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The tissue-restricted GATA-4 transcription factor and
Nkx2-5 homeodomain protein are two early markers
of precardiac cells. Both are essential for heart form-
ation, but neither can initiate cardiogenesis. Over-
expression of GATA-4 or Nkx2-5 enhances cardiac
development in committed precursors, suggesting 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 only
known target for Nkx2-5. Co-expression of GATA-4
and Nkx2-5 resulted in synergistic activation of the
ANF promoter in heterologous cells. The synergy
involves physical Nkx2-5—-GATA-4 interaction, seen
in vitro and in vivo, which maps to the C-terminal
zinc finger of GATA-4 and a C-terminus extension;
similarly, a C-terminally extended homeodomain of
Nkx2-5 is required for GATA-4 binding. Structure/
function studies suggest that binding of GATA-4 to
the C-terminus autorepressive domain of Nkx2-5 may
induce a conformational change that unmasks Nkx2-5
activation domains. GATA-6 cannot substitute for
GATA-4 for interaction with Nkx2-5. 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 NK2 class members in other
tissues, the GATA/Nkx partnership may represent a
paradigm for transcription factor interaction during
organogenesis.
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Introduction
The GATA family of transcription factors are key develop-

have been shown to alter transcription of target genes via
binding to the consensus WGATAR sequence through a
DNA-binding domain consisting of two adjacent zinc-
fingers of the C2/C2 family. Sequence-specific DNA-
binding requires the C-terminal zinc-finger and the
N-terminal finger may stabilize the DNA—protein complex
via electrostatic interactions with the phosphate backbone
(Whyatt et 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 be divided into two subgroups based
on sequence homology and tissue distribution. The first
subgroup, which includes GATA-1, -2 and -3, is largely
restricted to the hematopoietic system where all three
GATA factors have been shown to play essential, non-
redundant functions (Tsat al., 1994; Pandolfiet al,
1995; Fujiwareet al., 1996; Tinget al., 1996). Remarkably,
arrested proerythroblasts lacking GATA-1 express several
GATA-1 target genes although they are unable to achieve
terminal erythroid differentiation (Weisst al, 1994),
raising the possibility that GATA-2—which is co-
expressed with GATA-1 in proerythroblasts—may partially
substitute for GATA-1. Consistent with this, GATA factors
appear to be functionally interchangeable in some (Blobel
et al, 1995; Visvaderet al, 1995) but not all (Briegel

et al, 1993; Weisset al,, 1994)in vitro assays. Taken
together with then vivo data, these results suggest that
functional specificity of GATA proteins likely involves
interactions with other cell-restricted cofactors. Consistent
with this hypothesis, GATA-1 was found to interact with
the erythroid-specific LIM protein RBTN2 and to be
present in complexes containing RBTN2 and the hemato-
poietic basic helix-loop-helix protein SCL/TAL1 (Osada
et al, 1995). GATA-1 was also shown to cooperate with
the ubiquitous SP1 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; Gregorgt 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 impart functional specificity of
GATA proteins in the hematopoietic system remains essen-
tially unknown.

The other subclass of vertebrate GATA factors includes
GATA-4, -5 and -6 whose expression is restricted to the
heart and gut (Arcecet al., 1993; Kelleyet al., 1993;
Grepin et al, 1994; Laverriereet al, 1994; Jiang and

mental regulators that have been conserved throughoutEvans, 1996). All three genes are transcribed at very early

evolution (Fu and Marzluf, 1990; Spietbt al, 1991;
Winick et al, 1993; Stanbrouglet al, 1995; Coffman
et al, 1996; Plattet al., 1996). Various family members

© Oxford University Press

stages oXenopusavian and mouse cardiac development
(Kelley et al.,, 1993; Heikinheimeet al., 1994; Laverriere
et al, 1994; Jiang and Evans, 1996; Morrissyal., 1996).

5687



D.Durocher et al.

Within the heart, transcripts for GATA-4, -5 and -6
are found in distinct cell types with GATA-5 mRNA
predominantly found in endocardial cells while GATA-4
and -6 are present in the myocardium (Kelktyal., 1993;
Grépin et al, 1994; Morriseyet 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 found to be a potent transactivator of several cardiac-
specific promoters (Gpén et al, 1994, Ipet al, 1994;
Molkentin et al., 1994); inhibition of GATA-4 expression
in anin vitro model of cardiogenesis altered survival of
precardiac cells and inhibited terminal cardiomyocyte
differentiation (Gfg@in 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 heart development (Kuet 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, 1996piGret al.,
1997) suggesting cooperative interaction between GATA-4
and other cardiac transcription factors.

Genetic studies iDrosophila melanogastdrave identi-
fied the gendinmanas a key regulator of heart differenti-
ation. Intin embryos, flies lack the dorsal vessel, the fly
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Fig. 1. Nkx2-5 and GATA-4 can cooperate transcriptionally.

(A) Structural organization of the proximal ANF promoter. Regulatory
elements of the ANF promoter are boxed, and their location relative to
the transcription start are indicated. The PERE corresponds to the
phenylephrine response element (Ardati and Nemer, 1993), the NKE
to the NK2 response element (Duroctegral., 1996). The Nkx2-5

structure homologous to the heart, as a result of defectSpinding site and the GATA elements of the ANF promoter are

in late mesoderm specification (Bodmet al, 1990;
Azpiazu and Frasch, 1993; Bodmer, 1993). Presumptive
homologues offinman have been cloned in vertebrates
(Nkx2-3, Nkx2-5 and Nkx2-7) and are expressed in the
myocardium (reviewed in Harvey, 1996; see also Lints
et al, 1993; Tonisseret al, 1994; Evanset al, 1995;
Schultheisset al., 1995; Buchbergeet al, 1996; Chen
and Fishman, 1996; Leet al,, 1996). Targeted disruption
of the Nkx2-5 gene in mice leads to embryonic death due
to cardiac morphogenetic defects (Lyoss al, 1995).
However, gain-of-function studies in zebrafi3anio rerio
and Xenopus laevisndicate 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; Cleaeéral.,
1996), suggesting that Nkx2-5 acts in concert with other
transcription factors to specify the cardiac phenotype.
Since the cardiac-specific atrial natriuretic factor (ANF)
promoter is a transcriptional target for both GATA-4 and
Nkx2-5 (Grepin et al, 1994; Durocheet al.,, 1996), we
used it to investigate functional cooperation between
Nkx2-5 and GATA-4 in the heart. We present data showing
that Nkx2-5 and GATA-4 specifically cooperate in activat-
ing ANF and other cardiac promoters, and physically
interact bothin vitro andin vivo. This molecular interaction
provides the interesting possibility that instead of being
part of the same epistatic group, the two pathways collabor-
ate in the early events of cardiogenesis.

Results

GATA-4 and Nkx2-5 synergistically activate cardiac
transcription

Recent studies from our laboratory have demonstrated
that two cardiac-specific transcriptional pathways converge
on the ANF promoter (Gpgn et al, 1994; Durocher
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conserved among species (rat, human, bovine and mouse promoters)
and their spacing is conserved (20 bp, two turns of the DNA double
helix). (B) GATA-4 and Nkx2-5 synergistically activate the ANF
promoter. HeLa cells were transiently co-transfected as described in
Materials and methods using CMV-driven expression vectors for
GATA-4 and Nkx2-5 or the backbone vector as control (p0CGN) in
conjunction with either ANF-luciferase or Tk109-luciferase reporters.
The results, expressed as fold induction of reporter constructs, are
from one representative experiment (out of at least four) and represent
the mean of a duplicate.

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
activity (Argentinet 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 (F.Charroret al, manuscript in preparation),
and the NKE which binds Nkx2-5 and is required for
ANF promoter and enhancer function (Duroctedral.,
1996). As seen in Figure 1A, the nucleotide composition
of these elements as well as their phasing are conserved
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 this hypothesis by co-transfecting GATA-4 and
Nkx2-5 expression vectors in non-cardiac cells (HelLa
cells) at limiting DNA concentrations (Gpéin et al., 1994;
Durocheret al.,, 1996) in order to avoid squelching. Under
these conditions, GATA-4 and Nkx2-5 were able to activate
synergistically the ANF promoter but not control pro-
moters lacking GATA and NKE sites such as TK109
(Figure 1B). This cooperative response was not caused by
transactivation of the CMV promoter which drives Nkx2-5
and GATA-4 expression since the co-expression of both
vectors does not alter the level of either Nkx2-5 or
GATA-4 protein (see Figure 6B).
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A promoter fragments lacking these putative NKEs are no
longer responsive to Nkx2-5/GATA synergy (data not
ANF pHe orMHC BNP shown). On the other hand, neither additive nor synergistic
effects were observed on tteMHC and thep-MHC
promoters in response to Nkx2-5 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 both 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 2B, there appears to be an

Fold Activation
> ® ©°

IN

G Lo tilotd absolute requirement for both elements to achieve synergy.
The same results were obtained using BNP promoters

containing only GATA sites or heterologous promoters

B with multimerized GATA elements (data not shown). This
I suggests that, in natural promoters, both proteins have to

be recruited at the promoter or require a conformational

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-terminal zinc
0 finger was mutated, no longer supports Nkx2-5 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 Nkx2-5
C 2 was able cooperatively to activate transcription of the
2 ANF reporter only with GATA-4 and GATA-5 (Figure
3A). No synergy was observed with either GATA-1 or
1 GATA-6. Since GATA-6 is as potent as GATA-4 in
s transactivating the ANF promoter (our unpublished data),
the results suggest that transcriptional cooperativity
between Nkx2-5 and GATA proteins requires specific
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-

Fig. 2. A subset of cardiac promoters are synergistically activated by . ; _ - ;
the Nkx2-5—-GATA-4 combination.A) HelLa cells were transiently Ing other NK2 proteins (TTF 1/Nkx2-1; Guazkt al,
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co-transfected as described in Figure 1 using various cardiac 1990{ Lintset al, 1993), Hox proteins (HQXB3), Pou
promoters linked to the luciferase reporter. ANF represents the rat proteins (Octl; Sturmet al, 1988) or bicoid-related
ANF —135 constructp-MHC, the rat —667 bp promoteq-MHC, the homeoboxes (Ptx1; Lamonerig al, 1996). Transcrip-

rat—613 bp promoter whereas BNP represents the rat —2 kbp promoter.  4; N ;

(B) The synergy between GATA-4 and Nkx2-5 requires both binding H,?nzlnfoor)erra%tlmﬁ/ VKI?(?(ZOES?I'I"\I'IgdlwﬁZ gmexggergbﬂ]s tOf
sites in the context of the ANF promoter. Transient co-transfections in _e p superramily AETD,y -la 0 » but no
Hela cells were carried out as described in the previous figures and ~ With Octl and Ptx1 (Figure 3B). These results suggest
the promoter described represents either the —135 bp promoter (WT), that theAntptype homeodomain plays an important role
the A—106/-135 bp promoter which removes the GATA element and in the specificity of the synergy.

the A-57/-106 bp promoter which removes the NKE site) GATA-4 . _
binding to DNA is required for synergy. A point mutant of GATA-4 We then used deletion mutants of both Nkx2-5 and

(C273G) which does not bind DN/ vitro and which cannot activate GATA-4 to map the domains inVOlVf:«'d in synergy over
GATA-dependent promoters was used in a co-transfection assay with the ANF promoter. All mutant proteins were tested for

or without Nkx2-5. expression level and nuclear localization (data not shown).
The analyses revealed that, in addition to the DNA-binding
The relevance of this synergy to cardiac transcription domain (Figure 2C), two GATA-4 domains are required
was further assessed by co-transfecting Nkx2-5 and for the synergy, one located within the N-terminal 119
GATA-4 with other cardiac promoters including ANF, amino acids of the protein, and the second in the C-terminal
B-MHC, a-MHC and the B-type natriuretic peptide (BNP) 121 amino acids (Figure 4). Both domains contain GATA-4
reporters. Under the conditions used in Figure 1, a subsetactivation domains although the presence of either domain
of promoters that contain both NKE and GATA elements is sufficient for transactivation of GATA-dependent pro-
could be synergistically activated by the combination of moters in heterologous cells (Figure 4B). The observation
Nkx2-5 and GATA-4 (Figure 2A). Thus, BNP promoter that both domains are required for cooperative interaction
which is a GATA-4 target (Argentiet al,, 1994) responds  with Nkx2-5, suggests that synergistic interaction between
synergistically to Nkx2-5 and GATA-4. Interestingly, these two domains may be required for Nkx2-5-induced
sequences with high homology to the NKE are present transcriptional activation of the ANF promoter or that
around —385 and —437 bp and are conserved across species; each domain fulfills a distinct function. Mutational analysis
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Fig. 3. The synergy is specific for a subset of cardiac GATA proteins
and Antptype homeoproteinsA) Co-transfection assays in HelLa cells
using various GATA expression vectors were done in presenge(
absence (-) of the Nkx2-5 expression vector. Ctrl represents the
backbone vector for most of the GATA constructs (pCGN).

(B) Co-transfection assays in Hela cells were performed in the
presence of various homeodomain protein expression vectors in
absence (-) or in presence Y of GATA-4 (+, 0.1ug; ++, 0.25ug).

of Nkx2-5 showed that, while the homeodomain is critical
for Nkx—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 Nkx2-5 (1-203) is able to stimulate GATA-4
activity. Deletion of the entire C-terminal region totally
impairs the ability of Nkx2-5 to stimulate GATA-4 tran-
scription while partial deletions of the C-terminus (1-246
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Fig. 4. The synergy requires both activation domains of GATA-4.

(A) GATA-4 vectors (50 ng/35 mm dish) expressing truncated
GATA-4 proteins able to translocate to the nucleus were used in co-
transfection assays with or without the Nkx2-5 expression vector. ctrl
represents the backbone 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 Nkx2-5
over the activity of the reporter only in the presence of the GATA
deletion mutant).B) GATA-4 activation domains are located both at
the C- and N-termini. GATA-4 vectors were transfected in HelLa cells
at the dose of 0.pg/dish with the ANF —135 bp luciferase reporter.

immobilized MBP-Nkx2-Snawmiro-translated,3>S-
labeled GATA-4 (Figure 6A). MBP-Nkx2-5 was able to
retain GATA-4 specifically while a MBP-LacZ control
fusion could not retain GATA-4 on the column and the
immobilized Nkx2-5 could not interact with labeled control
luciferase (Figure 6A). The interaction between GATA-4
and Nkx2-5 was also observed in the presence of ethidium

and A204-246) reduce consistently the extent of synergy bromide, suggesting that this interaction occurs without
observed without completely abolishing it. This result DNA bridging (data not shown). In order to ascertain the
suggests that these two regions of the C-terminus arein vivo relevance of this interaction, co-immunoprecipit-
only partially redundant or that the functional interaction ations were performed on nuclear extracts from 293 cells
between Nkx2-5 and GATA-4 requires an ‘extended’ transfected with expression vectors for wild-type GATA-4
homeodomain in the C-terminus. The C-terminus is not or HA-tagged Nkx2-5 alone or in combination. Nuclear
known as a transcriptional activation domain, in fact; it extracts from these transfected cells were then incubated
appears to be an autorepression domain since its deletion with the monoclonal antibody 12CA5 which recognizes
leads to superactivation (Figure 5B). Thus, the requirementthe HA epitope. Immunocomplexes were separated on
for the C-terminus suggests that GATA-4 physically inter- SDS—PAGE, subjected to Western blotting and visualized
acts with Nkx2-5 to cause a conformational change and with the anti-GATA-4 antibody. As seen in Figure 6B,
derepress (or unmask) Nkx2-5 activation domains. GATA-4 protein was precipitated by the 12CA5 mAb
solely when both proteins were expressed, implying either
GATA-4 and Nkx2-5 physically interact in vitro and a direct or indirect contact with Nkx2-5.
in vivo Next, deletion mutants of GATA-4 were generated in
We first assessed possible physical interaction betweenorder to map the region(s) of GATA-4 protein involved
Nkx2-5 and GATA-4 using pull-down assays with in physical interaction with Nkx2-5. Figure 7A displays
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Fig. 5. The synergy requires the C-terminus of Nkx2-5. blot; 0-GATA-4
(A) CMV-driven vectors, expressing various deletions of Nkx2-5, were
used in co-transfection assays as described in Figure 4A, where
Nkx2-5 concentration was kept at Q5/35 mm dish. ctrl represents . ®  Input
the backbone vector without insert. The data are expressed as fold
stimulation of GATA-4 activation which is calculated by the ratio of blot: «-GATA-4
the reporter activation when GATA-4 and Nkx2-5 expression vectors
are present over the reporter activation when GATA-4 alone is present. Input
(B) The C-terminus domain of Nkx2-5 is an auto-inhibitory domain -e
that masks an activation domain located N-terminal of the
homeodomain. Co-transfections in HelLa cells were carried out with an blot: 12CAS5 mAb
optimal dose of pCGN-Nkx2-5 constructs |{8/dish) on the ANF
—135 bp promoter. The results depict the mean of six independent Fig. 6. GATA-4 and Nkx2-5 physically interadh vitro andin vivo.
experiments. (A) GATA-4 and Nkx2-5 interacin vitro. Pull-down protein—protein

binding assays were performed using immobilized, bacterially

produced MBP fusions (MBP—Nkx2-5 and MBP—LacZ as control) and
the results of the binding studies and the left panel of eithe(355-labeled GATA-4 or Iuciferasg protein. After incubation, the
Figure 8A shows the structure of the deletion mutants and protein complexes were spun, extensively washed and separated on a

! > St ‘ 10% SDS-PAGE. Labeled proteins were visualized and quantified by

summarizes their behavior in pull-dOWI’] and transfection autoradiography on phosphor plateB) GATA-4 and Nkx2-5 interact
assays. The Nkx2-5 interaction domain seems to map toin vivo. Nuclear extracts from the simian kidney cell line 293
the second zinc-finger and a C-terminal basic region that transfected Wi”: eithlef th&%ﬂf%‘;”aﬁcmfs é”&ic'gvsﬁmf'z“s)
; ati ; expression vector alone -4), HA-tagge X2- x2-5), or a
IS .nOt par; Of.any. known. act|vat|pn domain of GATA_4' co?nbination of GATA-4 and HA-Nkx2-5 (%gATA-4/ka2-5) were used
This |Oca_|'zat|_0n IS C_OnS'Stem_ with _the _observatlon that for immunoprecipitation. 6Qug of nuclear extract were incubated with
the physical interaction requires zinc ions, since pull- the mAb 12CA5 and precipitated with protein-G—agarose. The top
down assays in the presence of chelating agents (EDTApaneI represents the immunocomplex separated by electrophoresis and
and phenanthroline) abolish the interaction (data not blotted with an anti-GATA-4 polyclonal antibody. The bottom two

. panels represent Western blots on the transfected nuclear extracts
shown). Unfortunately the requirement of the Nkx2-5 (20 1g) using either the anti-GATA-4 Ab (middle panel) or the

binding domain for the synergy could not be assessed anti-HA (12CA5) mAb. The white ghost bands are produced by the
since it is part of a basic region essential for the nuclear immuglobulin heavy chains that co-migrate with GATA-4 on
targeting of GATA-4 (F.Charronet al, unpublished  SDS-PAGE.

results). Interestingly, neither GATA-1 nor GATA-6, which

do not transcriptionally synergize with Nkx2-5, could be region are required for physical interaction (Figures 7B and
retained on the MBP-Nkx2-5 column, suggesting that 8A). The homeodomain by itself (122—203) or extended to
physical interaction is required for functional cooperativity. contain the N-terminal domain (1-203) were insufficient
The same approach was also used to map the GATA-4for physical interaction. However, when the homeodomain
interaction domain on Nkx2-5. A series of Nkx2-5 deletion was fused to parts of the C-terminal (1-24®@4hd
mutants were bacterially produced in fusion with MBP, 246) the fusion proteins regained the ability to bind
quantified and assayed for their ability to interact with GATA-4, suggesting that the C-terminal extension pro-
35S-labeled GATA-4. The results of these binding assays vided an essential docking site for the GATA protein or
revealed that both the homeodomain and its C-terminal was required for the proper folding of the homeodomain.
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Fig. 7. The physical interaction maps near the C-terminal zinc-finger
of GATA-4 and to the C-terminally extended homeodomain of
Nkx2-5. (A) Luciferase (luc) or deletion mutants of GATA-4 were
translated and labeled witA38]methionine to be subsequently used in
pull-down assays with full-length MBP—Nkx2-5 as described in Figure
6. (B) A series of immobilized deletion mutants of Nkx2-5, in fusion
with the maltose binding protein (MBP), were produced in bacteria,
quantified on gel, and used in pull-down assays witlitro translated
GATA-4. AHD represents Nkx2-A122-203. Protein complexes were
separated by electrophoresis and GATA-4 protein was visualized by
autoradiography on phosphor plates.

Modulation of Nkx2-5 activity by GATA-4

Members of the GATA family of transcription factors
(GATA-1, -2 and -3) have been shown to interact with
other classes of nuclear proteins containing Lim domain
(Osadeet al., 1995), zinc finger (Merika and Orkin, 1995;
Gregoryet al, 1996), and basic leucine zipper (Walters
and Martin, 1992; Gong and Dean, 1993; Kawaal,
1995) motifs. The present work demonstrates that GATA
factors are also able to interact with homeodomain-
containing proteins of the NK2 andntp type. This
GATA-Nkx interaction is so far the first example of zinc
finger-homeodomain interaction in vertebrates. The only
other known zinc finger—-homeodomain cooperation is in
Drosophilg where it was recently shown that the orphan
nuclear receptoiFtz-F1 is a cofactor for the homeo-
domain protein Ftz (Guichedt al., 1997; Yuet al., 1997);

in this case, the physical association betweé&te-F1 and

Ftz is thought to enhance the binding of the Ftz to its
lower-affinity target sequences (Guictedtal.,, 1997; Yu

et al, 1997), much in the same way that Extradenticle
and Pbx modulate the DNA binding activity of Hox
proteins (Phelanet al, 1995; Lu and Kamps, 1996;
Peltenburg and Murre, 1997). 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
illustrated 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, 1997).

The region of GATA-4 that contacts Nkx2-5 spans the
second zinc finger and a ~40 amino acid C-terminal
extension (Figure 8A, left panel). This represents a highly
conserved segment among the cardiac GATA-4, -5 and
-6 proteins with an overall 85-95% homology; notable
differences between GATA-4 and -6 (but not GATA-4
and -5) that may account for the differential interaction
with Nkx2-5 are found in the hinge region (aa 243-

It is noteworthy that these results are in complete agree-270) preceding the second zinc finger and three non-
ment with the transfection data and indicate that the conservative changes that affect phosphorylatable residues

determinants of Nkx2-5 and GATA-4 interaction reside

mostly in the homeodomain and a C-terminal extension.

Collectively, the results also suggest that functional
synergy between Nkx2-5 and GATA-4 requires physical
interactions of the two proteins.

Discussion
Transcription factors GATA-4 and Nkx2-5 are two of the

(H244S, N250S, S262P). The differential interaction of
GATA proteins with Nkx2-5 reveals for the first time
differences between GATA proteins in @&mvitro assay.

Is Nkx2-5 a specificity cofactor for GATA-4?

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

earliest markers of precardiac cells and, as evidenced byof GATA-4 and -6 function (Kucet al., 1997; Molkentin

gene inactivation studies (Lyoret al., 1995; Kuoet al.,
1997; Molkentinet al., 1997), both play critical roles in

et al, 1997). The up-regulation of GATA-6 might, at
least partially, account for ANF expression in presumed

cardiogenesis. The data presented here show that GATA-4cardiogenic cells of the GATA=4 embryos (Molkentin

and Nkx2-5 interact physically and synergistically to

activate cardiac transcription, suggesting functional con-

vergence of two critical cardiac pathways.
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Fig. 8. (A) Schematic summary of the Nkx2-5-GATA-4 interaction. The left panel represents the activity of GATA-4 deletions both in transfection
experiments and in pull-down assays. N/D represents constructs that were not tested. 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 Nkx2-5 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 between
GATA-4 and -5 but not in GATA-6, they are: H244S, N250D, L261V, S262P where the second amino acid represents the residue present on GATA-6
at the equivalent positionB) Model of Nkx/GATA synergy. Synergistic interactions between Nkx2-5 and GATA-4 require the binding of GATA-4

and Nkx2-5 to their cognate binding sites. GATA-4 displaces the C-terminal auto-inhibitory region of Nkx2-5 and liberates the Nkx2-5 activation
domain. The GATA-4 activation domains can then synergize with Nkx2-5 activation domains.

be pointed out that ANF transcription is controlled by teins of the NK2aaotennapediaclass may fulfill a
multiple pathways in complex spatiotemporal manner similar function for GATA-6 in the myocardium.

(Argentin et al., 1994; Durocheeet al, 1996); thus, the The presence of a cofactor for GATA proteins is likely
presence of ANF transcripts in GATAZ4cells may reflect  the case for the hematopoietic system. Indeed, in a recent
activation or maintenance of more complex compensatory publication, \&tiak demonstrated that the presence
pathways; moreover, GATA-5—which can also cooperate of the GATA-1 zinc fingers was essential for erythroid
with Nkx2-5 in the heart—does not seem to be restricted differentiation. Interestingly, the homologous region of

to the endocardial cells before the primitive heart tube GATA-3 (which is not co-expressed with GATA-1) but
stage (Morriseyet al., 1997). The exact reason for which not the entire GATA-2 (which is up-regulated in GATA-1
GATA-4 is obviously essential for primitive heart develop- pre-erythroblasts) could functionally substitute for
ment must await further biochemical and genetic studies. GATA-1 zinc fingers, suggesting that interaction of zinc
Nevertheless, the available evidence clearly indicates thatfingers with an as yet unidentified nuclear factor may be
GATA-6 is unable to substitute fully for GATA-4 with an important determinant for definitive erythropoiesis
respect to cardiogenesis. Similarly, despite their seemingly (Weiss et al., 1997). Since GATA proteins and other
interchangeable role in sonire vitro assays (Blobett al., members of the NK2 family are also co-expressed in other
1995; Visvaderet al,, 1995), the hematopoietic members tissues such as spleen (GATA-5 and Nkx2-5) and gut
of the GATA family are clearly non-redundant (Tsial., (GATA-5, -6 and Xbap) (Lintset al, 1993; Morrisey
1994; Pandolfiet al., 1995; Fujiwaraet al., 1996; Ting et al, 1996, 1997; Newmast al, 1997), it is tempting

et al,, 1996). Unfortunately, the molecular basis for GATA to speculate whether the GATA-Nkx partnership may
factor specificity has yet to be unraveled. The data represent a paradigm for transcription factor interaction

presented suggest that interaction of GATA proteins with during cell fate determination.

other tissue-restricted transcription factors might be the It is noteworthy that, at least in cardiac muscle, such
underlying mechanism for functional specificity of the paradigm appears to have been evolutionarily conserved.
GATA family members. Thus, Nkx2-5 may be the specifi- Indeed, in Drosophila the cardiac promoter of the

city cofactor for GATA-4 while other homeodomain pro- transcription factor D-mef which is a target for Tinman,
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Table I. Evolutionary conservation of the GATA-NK2 interaction on muscle promoters

Gene Species Promoter sequence GATA NK2 Reference

ANF vertebrates TGATALTT(N,)CGCGECAAGTG GATA-4 Nkx2-5 this study

Myo-2 C.elegans TAAAGTGTTGTGGGATAA elt-2 (?) Ceh-22 Okkema and Fire (1994)
D-Mef Drosophila GGATASGGGUOCAAGTGG pannier (?) Tinman Gajewslet al. (1997)

CACTTGSACCGGGGCTCTATCG

Conserved GATA or NKE motifs are depicted in bold letters.

contains juxtaposed GATA and NKE sites (Table I); while OD,fo Ct!-ﬁ at 600 nm. lgducttion of the relcoybinagtdprthein?m anfl their
i ; urification were carried out as previously described (Duro@teal.,

the NKE.S are neces_sary, they are nOt SUffICIem. for Carc.jlac F1)996). In vitro translation of GA['JI'A-4 ang Nkx2-5 de(rivatives were

e>_<pre55|on, thus ra|S|r_19 the_ pOSSIbIlIty of an mtera?tlon performed with rabbit reticulocyte lysates using the TNT-couhedtro

with other factors (Gajewsket al, 1997). Moreover, in transcription/translation system (Promega Corp., Madison, WI)

Caenorhabditis elegansvo members of the GATA family

have been described (elt-1 and -2; Spiethal., 1991; Protein-protein binding assays

: ; : In vitro binding studies were performed with MBP—Nkx2-5 derivatives
Hawkins and McGhee, 1995) whose expression is found purified from bacteria and coupled to amylose—Sepharose beads (New

in gut and perhaps pharyngeal musclgs, and GATA el?' England Biolabs). GATA-4 derivatives were labeled witt§]methionine
ments are necessary for tissue-specific transcription in duringin vitro translation and typically 2-gl of labeled GATA proteins
those tissues (Okkema and Fire, 1994; Egaal., 1995). were incubated in the presence of 300 ng of immobilized Nkx2-5 fusion

; _ proteins in 400ul of 1X binding buffer (150 mM NaCl, 50 mM Tris—
Moreover, at least one member of the NK2 family, CEH- 7% FU% "2 % 20 B\ oo 5T ™ 07 Zngi m dithiothreitol,

22, is also _EXp_reSSEd _m'6|egan_3pharyngeal muscle an(_j . 0.5 mM phenylmethylsulfonyl fluoride, 0.25% BSA) for 2 h at 4°C with
has been implicated in activation of the muscle-specific agitation and then centrifuged for 2 min at 13 000 r.p.m. at room
myosin heavy chain (Myo-2) enhancer (Okkema and Fire, temperature. Beads were washed three times by vortexing in 500 ml of
1994). Interestingly, the Myo-2 enhancer requires the bi‘?dint? Ff_“ffe_f atroom tl‘?fgplffffature&the P{O‘Z"‘bcogp'sexesévere fi'elﬁ‘SdEd
: : after boiling in Laemmli buffer and resolved by SDS—PAGE. Labele
closely l.mked GATA and NKE sites (Table 1) for mUSCIe. proteins were visualized and quantified by autoradiography on phosphor
expression (Okkema and Fire, 1994). Thus, at least in siorage plates (Phosphorimager, Molecular Dynamics).
muscle cells the GATA and Nkx interactions appear to

have been evolutionarily conserved. Immunoprecipitations and immunoblots
Immunoprecipitations on nuclear extracts of transfected 293 cells were
done using 60ug of nuclear extract. Extracts were pre-cleared with

Materials and methods 20 ul of normal rabbit serum and 1fl of agarose—protein G beads
(Sigma Chemicals) for 2 h at 4°C. Binding reactions were carried out
Cell cultures and transfections with 40 pl of 12CA5 antibody in 50Qul of 1X binding buffer without

HelLa and 293 cells were grown in Dulbecco’s modified Eagle’s medium BSA as described in the protein—protein binding assays paragraph for

(DMEM) supplemented with 10% fetal calf serum. Transfections were 2 h at 4°C, with agitation without protein G beads and for an additional

carried out using calcium phosphate precipitation 24 h after plating. At 2 h with 15 pl of protein G beads. Bound immunocomplexes were

36 h post-transfection, cells were harvested and luciferase activity washed four times inX binding buffer and were resuspended in2of

was assayed with an LKB luminometer and the data were recorded 1X Laemmli buffer, boiled and subjected to SDS—-PAGE electrophoresis.

automatically. In all experiments, RSV-hGH was used as internal control Proteins were transferred on Hybond-PVDF membrane and subjected to

and the amount of reporter was kept au@ per dish; the total amount immunoblotting. GATA-4 antibody (Santa-Cruz Biotechnolgy) was used

of DNA was kept constant (usually 83). Unless otherwise stated, the  at a dilution of 1/1000 and was revealed with biotinylated anti-

results reported were obtained from at least four independent experimentsgoat antibody (dilution 1/12 000) and avidin-biotinylated horseradish

with at least two different DNA preparations for each plasmid. Primary peroxidase (HRP) complex (Vectastain). The 12CA5 (anti-Ha) antibody

cardiocyte cultures were prepared from 1- or 4-day-old Sprague-Dawley was used at a dilution of 1/500 and was a generous gift of Benoit

rats and kept in serum-free medium as described previously (Argentin Grondin and Muriel Aubry (Grondiret al, 1996). The secondary

et al, 1994). antibody was anti-mouse-HRP and the antigens were visualized with
chemiluminescence (Kodak).

Plasmids

ANF-luciferase promoter constructs were cloned in the PXP-2 vector as

described previously (Argentiet al.,, 1994; Durocheet al., 1996). The Acknowledgements
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