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The Hey basic helix-loop-helix transcription factors are downstream effectors of Notch signaling in the
cardiovascular system. Mice lacking Hey2 develop cardiac hypertrophy, often associated with congenital heart
defects, whereas combined Hey1/Hey2 deficiency leads to severe vascular defects and embryonic lethality
around embryonic day E9.5. The molecular basis of these disorders is poorly understood, however, since target
genes of Hey transcription factors in the affected tissues remain elusive. To identify genes regulated by Hey
factors we have generated a conditional Hey1 knockout mouse. This strain was used to generate paired Hey2-
and Hey1/2-deficient embryonic stem cell lines. Comparison of these cell lines by microarray analysis identified
GATA4 and GATA6 as differentially expressed genes. Loss of Hey1/2 leads to elevated GATA4/6 and ANF
mRNA levels in embryoid bodies, while forced expression of Hey factors strongly represses expression of the
GATA4 and GATA6 promoter in various cell lines. In addition, the promoter activity of the GATA4/6 target
gene ANF was inhibited by Hey1, Hey2, and HeyL. Protein interaction and mutation analyses suggest that
repression is due to direct binding of Hey proteins to GATA4 and GATA6, blocking their transcriptional
activity. In Hey2-deficient fetal hearts we observed elevated mRNA levels of ANF and CARP. Expression of ANF
and Hey2 is normally restricted to the trabecular and compact myocardial layer, respectively. Intriguingly, loss
of Hey2 leads to ectopic ANF expression in the compact layer, suggesting a direct role for Hey2 in limiting ANF
expression in this cardiac compartment.

The basic helix-loop-helix transcription factors Hey1, Hey2,
and HeyL are primary mediators of the Delta-Notch signaling
pathway, particularly in the cardiovascular system. Hey pro-
teins, also known as Hesr, Hrt, Chf, Herp, and gridlock, have
been shown to regulate a variety of cellular decisions in differ-
ent processes such as cardiac development (for review see
reference 9), angiogenesis (12), neurogenesis (43), gliogenesis
(46), bone development (56), or the epithelial-to-mesenchymal
transition (57). Besides their role in physiological developmen-
tal processes, Hey genes have also been implicated as possible
tumor suppressors (20).

During heart development Hey1 and Hey2 show a rather
unusual expression pattern. While Hey1 is expressed exclu-
sively in the atria, Hey2 is restricted to the ventricles (29). We
and others have shown that loss of Hey2 in mice leads to high
postnatal lethality due to cardiac malformations and heart
failure (7, 14, 26, 44). The hearts of newborn Hey2 knockout
mice develop massive hypertrophy shortly after birth, and elec-
tron microscopy revealed structural defects in the myocardium
of these mutants (14). In addition, there is a high incidence of
ventricular septal defects, often accompanied by tricuspid atre-

sia or dysplastic atrioventricular valves, atrial septal defects,
and even pulmonary stenosis, depending on the genetic back-
ground (10).

Interestingly, Hey1 knockout mice are viable and do not
show any overt defects (12). However, combined loss of Hey1
and Hey2 leads to embryonic lethality due to severe defects in
blood vessel development and failure of arterial-venous differ-
entiation. This phenocopies the cardiovascular defects seen in
Notch1 and Notch1/Notch4 double-knockouts and the zebra
fish gridlock mutant (12, 27, 59).

There is meanwhile profound knowledge on how expression
of Hey genes is regulated by Notch signaling (33, 37), as well as
by transforming growth factor beta/bone morphogenetic pro-
tein (23), but bona fide target genes of Hey proteins are still
elusive. We have shown recently that the artery-specific mark-
ers ephrinB2, CD44, and neuropilin 1 are drastically down-
regulated in Hey1/Hey2 double-knockout mice (12). Neverthe-
less, it is not clear if these genes are direct targets of Hey1/2 or
if their expression is lost due to the misregulation of another
transcription factor. Henderson et al. (18) have shown a down-
regulation of vascular endothelial growth factor receptor 2 by
Hey1 in endothelial cells, but again detailed promoter analysis
is missing.

As is evident from our Hey double-knockout studies, Hey
genes can act in a redundant manner, i.e., loss of Hey1 in
endothelial cells can be compensated for by Hey2 and vice
versa. Therefore, we have now established an in vitro system,
based on embryonic stem cells, which eliminates this redun-
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dancy and allowed us to search for Hey1/Hey2-regulated genes
by microarray analysis.

Here we show that Hey proteins repress expression of the
zinc finger factors GATA4 and GATA6 and their target genes
ANF and CARP. In addition, we found that in Hey2-deficient
embryonic hearts there is ectopic ANF expression in the com-
pact layer of the left ventricle. This represents an important
step to elucidate the molecular basis of why Hey2-deficient
mice develop fatal cardiac hypertrophy.

MATERIALS AND METHODS

Plasmids. GATA4 reporter constructs are based on a 10.6-kbp KspI fragment
that harbors the 5�-flanking region of murine GATA4, including half of the
untranslated exon 1 from cosmid clone MPMGc121F03498Q (RZPD, Berlin,
Germany), ligated into the SmaI site of the pGL3-basic vector (Promega). Con-
structs containing 0.5 kbp, 2.5 kbp, and 5 kbp of the GATA4 5� region were
obtained by religation after digestion with SacI, MluI, or NruI and PacI followed
by a fill-in reaction.

To mutate the E-box sequence (CACGTG) �59 to �54 nucleotides upstream
of putative exon 1 in the GATA4 promoter (NCBI GenBank accession number
NT_039606.3, nucleotides 9602278 to 9602398, minus strand), pGL3–GATA4–
10.6kb was linearized with PmlI, which cuts CACGTG, and an oligonucleotide
linker (AGGGATCTGCTCGTCTAGAAAAAGAGC) was inserted. Two point
mutations of the E-box were inserted into the pGL3-GATA4-0.5kb vector by
PCR mutagenesis, changing CACGTG into TACATG. To generate a GATA6-
luciferase reporter we cloned a 4.237-kb AatII fragment of bacterial artificial
chromosome clone RZPDB737F092162D6 (RZPD, Berlin, Germany) into
pGL3-basic. This fragment contains the 5�-flanking region of human GATA6,
including the noncoding exons 1a/b, intron 1, and parts of exon 2 upstream of the
translation start codon.

For mammalian expression of hemagglutinin (HA)-tagged GATA4, the com-
plete coding sequence was amplified from adult murine heart cDNA and cloned
into pcDNA3.1 containing an N-terminal hemagglutinin tag. Integrity and ex-
pression were verified by sequencing and immunofluorescence. To generate a
FLAG-tagged full-length GATA6 expression vector we subcloned the GATA6
cDNA from pcDNA-GATA6 into a pCS2-FLAG vector.

Mammalian expression plasmids pCS2p-Hey1, pCS2p-Hey2, and pCS2p-HeyL
contain the full-length coding sequences either with or without N-terminal HA or
FLAG tags as indicated. Vectors expressing enhanced green fluorescent protein
(EGFP)-Hey1 fusion proteins were generated by cloning murine Hey1 PCR
fragments encoding amino acids 1 to 299 (full length), 1 to 286, 1 to 176, 1 to 121,
1 to 93, 63 to 299, and 122 to 299 into pEGFPc2 or pEGFPc3 (Clontech). All
primer sequences are available upon request.

Hey1-luciferase constructs have been described before (33). The 0.7-kb ANF-
luciferase plasmid was provided by Mona Nemer (Montreal, Canada). pCS2-
Fog2, pMT2-Fog1, and pcDNA-GATA6 expression plasmids are a kind gift of
Stuart Orkin (Boston, MA) and pCI-FLAG-p300 was supplied by Werner Lutz
(IMT, Marburg, Germany).

Generation of floxed Hey1 mice. The targeting vector was constructed using
the 129SVJ-derived genomic lambda clone SV3 (48). A 3.16-kb NotI/PvuII
fragment containing the murine Hey1 promoter region and exon 1 (33) was
cloned into pKSTKloxPneo, followed by a 0.76-kb PvuII fragment containing
exons 2 to 4 that was inserted after the neo cassette. Intron 4 and part of exon 5
representing the short arm of homology were generated by PCR using primers
EagIP1, GCATCGGCCGACTGCCTGCTTTGCTTTGTG, and NotIP2,
ATCGCGGCCGCGTGTGGGTGATGTCCGAAG. The final vector contains a
floxed PGK-neo cassette within intron 1 and an additional loxP site in intron 4.
The integration sites were chosen not to affect splice sites.

R1 embryonic stem (ES) cells were electroporated and two positive clones
(IIE8 and IVH10) could be identified by PCR and Southern blot analysis. The
PGK-neo cassette was removed in IVH10 by transient transfection with pMC-
Cre1 (15). Two clones (IVH10/2C7 and IVH10/2H9) that lost the neo cassette
were used for blastocyst injection. Male chimeras with extensive ES cell contri-
bution to the coat color were mated with C57BL/6 females for germ line trans-
mission. For genotyping by PCR we used primers clik-atg, GCGGGATCCACA
TGAAGAGAGCTCACCCAG, Clikseq2, TGAGATCTTGCAGATGACT
GTG, and Eagrev, ACAAAGCAAAGCAGGCAGTC. PCR products were 150
bp (floxed) and 260 bp (deleted). Primer sequences for Hey1-lacZ and Hey2-
lacZ knockout mice have been described (12, 14).

Generation of Hey1fl/fl/Hey2�/� ES cells. Hey1fl/fl/Hey2�/� mice were inter-
crossed and blastocysts were harvested at E3.5 as described (36). Blastocysts
were cultured in ES medium on mitomycin-inactivated fibroblasts and forming
ES cell colonies were further expanded and genotyped. Three Hey1fl/fl/Hey2�/�

ES cell lines (A3, A5, and C1) with typical morphology were chosen for further
experiments.

Cell culture and embryoid body formation. HEK293, HEK293T, Cos7, and
HeLa cells were cultured in Dulbecco’s modified Eagle’s medium (Gibco) with
10% fetal bovine serum. ES cells were maintained in ES medium containing
Dulbecco’s modified Eagle’s medium with 10% ES cell qualified fetal bovine
serum, 103 U/ml leukemia inhibitory factor, 50 mM �-mercaptoethanol, and
minimal essential medium nonessential amino acids (Gibco) on mitomycin-
inactivated fibroblasts. Before embryoid body formation ES cells were adapted to
gelatin-coated culture dishes for three passages. On day 0 of induction ES cells
were seeded on bacterial-grade petri dishes (Greiner) in ES medium lacking
leukemia inhibitory factor and cultured for several days. Cells were fed every
second day with fresh medium.

Tat-Cre treatment. Recombinant Tat-Cre protein (HTNC) was produced as
described (38). ES cells were treated with 1 �M HTNC for 4 h in ES medium.
After TAT-Cre treatment cells were washed and seeded at low density (1,000 ES
cells per 10-cm plate) onto feeder cells. Individual colonies were isolated and
genotyped for Hey1 recombination.

RNA isolation, cDNA labeling, and microarray analysis. Cells or embryoid
bodies were washed in phosphate-buffered saline and total cellular RNA was
isolated using Trizol reagent (Invitrogen) followed by DNase I treatment
(RNeasy kit, QIAGEN); 30 �g total RNA was transcribed into cDNA using the
CyScribe cDNA Post Labeling kit (Amersham Biosciences) with nonamer prim-
ers and modified amino-allyl-dUTP. After degradation of the RNA template the
cDNA was labeled with Cy5 (samples) and Cy3 (reference). Microarrays con-
taining 11.500 murine cDNA clones (Research Genetics) were generated as
described using a GMS417 arrayer (Genetic MicroSystems, MWG Biotech, Ger-
many) (3). Each hybridization probe was placed between two microarray slides
(sandwich hybridization). After washing the arrays were scanned using a GMS
418 microarray scanner (Genetic MicroSystems, MWG Biotech, Germany) and
analyzed with ImaGene 3.0 software (BioDiscovery Inc., Marina Del Rey, CA)
as described (3).

RNA expression analysis. Quantitative real-time RT-PCR was performed
using a Bio-Rad iCycler (12). All primer sequences are available upon request.
mRNA in situ hybridization was done essentially as described (28).

Luciferase assay. HEK293, HEK293T, Cos7, HeLa, or ES cells were tran-
siently transfected in 12-well plates using calcium phosphate coprecipitation or
GeneJuice (Novagen) with the indicated plasmids; 36 to 48 h posttransfection
cells were washed with phosphate-buffered saline and lysed. Luciferase activity
was measured in a Berthold luminometer using the dual luciferase assay (Pro-
mega). Each experiment was repeated at least two times with each reaction
measured in triplicate. Results are shown as mean values with standard devia-
tions.

Coimmunoprecipitation. HEK293T cells were transiently transfected with the
indicated expression vectors for FLAG- or HA-tagged proteins. Coimmunopre-
cipitation was performed as described (54).

RESULTS

Generation of floxed Hey1 mice. To generate a conditional
Hey1 null allele we used a targeting construct to introduce loxP
sites into introns 1 and 4 of the Hey1 locus (Fig. 1). After
confirming a homologous recombination event by PCR and
Southern blotting, the neomycin resistance cassette was de-
leted by transient Cre recombinase expression in ES cells.
Chimeric mice were generated from two independent lines by
blastocyst injection and the floxed Hey1 locus was bred onto a
C57BL/6 background for five generations. Hey1fl/fl offspring
were obtained in a Mendelian ratio and appeared phenotypi-
cally normal and fertile. Embryonic fibroblasts derived from
these animals efficiently recombined the floxed locus following
Cre treatment, leading to deletion of exons 2 to 4 and a func-
tionally null allele as verified by PCR and reverse transcription
(RT)-PCR. (Fig. 1C and D).
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Establishment of Hey1fl/fl/Hey2�/� ES cells. Mice carrying a
conditional Hey1 allele were crossed with Hey2-lacZ mutants
(14) to produce Hey1fl/fl/Hey2�/� mice. These were then in-
tercrossed and blastocysts were harvested at embryonic day
E3.5. Three independent Hey1fl/fl/Hey2�/� ES cell lines (A3,
A5, and C1) were generated from these blastocysts.

To recombine, the floxed Hey1 locus cells were treated for
4 h with 1 �M of Cre recombinase fused to a human immu-
nodeficiency virus Tat peptide and a nuclear localization sig-
nal. This fusion protein (HTNC) has been shown to cross cell
membranes and to recombine with high efficiency in murine
ES cells (38). In our hands HTNC treatment led to 19% ho-
mozygous (Hey1del/del) and 12% heterozygous deleted clones
(Hey1fl/del). Two homozygous deleted clones, A3d6 and C1d14
(Hey1del/del/Hey2�/�), which represent Hey1/2 double-knock-
out cells, and two control Hey1fl/fl/Hey2�/� clones (A3f13 and
C1f10), representing Hey2 “single” knockout cells were used
for further experiments.

Microarray analysis of embryoid bodies with Hey1/2 loss.
To search for downstream target genes of Hey1/2 we used
microarray technology and compared our Hey2 knockout with
Hey1/2 double-knockout ES cell lines. These lines are ideally
suited for this purpose as they were derived from the same
parental cell line under identical conditions. Since our primary
goal was to find Hey1/2 target genes particularly in the process
of cardiovascular development, we decided to aggregate the
ES cells and to differentiate these as embryoid bodies. It is well
known that ES cells generate various cell types, including en-
dothelial and smooth muscle cells or cardiomyocytes, under
these conditions.

To identify the optimal time point for harvesting embryoid
bodies, we tested the induction of various cardiovascular
marker genes during EB formation by quantitative real-time
PCR (qRT-PCR). After 9 days of culture, there was a strong
and robust up-regulation of vascular endothelial growth factor
recptor 2, Tie2, EfnB2, EphB4, Scl, platelet-derived growth
factor �, and Tagln (SM22�) mRNAs, indicating the formation
of endothelial cells and smooth muscle cells, which is in agree-
ment with previous studies (55). In addition, PECAM staining
showed the typical pattern of primitive endothelial tubes and
around day 9 several of the embryoid bodies contained spon-
taneously contracting cells, a sign of cardiomyocyte formation.
Therefore, RNA from 9-day-old embryoid bodies (lines A3f13,
A3d6, C1f10, and C1d14) was prepared and labeled cDNA was
hybridized to microarrays containing approximately 11,500
murine cDNAs.

In Hey1/2 double-knockout embryoid bodies 52 genes were
up-regulated more than twofold with P values of � 0.05 com-
pared to the corresponding Hey2 knockout lines, whereas 30
genes were down-regulated. The full microarray results will be
published elsewhere. Among the regulated genes were
GATA4 and GATA6, with 2.3- and 2.6-fold up-regulation,
respectively (Fig. 2A). Both genes encode zinc finger transcrip-
tion factors that are absolutely essential for heart development,
as has been demonstrated by various mouse knockout models
for a recent review see (41). In addition, in humans GATA4
mutations were found to cause congenital heart defects (13).
Up-regulation of GATA4 in cardiomyocytes has been shown to
lead to cardiac hypertrophy in mice (31). Hey2 knockout mice
develop massive heart hypertrophy, so we speculated that this
might in part be mediated through elevated GATA4 levels. We
therefore examined the regulation of GATA4 and some of its
target genes by Hey transcription factors in vitro and in vivo.

Loss of Hey1/2 leads to up-regulation of GATA factors and
GATA target genes in ES cells. Endogenous GATA mRNA
levels were measured in undifferentiated Hey2 knockout and
Hey1/2 double-knockout ES cell lines A3f13 and A3d6 by
quantitative real-time RT-PCR. There was a 3.1-fold up-reg-
ulation of GATA4 (P � 0.01) in cells lacking both Hey1 and
Hey2 compared to those lacking only Hey2. The levels of
GATA6 were equal in both lines (Fig. 2B). After embryoid
body formation and culture for 9 days we detected elevated
mRNA levels for both genes, GATA4 and GATA6 (3.5- and
5.3-fold, respectively), in Hey1/2 double-knockout embryoid
bodies, confirming our initial microarray results (Fig. 2C).
With C1f10 and C1d14 cells we found 3.4-fold higher GATA4
mRNA levels in undifferentiated Hey1/2 double-knockout ES
cells while in embryoid bodies GATA4 and GATA6 were 4.9-

FIG. 1. Conditional inactivation of the Hey1 gene. (A) The target-
ing construct is shown above the genomic Hey1 locus containing five
exons. The promoter and parts of exon 1 (3 kbp) were used as 5�
homology region while the 3� homology consists of 1-kbp intron 4 and
parts of exon 5. The PKG-neo cassette (Neo) is flanked by loxP sites
(triangles) and an additional loxP site was inserted into intron 4. The
herpes simplex virus thymidine kinase (TK) was used for negative
selection. After homologous recombination the integrity of the Hey1
neo-flox allele was confirmed by Southern blot hybridization using
probes P1, P2, and P3. B, BglII; E, Ecl136II; H, HindIII; *, stop codon.
(B) Transient expression of Cre recombinase in ES cells yielded the
final floxed Hey1 allele which contains loxP sites in introns 1 and 4.
(C) Cre recombinase deletes the Hey1 gene. (D) Left: Genotyping of
Tat-Cre recombinase-treated ES cells derived from conditional Hey1
knockout mice. As example PCR products of floxed/floxed (fl/fl),
floxed/deleted (fl/del), and homozygous deleted ES cells are shown.
Right: No Hey1 mRNA is detectable in Hey1del/del ES cells. RNA was
isolated from Hey1fl/fl and Hey1del/del ES cells and, as a control, from
Hey1-lacZ knockout and wild-type (WT) tail samples. RT-PCR shows
the absence of Hey1 mRNA in Hey1del/del and Hey1-lacZ knockout
cells. As a control expression of hypoxanthine phosphoribosyltrans-
ferase (Hprt) is shown below. Without reverse transcriptase (�RT), no
products are obtained.
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and 8-fold up-regulated, respectively (data not shown). Fur-
thermore, a luciferase reporter construct driven by a 10.6-kb
GATA4 promoter revealed a similar regulation. Transfected
Hey1/2 double-knockout cells exhibited a 2.5-fold higher lucif-
erase activity compared to Hey2 knockout ES cells (Fig. 2D).
Essentially the same results were obtained with cell lines C1f10
and C1d14 (data not shown).

Since GATA4 and GATA6 were up-regulated in Hey1/2-
deficient embryoid bodies we tested whether this would also
affect GATA target gene expression. Indeed, we found by
qRT-PCR a 16- and 120-fold up-regulation of ANF mRNA in
9-day-old embryoid bodies of ES cell lines A3d6 and C1d14
(double-knockout), respectively, compared to the single-
knockout A3f13 and C1f10 cells (P � 0.01). The expression of
CARP, another GATA4/6-regulated gene, was elevated 16-fold
in C1d14 cells (P � 0.05). In A3d6 we also found increased
CARP levels, but this did not reach statistical significance (data
not shown). On the other hand, comparison of embryoid bod-
ies derived from A3f13 or C1f10 Hey2 knockout cells with
those from wild-type WW6 ES cells did not reveal any signif-
icant differences in ANF, GATA4, and GATA6 mRNA expres-
sion.

Hey1, Hey2, and HeyL repress the GATA4 and GATA6 pro-
moter in vitro. Since loss of Hey factors leads to increased
GATA4 and GATA6 expression, we next asked if overexpres-
sion of Hey proteins would in turn decrease their levels. The
10.6-kb GATA4 luciferase reporter construct was transfected
into HEK293 cells together with increasing amounts of Hey1,
Hey2, or HeyL expression vector. Compared to empty control
vector, all three Hey factors strongly repressed the activity of
the GATA4 promoter in a dose-dependent manner (Fig. 3A),

with Hey1 being the strongest repressor. Similar results were
obtained in repeat experiments with HEK293T, Cos7, and
HeLa cells.

Next we cotransfected HEK293 cells with a 4.2-kb GATA6
luciferase reporter and Hey1, Hey2, or HeyL expression plas-
mid. Similar to the results seen with the GATA4 promoter, all
Hey factors efficiently repressed the GATA6 promoter by
more than 95% (data not shown).

To map elements that mediate the GATA4 repression we
analyzed shortened GATA4-luciferase constructs. As depicted
in Fig. 3B, we observed comparable repression for the 10.6-kb,
5-kb, 2.5-kb, and even the 0.5-kb GATA4 promoters. Hey1 and
Hey2 almost completely abolished GATA4 promoter activity
(95 to 98% and 80 to 94%, respectively) and HeyL still
achieved repression rates of 57 to 95%.

We have shown previously that murine Hey1 and Hey2 pro-
teins preferentially bind to the E-box sequence CACGTG in
vitro (11). The identical element was also proposed as the
optimal binding site for Xenopus Hey (40). Within 11 kb of the
GATA4 promoter and 5� untranslated region this element can
be found only once at �59 to �54 nucleotides upstream of the
noncoding exon 1. To test if Hey proteins exert repression via
this element, we disrupted the CACGTG box in the 10.6-kb
GATA4 luciferase promoter by separating the two half-sites
with a 25-bp oligonucleotide. This mutation reduced basal
promoter activity in HEK293 cells to less than 10% compared
to the wild-type construct. Hey1 especially still exhibited some
repression activity, however (Fig. 3C).

To generate a less severe mutation without physically ex-
tending the promoter in this presumably critical region, we
introduced two point mutations changing CACGTG into

FIG. 2. Loss of Hey1/2 up-regulates GATA4 and GATA6. Hey2 knockout (KO, gray bars) and Hey1/2 double-knockout (DKO, black bars) ES
cells were differentiated into embryoid bodies and mRNA preparations were used for (A) microarray analysis and (C) quantitative real-time
RT-PCR analysis. Loss of both Hey genes causes elevated GATA4 and GATA6 mRNA levels. (B) In undifferentiated ES cells GATA4 but not
GATA6 gene expression is up-regulated in Hey1/2 double-knockout cells. For qRT-PCR analysis, expression levels were normalized to hypoxan-
thine phosphoribosyltransferase. (D) Expression of a 10.6-kb GATA4 luciferase reporter construct is significantly increased in Hey1/2-deficient
undifferentiated ES cells. n.d., not determined
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TACATG in the 0.5-kb GATA4 luciferase promoter. This
should prevent any binding of Hey factors to the mutated
element. The point mutations decreased the basal activity only
by about 25%, but Hey proteins could still repress the 0.5-kb
GATA4 promoter carrying this mutated E-box, albeit to a
somewhat lesser extent (Fig. 3D). These results suggest that
Hey proteins do not effect repression through direct binding to
their cognate target sequence, but may rather act through a
different mechanism, e.g., by sequestering other activators or
by indirect repression through other DNA-binding factors.

Basic helix-loop-helix domain of Hey1 is essential for re-
pression activity. To map the critical protein domain of Hey1
that is responsible for repression we generated different dele-
tion constructs of Hey1 that were amino-terminally fused to
enhanced green fluorescent protein. This allowed us to visual-
ize the localization of the fusion protein in transfected cells. All
deletion mutants, even those lacking the basic domain, which
contains a presumed nuclear localization signal, efficiently en-
tered the nucleus. Upon cotransfection with the 10.6-kb
GATA4 luciferase reporter plasmid the basic helix-loop-helix
domain was found to be critical for the repression activity of
Hey1 in HEK293 and HeLa cells (Fig. 4). Interestingly, the
highly conserved YRPW motif at the carboxy terminus was
dispensable for repression in this case.

Hey1, Hey2, and HeyL inhibit ANF expression in vitro. Since
Hey proteins can repress GATA4 and GATA6 expression, we
asked if the expression of GATA target genes would also be
affected by Hey1, Hey2, and HeyL. It has been shown before
that GATA4 and GATA6 can activate the ANF promoter (for
review, see reference 34). A 0.7-kb ANF promoter-luciferase
reporter was strongly up-regulated upon cotransfection with
GATA4 and GATA6 expression plasmids in HEK293 cells.
When Hey1, Hey2, or HeyL was added, a more than 90%
inhibition of GATA4/6-driven ANF promoter activity was ob-
served, even below noninduced levels (Fig. 5A).

These results may be explained by two different mechanism
of repression. First, Hey proteins may directly repress the ANF
promoter. Indeed overexpression of Hey1, Hey2, and HeyL in
HEK293 cells inhibited ANF-luciferase levels by 92%, 78%,

FIG. 3. Hey factors downregulate the GATA4 promoter.
(A) Dose-dependent repression of GATA4; 1 �g of the 10.6-kb
GATA4 luciferase reporter was coexpressed in 293 cells with empty
pCS2 plasmid or with increasing amounts (0.1, 0.25, 0.5, 0.75, and 1.0
�g) of pCS2-Hey1, -Hey2, or -HeyL expression vector. Inset: Equal
protein expression levels of Hey1, Hey2, and HeyL in luciferase ex-
periments were confirmed by Western blotting (B) Deletion analysis of
the mouse GATA4 promoter. Hey factors are able to repress the
minimal 0.5-kb promoter. (C) Mutation of the E-box CACGTG by
introducing a 25-bp oligonucleotide in the 10.6-kb GATA4 promoter
almost abolishes its basal activity. However, Hey1 can still repress this
reporter construct. (D) Mutation analysis of the 0.5-kb GATA4 pro-
moter. Destruction of the E-box by two point mutations does not
prevent repression of the GATA4 promoter by Hey factors, indicating
that Hey proteins act in a manner independent of interaction with their
proposed DNA binding site. For all experiments, basal luciferase ac-
tivity with empty pCS2 plasmid was given a value of 100%.

FIG. 4. Basic helix-loop-helix (bHLH) domain of Hey1 mediates
repression activity. (Left) Schematic drawing of Hey1 deletion mu-
tants. All mutants contained an EGFP protein at their N terminus to
visualize expression and localization. b, basic domain; HLH, helix-
loop-helix domain; O, orange domain; Y, carboxy-terminal YRPW-
TEIGAF motif. (Right) Full-length (1 to 299) Hey1 strongly represses
the 10.6-kb GATA4 promoter. Lack of the basic domain significantly
reduces repression activity and lack of the basic helix-loop-helix do-
main completely abolishes repression of GATA4-luciferase.
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and 66%, respectively (Fig. 5B), implying that Hey basic helix-
loop-helix factors may directly inhibit the ANF promoter.

A second mechanism of repression could be that Hey pro-
teins interact with GATA proteins and thereby inhibit GATA-
driven gene activation. By coimmunoprecipitation of FLAG-
tagged Hey and HA-tagged GATA4 proteins we could indeed
show that Hey1, Hey2, and HeyL directly interact with GATA4
in mammalian cells (Fig. 5C). In addition, we could also dem-
onstrate a direct protein-protein interaction between HA-
tagged Hey proteins and FLAG-tagged GATA6 (Fig. 5D).
While this work was in progress, Elagib et al. showed that Hey1
can bind directly to the amino-terminal zinc fingers of GATA1
and inhibit its function in erythropoiesis (8). In addition
Kathiriya et al. demonstrated a Hey1-GATA4 protein interac-
tion (24). Repression of GATA4-driven gene expression might
by caused by a displacement of the cognate GATA4 transcrip-
tional cofactors Friend-of-GATA Fog1 or Fog2/Zfpm2 by Hey
proteins, since Fog proteins also interact with the amino-ter-
minal zinc fingers of GATA (51, 53). This appears unlikely,
however, as overexpression of Fog1 or Fog2 in HEK293 and
Cos7 cells did not significantly alter the repression of GATA4-
driven ANF expression by Hey factors (data not shown).

Repression activity of Hey proteins is independent of his-
tone deacetylase activity and p300. It has been shown before
that Hey proteins can interact with the corepressors mSin3 and
SIRT1, which possess histone deacetylase activity (22, 50). To
determine if Hey factors mediate repression of the GATA4
and ANF promoter by recruiting histone deacetylases we
treated HEK293 cells with trichostatin A, a potent histone
deacetylase inhibitor. However, trichostatin A treatment in
doses of 0.1, 0.5, and 1.0 �M could not prevent the repression
capacity of Hey1, Hey2, and HeyL. This suggests that Hey
transcription factors act in a histone deacetylase-independent
way on the GATA4 and ANF promoter.

On the other hand, it is well known that GATA4 function is
critically dependent on binding of the transcriptional coregu-
lator p300, a protein with acetyltransferase activity (6). We
therefore asked if Hey proteins may compete with p300 for
binding to GATA4. To analyze a potential interaction we over-
expressed p300 together with Hey1 and different GATA4- and
ANF-luciferase reporters in transfected cells. However, this
did not prevent the repression activity of the Hey proteins.
Thus, our data suggest that repression of the GATA4 and ANF
promoters by Hey transcription factors is not mediated either
by recruitment of histone deacetylase activity or by interfering
with the binding of the transcriptional activator p300.

GATA4 target genes ANF and CARP are overexpressed in
Hey2-deficient hearts. Since Hey proteins inhibit GATA4 and
GATA6, loss of Hey genes may lead to increased GATA4/6
activity and this may in turn result in enhanced expression of
GATA4/6 targets such as atrial natriuretic factor (ANF). One
has to keep in mind, however, that there is redundancy among
Hey genes and Hey1 can compensate for the loss of Hey2 in

FIG. 5. Hey proteins downregulate the ANF promoter in vitro and
they interact with GATA proteins. (A) GATA4/6-driven ANF expres-
sion is repressed by Hey1, Hey2, and HeyL. HEK293 cells were trans-
fected with the ANF-luciferase reporter together with GATA4 and
GATA6 and the different Hey1, Hey2, and HeyL expression plasmids.
Basal activity with empty pCS2 vector was set to 100%. GATA4 and -6
activate the ANF promoter, which is completely blocked by Hey pro-
teins (B) In HEK293 cells, basal ANF promoter activity is repressed by
Hey1, Hey2, and to a lesser extent by HeyL. (C) Hey proteins interact
with GATA4 in mammalian cells. HEK293T cells were cotransfected
with HA-GATA4 and either FLAG-Hey1, -Hey2, -HeyL, or empty
pCS2-FLAG expression vector. After 40 h cells were lysed and protein
expression was verified by Western blotting (left). Lysates were incu-
bated with an anti-HA antibody linked to CNBr-Sepharose to pull
down HA-GATA4 and interacting proteins. After washing and sodium
dodecyl sulfate-polyacrylamide gel electrophoresis immunoprecipi-
tates were probed with anti-FLAG antibody to identify interacting
FLAG-tagged Hey proteins. This interaction is specific, as no FLAG-

Hey1 could be detected in the absence of HA-GATA4. (D) Hey
proteins interact with GATA6. FLAG-GATA6 was pulled down from
lysates of cotransfected cells with an anti-FLAG antibody bound to
protein A-Sepharose. Protein interaction with HA-tagged Hey pro-
teins is detected with an anti-HA antibody.
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places where both are coexpressed (12). Therefore, we con-
centrated our analysis on the developing heart, where Hey1 is
expressed in the atria and Hey2 in the ventricles, while the
third family member, HeyL, is not expressed in either place.
GATA4 and GATA6 show uniform expression in the fetal
heart.

Using qRT-PCR we detected no significant changes of
GATA4, GATA6, and ANF mRNA levels in Hey1-deficient
atria and ventricles, indicating that GATA4/6 activity may be
kept at correct levels by other pathways not affected by Hey1
loss. However, in Hey2 knockout hearts at stage E17.5 (6
knockouts and 10 controls) we found 4.9-fold higher (P � 0.01)
ANF levels in the ventricles (Fig. 6A). Interestingly, even at
stage E15.5 we observed 5.2-fold higher (P � 0.01) ANF levels
in Hey2 knockout ventricles, whereas in earlier stages (E9.5 to
E13.5) the amount of ANF mRNA was not significantly in-
creased. In addition, mRNA levels of cardiac ankyrin repeat
protein (CARP), another target gene of GATA4 and GATA6,
were also up-regulated 2.7-fold (P � 0.05) in the ventricles of
Hey2-deficient mice at stage E17.5. GATA4 and GATA6
mRNA levels were slightly elevated in Hey2 knockout hearts in
all stages analyzed, but this only reached statistical significance
at E11.5 for GATA4 (2.5-fold, P � 0.016) (Fig. 6B). In the
atria of Hey2 knockout hearts ANF, CARP, GATA4, and
GATA6 levels were unchanged, consistent with the ventricular
restriction of Hey2 expression. These data suggest that Hey2
limits the levels of GATA4/6-driven genes to a certain level in
the heart, while loss of Hey2 function leads to increased ANF
and CARP levels.

Ectopic expression of ANF in the compact layer of Hey2
knockout hearts. To determine which of the cardiac cells pro-
duce elevated amounts of ANF and CARP in embryonic Hey2
knockout hearts we employed RNA in situ hybridization on
whole hearts and on paraffin sections. Interestingly, Hey2 ex-
pression is limited to the compact myocardial layer in E17.5
mouse embryo hearts, a fact not mentioned in previous expres-
sion pattern analyses (5, 29). This restriction to the compact
layer can already be seen at earlier stages, e.g., at E12.5 (Fig.
7D). In control embryos CARP, GATA4, and GATA6 showed
uniform expression throughout the myocardium, whereas ANF

was detected in the atria and only the trabecular layer of both
ventricles. Thus, in wild-type ventricles ANF and Hey2 expres-
sion domains are completely separate, with Hey2 in the com-
pact and ANF in the trabecular layer (Fig. 7A and B). In Hey2
knockout hearts, however, there was a strong ANF expression
detectable in the compact layer of the anterior and posterior
wall of the left ventricle (Fig. 7E to H). Thus, loss of Hey2
leads to ectopic expression of the GATA4 and GATA6 target
gene ANF in the compact ventricular layer.

DISCUSSION

The Notch signaling pathway regulates many aspects of car-
diovascular development (1) and our recent data showed that
Hey genes are the primary mediators during these processes
(9). However, there is very little insight into the molecular
mechanism of how Hey proteins regulate their target genes.
Our study extends prior evidence that Hey proteins act as
transcriptional repressors. It appears that this effect is at least
to some extent not mediated via classical E box binding, but
through interaction with other transcription factors. We could
show that GATA4, GATA6, ANF, and CARP are up-regulated
after loss of Hey factors in vitro and in vivo. In addition, the
elevated levels of GATA target genes that we have found in
Hey2-deficient hearts can explain some of why these mice
develop fatal cardiac hypertrophy.

Genetic redundancy can pose severe problems in the search
for target genes of a transcription factor family. Our analysis of
Hey1/2 double-knockout mice revealed a strong redundancy
between these genes, at least in endothelial cells (12). The
comparison of Hey1�/� with Hey1�/� cells on a Hey2�/�

background eliminates such potential compensatory mecha-
nisms. This was achieved through the use of conditional Hey1
knockout mice. These mice will be a valuable tool in the future
when combined with tissue-specific or inducible Cre trans-
genes in adult animals. For the current study, however, we
employed the floxed Hey1 allele to establish Hey1fl/fl/Hey2�/�

ES cell lines that were in turn used to create paired cell lines
representing the Hey2 single-knockout situation and Hey1/2
double deficiency. These lines are ideally suited for compara-
tive microarray expression analysis since they are derived from
the same parental cells under identical conditions, ruling out
variability between independently generated lines.

GATA factor genes are regulated by Hey genes. Among the
genes that are differentially regulated between embryoid bod-
ies from single- and double-knockout cells were the zinc finger
transcription factors GATA4 and GATA6, which are known as
key cardiac regulators. They have been shown to activate tran-
scription of numerous cardiac genes, such as the ANF, BNP,
CARP, myosin light chain, and myosin heavy chain genes (41).
GATA4 up-regulation was already seen in two independent
Hey1/2 double-knockout ES cell lines compared to their
Hey2�/� control lines. These data are functionally rather in-
triguing as it has been shown that transgenic GATA4 overex-
pression in cardiomyocytes leads to cardiac hypertrophy (31).
Hey2-deficient hearts also develop massive cardiac hypertro-
phy shortly after birth suggesting that this hypertrophy in Hey2
knockout mice may at least in part be caused by elevated levels
of GATA factors.

Despite the great interest in GATA4 as one of the best

FIG. 6. Expression levels of ANF, CARP, GATA4, and GATA6
mRNAs in Hey2�/� hearts. Endogenous mRNA levels of GATA4,
GATA6, and the GATA target genes ANF and CARP were measured
by qRT-PCR in ventricles of wild-type and Hey2�/� fetal hearts and
normalized to expression of the housekeeping gene hypoxanthine
phosphoribosyltransferase (Hprt). (A) Elevated mRNA levels of
GATA4/6 target genes ANF and CARP in Hey2-deficient hearts at
embryonic stage E17.5. (B) Relative changes of GATA4 and GATA6
mRNAs in Hey2 knockout hearts versus wild-type controls. GATA4
and -6 are up-regulated in Hey2�/� hearts, but only at E11.5 does this
reach statistical significance for GATA4 (*, P � 0.05).
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studied cardiac regulators, very little is known about factors
that drive GATA4 expression in vivo. Only for the zebrafish
GATA4 gene have T-box binding sites been identified as es-
sential for cardiac activity (17). In our transfection studies, all
Hey proteins strongly repressed the GATA4 promoter. The
basic domain of Hey1 appears to be most important for this
effect since deletion of the amino-terminus with or without the
helix-loop-helix domain almost abolishes repression activity.
Most surprisingly, the evolutionarily conserved carboxy termi-
nus may not be important in this context. This agrees with
previous findings by Iso et al. (22), who also mapped the
critical region for repression by Hey2-GAL4 fusion proteins to
the basic helix-loop-helix domain.

In previous studies we and others could show that Hey
proteins can bind to DNA at the E-box sequence CACGTG
(11, 21, 40). This element is found only once in the 10.6-kb
GATA4 promoter, but its mutation only partially reduced Hey
repression activity. Our results imply that Hey proteins, at least
to some extent, repress GATA4/6 transcription indirectly
through protein-protein interaction with another transcription
factor. Indeed, it has been shown before that Hey proteins can
repress transcription by interfering with heterodimer forma-

tion of transcription factors such as MyoD/E47 and ARNT/
EPAS1 (5, 49).

Effects of Hey proteins on the ANF promoter. Given the
clear repression of the GATA4 promoter by Hey proteins and
the elevated expression of GATA genes after Hey1/2 deletion
in our embryoid bodies, we speculated that a similar effect
might be seen for GATA target genes. We indeed found a
strong induction of ANF in Hey1/2 double-knockout embryoid
bodies. ANF is a key regulator of electrolyte and body fluid
homoeostasis, and it is expressed from the earliest stage of
heart development in both atria and ventricles. Around birth,
expression is switched off in the ventricles, whereas atrial ex-
pression remains high throughout adulthood (2, 58). In re-
sponse to chronic volume or pressure overload, ANF expres-
sion is reactivated (42) and represents a molecular hallmark of
cardiac hypertrophy. Therefore, understanding the regulation
of ANF expression should provide valuable insights into the
pathophysiology of cardiac hypertrophy and high blood pres-
sure, two very common human diseases.

The transcription factors GATA4, GATA6, Nkx2.5, Tbx5,
MEF2, and serum response factor are well described activators
of the ANF promoter (for a summary see reference 39), while

FIG. 7. Expression of Hey2, ANF, and GATA4 in wild-type and Hey2 knockout hearts. Transverse sections show Hey2 expression in the
compact layer of the ventricular myocardium (A and D), whereas ANF has a complementary expression pattern with strong expression in both atria
and the trabecular layer of both ventricles of control hearts (B). (E) In Hey2 knockout hearts there is ectopic expression of ANF in the compact
myocardium of the left ventricle (arrow). GATA4 expression is found ubiquitously in the myocardium of both wild-type and Hey2�/� (C and F).
(G and H) Whole-mount in situ hybridization of wild-type (left) and Hey2�/� (right) hearts. Anterior (G) and posterior (H) views show ectopic
ANF expression (arrowheads) in the compact compartment of the left ventricular wall. All hearts are derived from embryos at stage E17.5 except
for (D), which is E12.5. a, atrium; v, ventricle; tra, trabecular layer; com, compact layer.
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Tbx2 and HOP are known to be repressors (4, 16, 47). Our
data add the Hey factors to the group of ANF repressors. Hey
proteins may repress the ANF promoter activity indirectly
through inhibition of GATA gene expression, but there seems
to be an even stronger and direct effect on GATA4/6-driven
transcriptional activation. Furthermore, we found a down-reg-
ulation of the ANF-luciferase reporter in HEK293 cells even in
the absence of exogenous GATA factors. The latter is in con-
trast to the results of Kathiriya et al., who found no direct ANF
repression by Hey factors in HeLa cells (24). This obvious
discrepancy may be due to differences in cellular context, since
we could just barely detect any ANF-luciferase activity in these
cells. The ANF promoter even contains potential binding sites
for Hey factors, but we cannot rule out that the ANF promoter
is driven by GATA4/6 only in 293 cells, where forced Hey
expression interferes with GATA-dependent activation.

An indirect mode of repression through complex formation
with unrelated activating factors appears rather unusual for
classical basic helix-loop-helix factors such as Hey proteins.
Nevertheless, it has been shown very recently that Hey pro-
teins, after induction through c-Jun, inhibit GATA1 and
GATA2 transcriptional activity through binding to one of its
zinc fingers in K562 cells (8). This GATA1-Hey1 complex
could still bind to a minimal GATA-dependent promoter lack-
ing any E-box sequences. While this manuscript was in prep-
aration, Kim et al. (25) provided evidence that the transcrip-
tion factor jumonji can also repress ANF expression. Again
this is apparently not mediated by direct DNA binding, but by
protein-protein interaction with GATA4 and Nkx2.5. These
factors can still bind to the ANF promoter but are devoid of
transcriptional activity when jumonji is bound. These observa-
tions parallel very nicely the way in which Hey proteins seem to
act on the ANF promoter.

The nature of the alteration in transcriptional properties of
GATA factors remains unclear, however. Fog proteins are
critical coregulators that also interact with the amino terminal
zinc finger of GATA factors. In the developing heart Fog2
expression overlaps with GATA4,5,6 and Fog2�/� embryos die
between E12.5 and E15.5 with complex cardiac defects (52). It
has been reported that Fog2 can either activate or repress
GATA4 function, depending on cell type and p300 levels (19,
32). It is conceivable that the Hey and Fog proteins compete
for GATA binding. Our data do not support this model, how-
ever, as forced expression of Fog did not alter the repression of
GATA-driven ANF expression by Hey factors. In addition, we
also ruled out the possibility that Hey proteins interfere with
the transcriptional coactivator p300.

Consistent with our data, Elagib et al. provided evidence
that Hey1 acts in a Fog-independent manner on GATA1 (8).
Another mode of action for Hey proteins would be through
histone modification. It was shown that Hey proteins can re-
cruit corepressors such as N-Cor or the histone deacetylase
complex mSin3 (22). These proteins can modify the chromatin
structure and decrease the expression of the affected genomic
regions. However, we found an unaltered repression capacity
of Hey factors when we blocked histone deacetylase activity
with trichostatin A, leaving open the mode of action of Hey
proteins in this case.

Hey2 effects in vivo. Our finding that ANF is ectopically
expressed in the compact myocardial layer of Hey2 knockout

mice further extends our in vitro data that Hey2 is a repressor
of ANF expression. It is interesting that in the embryonic heart
ANF and Hey2 are expressed in different compartments of the
ventricles, with Hey2 in the compact and ANF in the trabec-
ular layer. Around birth, expression of both genes is switched
off in the ventricle. Therefore it is tempting to speculate that a
physiological function of Hey2 is to prevent ANF activation in
the compact layer. Although the changes in GATA4 and
GATA6 mRNA levels in Hey1- or Hey2-deficient hearts did
not reach statistical significance in most of the embryonic
stages analyzed, it is interesting that GATA4 and -6 were
up-regulated about twofold in Hey2-deficient hearts around
E11.5. This misregulation might be involved in the develop-
ment of ventricular septal defects, as septation of the ventricles
begins during this time. The elevated ANF mRNA levels we
found in older Hey2 knockout hearts cannot be explained by
increased amounts of GATA4/6, however, the loss of func-
tional repression of GATA factors on the protein level should
suffice to explain the elevated ventricular ANF expression in
Hey2 mutants.

Our findings of increased GATA4 and GATA6 levels in
embryoid bodies are very intriguing not only for cardiac but
also for blood vessel development. Hey1/2-deficient mice die
due to severe defects in blood vessel formation and the spec-
ification of arteries. GATA6 is known to be expressed in arte-
rial smooth muscle cells (35) and it regulates genes for the
synthetic function of vascular smooth muscle cells (30). Hey2/
CHF1 has also been shown to regulate vascular smooth muscle
cell proliferation and migration (45) and it is tempting to
speculate that GATA factors are misregulated in the develop-
ing vasculature of Hey1/2 double-knockout embryos. We in-
deed found an up-regulation of GATA4 and GATA6 in the
yolk sacs of these mutants, but this effect did not fully reach
statistical significance (A. Fischer and M. Gessler, unpublished
data).

Based on our current findings, it should be quite revealing to
generate and analyze conditionally Hey-overexpressing mice in
the future. Forced Hey2 expression in the entire myocardium
may repress GATA-dependent genes in the trabecular layer of
the developing heart or generally at later stages of life, when
the endogenous Hey2 locus has long been silenced. It will also
be interesting to test if temporary Hey induction slows down
the development of cardiac hypertrophy in mouse model sys-
tems.
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