at 15 000 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 pg of nuclear
extracts using 1 pl of 12CAS antibody in 500 ul of binding buffer without
BSA, and bound immunocomplexes were washed and subjected to SDS—
PAGE, as described previously (Durocher et al., 1997). Proteins were
transferred on Hybond-PVDF membrane and subjected to immunoblot-
ting. Anti-Flag M5 (Sigma) and 12CAS (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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