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Disruption of myocardial Gata4 and Tbx5 results
in defects in cardiomyocyte proliferation
and atrioventricular septation
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Mutations in GATA4 and TBX5 are associated with congenital heart defects in humans. Interaction between
GATA4 and TBX5 is important for normal cardiac septation, but the underlying molecular mechanisms are not
well understood. Here, we show that Gata4 and Tbx5 are co-expressed in the embryonic atria and ventricle,
but after E15.5, ventricular expression of Tbx5 decreases. Co-localization and co-immunoprecipitation studies
demonstrate an interaction of Gata4 and Tbx5 in the developing atria and ventricles, but the ventricular inter-
action declines after E14.5. Gata4*’~ ;Tbx5"/~ mouse embryos display decreased atrial and ventricular myocar-
dial thickness at E11.5, prior to cardiac septation. To determine the cell lineage in which the interaction was
functionally significant in vivo, mice heterozygous for Gata4 in the myocardium or endocardium and heterozy-
gous for Tbx5 (Gatad"oPe", Thx5+/~ and Gata4="9°Pe""!; Thx5"/~, respectively) were generated. Gata4voPe!™t,
Tbx5"/~ mice displayed embryonic lethality, thin myocardium with reduced cell proliferation, and atrioven-
tricular septation defects similar to Gata4; Tbx5 compound heterozygotes while Gata4t"9°Pe/wt, Tpx5+/~
embryos were normal. Cdk4and Cdk2, cyclin-dependent kinases required for myocardial development and sept-
ation werereduced in Gata4*/~ ;Tbx5"/~ hearts. Cdk4 is aknown direct target of Gata4 and the regulation of Cdk2
in the developing heart has not been studied. Chromatin immunoprecipitation and transactivation studies dem-
onstrate that Gata4 and Tbx5 directly regulate Cdk4 while only Tbx5 activates Cdk2 expression. These findings
highlight the mechanisms by which disruption of the Gata4 and Tbx5 interaction in the myocardium contributes
to cardiac septation defects in humans.

INTRODUCTION

Congenital heart disease (CHD) is the most common type of
human birth defect with an incidence of 8—9 per 1000 live
births (1). CHD may involve a variety of cardiac structures,
and cardiac septal defects are the most common type of CHD
(2). CHD is the result of perturbation of well-conserved develop-
mental pathways that regulate heart development (3,4). The
precise etiologies for CHD remain unknown, but ~80% of
CHD is proposed to have a multifactorial etiology involving a
combination of genetics and environmental factors (5).

Cardiac morphogenesis is a complex process regulated by nu-
merous highly conserved transcription factors including Gata4
and Tbx5 (6,7). While mutations in these genes have been reported

to cause a spectrum of heart malformations in humans, they are
most commonly associated with defects of cardiac septation
(8,9). Gata4 encodes for a zinc finger transcription factor while
Tbx5 encodes a T-box transcription factor. Both are expressed in
the developing heart and are critical for multiple events during
heart development (10,11). We previously linked mutations in
GATA4 to cardiac septation defects in humans by studying large
families with autosomal-dominant disease (9). In one family
with 17 affected family members, we identified a disease-causing
point mutation in GATA4 that disrupted a novel interaction with
TBX5, which is the etiology of Holt—Oram syndrome that is char-
acterized by defects in cardiac septation (8). Of note, this disease-
causing glycine to serine mutation at codon 296 (G296S) has been
associated with a similar cardiac phenotype by other investigators
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(12,13). Furthermore, Gata4 and Tbx5 demonstrated a physical
interaction in vitro, synergistically activated downstream target
genes and exhibited a genetic interaction in vivo, suggesting that
these transcription factors regulated a gene program critical for
cardiac septation (9,14,15).

The molecular mechanisms underlying the cardiac septation
defects that occur in the setting of these transcription factors
mutations remain unclear. Mice harboring the highly penetrant
Gata4 disease-causing G296S mutation demonstrated subtle
defects in atrial septation and also exhibited abnormal cardio-
myocyte proliferation. This phenotype was postulated to be sec-
ondary to the lack of interaction with Tbx5 (16). Mice which are
compound heterozygotes for both Gata4 and Thx5 display a
complex phenotype of embryonic lethality secondary to myocar-
dial hypoplasia and atrioventricular septal defects (AVSD) dem-
onstrating the importance of dosage for these two transcription
factors during heart development and suggesting that they regu-
late common molecular pathways critical for normal cardiac
morphogenesis (14).

Here, we show that Gata4 and Tbx5 are co-expressed in the atria
from embryonic day (E)11.5 to postnatal day (P)7, but ventricular
expression of TbxS5 is reduced at late embryonic and postnatal
stages. In vitro and in vivo assays demonstrate the interaction of
Gata4 and Tbx5 in the atria at E11.5 and E14.5; however, this
interaction is diminished in the left ventricle at E14.5. Analysis
of Gata4,;Thx5 compound heterozygote embryos demonstrate a
thin ventricular myocardium starting at E11.5 prior to atrioven-
tricular septation. To define the cell lineage in which Gata4 and
Tbx5 exhibit a functional interaction, we generated Gata4, Tbx5
compound mutant mice in which Gata4 was heterozygous in
either the myocardium or endocardium and 7bx5 was heterozy-
gous in all lineages. Heterozygous deletion of myocardial Gata4
in the setting of Thx5 haploinsufficiency resulted in AVSD and
a thin myocardium with associated cardiomyocyte proliferation
deficits. Additional experiments find downregulation of Cdk2
and Cdk4 mRNA in Gata4™’ “;Thx5 += embryonic hearts. Chro-
matin immunoprecipitation (ChIP) and transactivation assays
demonstrate that both Gata4 and Tbx5 regulate Cdk4 expression
while only Tbx5 activates Cdk2. These studies show the import-
ance of Gata4 and Tbx5 for myocardial proliferation in the devel-
oping heart and suggest that reduced cardiomyocyte proliferation
may contribute to abnormal atrioventricular septation.

RESULTS

Gata4 and TbxS expression during heart development

Gata4 and Tbx5 have been shown to play various roles at different
stages of cardiac morphogenesis. Therefore, to determine the
precise expression of Gata4 and Tbx5 in atria and ventricle of
developing heart, we examined the protein expression of Gata4
and Tbx5 in the murine atria and ventricle by western blot from
E11.5 to P7. Surprisingly, we found that Tbx5 expression level
begins to diminish only in the ventricle at E15.5; however, the
atrial expression is maintained in the postnatal heart (Fig. 1A and
B). Gata4 was expressed in both the atria and ventricle during
these timepoints (Fig. 1A and B). To determine the chamber-
specific expression of these transcription factors, we assayed
Gata4 and Tbx5 expression by immunohistochemistry at E11.5
and E15.5. Gata4 was expressed in both the atrial and ventricular

myocardium at both timepoints (Fig. 1C, D and G—N). At E11.5,
Tbx5 was predominantly expressed in both atria and left ventricle
with lower levels of expression noted in the right ventricular myo-
cardium (Fig. 1E and O—R). At E15.5, expression of Tbx5 was
nearly absent in both ventricles (Fig. 1F and S—V). Of note, both
Gata4 and Tbx5 were expressed in the developing atrioventricular
cushions at E11.5, but at E15.5, only Gata4 was expressed
(Fig. 1C—F). A similar expression pattern was noted in the endocar-
dium where Gata4 and Tbx5 were both expressedat E11.5, but only
Gata4 expression was noted at E15.5 (Fig. 1C—F).

Co-localization and interaction of Gata4 and Tbx5 in the
developing atria and ventricle

Our expression studies demonstrated that Gata4 and Tbx5 are
both expressed in the atria throughout development; however,
in the ventricle, they show similar expression patterns only in
the left ventricle until E15.5. To determine whether Gata4 and
Tbx5 were co-localized in the developing myocardium, we per-
formed immunofluorescence staining of Gata4 and Tbx5 at
E11.5 and E14.5. Gata4 and Tbx5 were found to co-localize in
the nucleus of atrial (arrow in Fig. 2A—C) and ventricular cardi-
omyocytes (arrow in Fig. 2G—I) at E11.5, and in the atrial cardi-
omyocytes at E14.5 (arrow in Fig. 2D—F). However, the
co-localization was not seen in the left ventricle at E14.5
(Fig. 2J-L). In the endocardium and endocardial cushions, we
noted co-expression of Gata4 and Tbx5 at E11.5 but only in
the atrial endocardium was this co-expression maintained at
E14.5 (Supplementary Material, Fig. S1 and Fig. 2A—L). To de-
termine whether Gata4 and Tbx5 physically interacted in the
developing heart in vivo, we performed co-immunoprecipitation
experiments. Immunoprecipitation was performed with Tbx5
followed by immunoblotting with Gata4 and demonstrated an
in vivo Gata4 and TbxS5 interaction in the E11.5 and E14.5
atria and in the E11.5 ventricle (Fig. 2M). This interaction was
significantly weakened in the E14.5 ventricle and was consistent
with our immunofluorescence studies (Fig. 2M). A Duolink
assay, which allows for visualization of protein interactions in
tissue, was also performed to assess the chamber-specific inter-
action of Gata4 and TbxS5 in vivo (see Materials and Methods for
additional details). The Duolink assay indicated an interaction of
Gata4 and Tbx5 in vivo in the E11.5 right and left atria and to a
lesser extent in the left ventricle (Fig. 2N—S). No evidence of
interaction was noted in the right ventricle and atrioventricular
cushions at E11.5 (asterisk in Fig. 2P and R).

Development of myocardial hypoplasia in Gata4; Tbx5
compound heterozygote embryos occurs prior to
defects in atrioventricular cushions

We previously reported that Gata4, Thx5 compound heterozygote
mice showed embryonic lethality starting at E15.5 and had myo-
cardial hypoplasia with a complete AVSD (14). To define the
underlying mechanisms for these cardiac phenotypes, we serially
examined Gata4, Thx5 compound heterozygote embryos at earlier
timepoints. Quantitative measurement of the atrial and ventricular
myocardial walls was performed using histologic sections from
E11.5, E12.5 and E13.5 embryos that were immunostained with
anti-myosin heavy-chain antibody to delineate the embryonic
myocardium.
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Figure 1. Cardiac expression of Gata4 and Tbx5 in the developing embryo and neonate. Protein expression of Gata4 and Tbx5 in the murine atria (A) and ventricle (B)
during different embryonic and postnatal stages by immunoblot. Actin expression is shown as loading control. Immunohistochemistry for Gata4 (C, D and G-N) and
Tbx5 (E, F and O—V) on coronal sections of the embryonic heartat E11.5 (C, E, G-Jand O—R) and E15.5 (E, F, K—N, S—V). Expression of Gata4 is found in the atrial
and ventricular endocardium and myocardium at E11.5 and E15.5, while TbxS5 is predominantly expressed in both atrial and left ventricular endocardium and myo-
cardium at E11.5 and becomes restricted to the atria at E15.5. (G—J), (K—N), (O—R) and (S—V) represent high-magnification images of (C), (D), (E) and (F), respect-
ively. RA, right atrium; LA, left atrium; RV, right ventricle; LV, left ventricle. Scale bars indicate 200 wm.
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Figure 2. Gata4 and Tbx5 are co-expressed and physically interact during heart development. Immunofluorescent staining for Gata4 (A, D, G and J) and Tbx5 (B, E, H
andK)inE11.5 (A—Cand G—1I) and E14.5 (D—F and J-L) atria and left ventricle demonstrates co-localization in the E11.5 atria and ventricle and E14.5 atria but not
inthe E14.5 left ventricle (L). Arrows highlight nuclear co-localization. (M) Immunoprecipitation (IP) with Tbx5 antibody demonstrates an interaction with Gata4 on
immunoblot (IB) in E11.5 atria and ventricle and E14.5 atria. Interaction is decreased in the E14.5 ventricle. Actin expression is shown as loading control. (N, P and R)
Duolink assay on histologic sections of E11.5 atria and ventricle demonstrates the decreased signal in the ventricle as compared to the atria. Corresponding DAPI
staining is shown in blue (O, Q and S). *, highlights lack of interaction in atrioventricular cushions. RA, right atrium; LA, left atrium; RV, right ventricle; LV, left

ventricle. Scale bars indicate 200 pm.

We found a significant decrease in the atrial and ventricular myo-
cardial wall thickness of Gata4,;Thx5 compound heterozygotes
starting at E11.5 when compared with wild-type as well as single
heterozygote littermates (Fig. 3). Interestingly, the Gata4™'~ and
Thx5""~ embryos also demonstrated modest levels of myocardial
thinning at all three timepoints when compared with wild type
(Fig. 3). Quantification of the endocardial cushions demonstrated
a subtle but significant decrease in atrioventricular cushion cell
number in Gata4,Tbx5 compound heterozy/gote embryos at E11.5
but this was not different from the Gata4™~ and Thx5"~ single
heterozygote embryos (Supplementary Material, Fig. S2A).
After E12.5, the cushion hypoplasia was more severe in the
Gata4, Thx5 compound heterozygotes (Supplementary Material,
Fig. S2B-C). The dorsal mesenchymal protrusion (DMP) has
also been shown to be critical for proper atrioventricular septation
(17-20). Histologic examination of Gata4,;Thx5 compound het-
erozygote E11.5 embryos demonstrated the absence of the DMP
(n = 3/3, Supplementary Material, Fig. S3), but as described,
the DMP was also not found in a subset of 7bx5 heterozygote lit-
termates (n = 2/3), which do not display an AVSD phenotype
(19). The DMP appeared normal in wild-type and Gata4 heterozy-
gote littermates at E11.5 (Supplementary Material, Fig. S3).
Based on these observations, the lack of DMP alone could not
account for the AVSD phenotype found in Gata4, Thx5 compound
heterozygotes.

In vivo analysis of cell lineage requirements for
Gata4-ThxS interaction in cardiac morphogenesis

To determine the functional interaction between Gata4 and Tbx5
in different cell lineages in vivo, we generated mice that were
compound heterozygotes for the 7hx5-null allele and a cell
lineage-specific deletion of Gata4. To perform these studies, we
first generated mice that were heterozygote for a 7hx5-null
allele and a tissue-specific Cre. Lineage-specific deletion of the
Gata4 was performed by crossing these mice (7bx5" " ;Cre™)
with mice harboring a floxed Gata4 allele (21). Tissue-specific
deletion was obtained by using Cre under the regulation of
Tie2, which is predominantly expressed in the endocardium and
endothelium and alpha-myosin heavy-chain (a-MHC), which is
specific for the late embryonic myocardium (starting after E9.5)
(22,23). While expected Mendelian ratios were found for
Gatad"™™': aMHC-Cre™; Tbx5"~ embryos, which are heterozy-
gous for Gata4 and Tbx5 in cardiomyocytes (Gatad™°P</"":
Thx5%7) between E11.5-E15.5, the Gata4™°PM' Thx5+~
were embryonic lethal (Fig. 4A and data not shown). Histologic
examination demonstrated a thin myocardium and an AVSD at
E14.5-E15.5, similar to the Gata4;Tbx5 compound heterozy-
gotes (Fig. 4B). Immunohistochemistry for Gata4 demonstrated
a reduction of Gata4 expression specifically within the atrial and
ventricular myocardium in Gata4™”°P“*'; Thx5"'~ embryos in
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Figure 3. Thin myocardium in Gata4,; Thx5 compound mutant embryos develops as early as E11.5. (A—C) Coronal sections through the embryonic heartat E11.5,E12.5
and E13.5 are shown. Sections are stained with a-MHC to label cardiomyocytes. Decreased atrial and ventricular myocardial wall thickness in Gata4, Thx5 compound
heterozygotesat E11.5 (A), E12.5 (B) and E13.5 (C) when compared with littermates. (D—F) Quantitative analyses of wall thickness in the atria and compact ventricular
layer are shown. WT, wild type; RA, right atrium; LA, left atrium; RV, right ventricle; LV, left ventricle. * P value <0.05. Scale bars indicate 200 p.m.

comparison with wild-type littermates (Supplementary Material,
Fig. S4). Immunofluorescence for phospho-histone 3 (PH3), a
mitosis marker, demonstrated reduced myocard1a1 proliferation
both in atrial and ventricular myocardium in Gata4*>°Pe"*";
Tbx5"~ at E14.5 (Fig. 4C-0). Analysis of the Gatad"™™"
Tie2-Cre™t; Thx5%'~ mice, which are heterozygous for Gata4
and TbxS5 in the endocardium (Gata4“"*P*"*: Thx5"'~) showed
no obvious embryonic lethality, cardiac phenotype or myocardial
proliferation deficits (Supplementary Material, Fig. S5). These
studies suggested that heterozygous loss of Gata4 and Tbx5
in the myocardium results in myocardial proliferation deficits
that contribute to a thin myocardial wall and also to defects in
atrioventricular septation.

Gata4 and TbxS5 regulation of Cdk4 and Cdk2

Our data suggested that cardiomyocyte proliferation deficits
may underlie the cardiac morphogenetic defects that are found

in Gata4;Tbx5 compound heterozygote embryos and that myo-
cardial Gata4 is required for both the proliferation deficits and
AVSD phenotypes. Consistent with this, mice that are null for
Cdk2 and Cdk4, cyclin-dependent kinases important for cell pro-
liferation, display similar cardiac phenotypes (24,25). We exam-
ined the expression of Cdk2 and Cdk4 mRNA in Gata4, Thx5
compound heterozygote hearts by qRT-PCR and found
decreased levels of Cdk2 and Cdk4 when compared with wild-
type and single heterozygote littermates (Fig. 5A). While it has
been previously reported that Gata4 functions as a direct tran-
scriptional activator of Cdk4, the role of TbxS5 in the regulation
of Cdk4 or the regulation of Cdk2 by either Gata4 or Tbx5 has
not been studied (26). We examined the proximal upstream
sequences, 1 kb upstream of transcriptional start site (tss) of
murine Cdk4 (NM_009870) and Cdk2 (NM_016756) for poten-
tial binding sites of Gata4 and Tbx5. We identified two potential
GATA-binding sites (— 180 and — 659 bp upstream of tss) in the
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Figure 4. Myocardial hypoplasia, atrioventricular septal defects, decreased cardiomyocyte proliferation in embryos with myocardial deletion of Gata4 and Thx5 hap-
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and histologic sections through E14.5 heart are shown. Gata4*2°P'* . Tpx 5+~ (Gatad""; Tbx5""~ ; aMHC-Cre™) mutant displays a thin myocardium and an atrio-
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Cdk4 upstream sequence, which have been previously described
(Fig. 5B) (26). In addition, one putative TBXS5-binding site
(—280 bp upstream of tss) was also noted (Fig. 5B) (27). In con-
trast, Cdk2 has two potential TBX5-binding sequences (—340
and —610 bp upstream of tss) within the promoter proximal
region (Fig. 5C). Therefore, we performed ChIP assays using
E13.5 whole embryonic hearts to determine whether these two
transcription factors directly bound to the proximal promoters
of these cell-cycle genes. Gata4 and Tbx5 antibodies were
used to pull down the associated genomic DNA followed by tar-
geted amplification of Cdk4 and Cdk2 promoter regions contain-
ing putative GATA and TBXS5-binding sites. Using ChIP,
enrichment of the promoter sequence for Cdk4 was found
when immunoprecipitation was performed using a Gata4 anti-
body, as previously described in P19CL6 cells (Fig. 5B) (26).

Interestingly, we also detected a notable enrichment of Cdk4
promoter sequence when the chromatin was immunoprecipi-
tated with the Tbx5 antibody suggesting a potential cooperative
role for Gata4 and TbxS5 in the regulation of Cdk4 (Fig. 5B). The
cooperativity of Gata4 and Tbx5 for Cdk4 activation was shown
by performing transactivation assays using the previously pub-
lished murine Cdk4 promoter in HeLa cells, which contains
two GATA and one Tbx5-binding sites, as described above
(26). Transfection of Gata4 increased luciferase activity by
6-fold compared with the cells transfected with empty vector,
as previously published, and Tbx5 by itself had no increased
transactivation ability (Fig. 5SD). Interestingly, co-transfection
of Gata4 and TbxS5 significantly increased activation when com-
pared with Gata4 alone, suggesting the synergistic activation of
Cdk4 by Gata4 and TbxS5, potentially by a direct interaction
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Figure 5. Regulation of Cdk4 and Cdk2 by Gata4 and Tbx5. (A) Decreased mRNA expression of Cdk4 and Cdk2 in E11.5 Gata4,; Thx5 mutant hearts as measured by
qRT-PCR. *P value < 0.05 in comparison with wild type; #P value < 0.05 comparison between single heterozygotes and double heterozygotes. (B) Schematic
representation of the sequence of upstream Cdk4 containing two putative GATA-binding sites and one putative TBX5-binding site. ChIP of E13.5 murine hearts
demonstrated enrichment of Cdk4 promoter region with immunoprecipitation with Gata4 or Tbx5 when compared with IgG control. (C) Schematic representation
of the sequence of upstream Cdk2 containing two putative TBX5-binding sites. ChIP of E13.5 murine hearts demonstrated enrichment of Cdk2 promoter region
with immunoprecipitation with Tbx5 when compared with IgG control. Inp, input. (D) Luciferase reporter assay using the murine promoter of Cdk4 demonstrate
that murine Gata4 protein activates the reporter but Tbx5 does not. Inaddition, synergistic activation is seen with transfection with both Gata4 and Tbx5. (E) Luciferase
reporter assay demonstrates that Tbx5 activates Cdk2 promoter in a dose-dependent manner. Luciferase activity is normalized to B-galactosidase. *P value < 0.05
when compared with empty vector; P value < 0.05 comparison between Gata4 alone and Gata4 with TbxS5.

between Gata4 and Tbx5 (Fig. 5D). Further, knockdown of
Gata4 and Tbx5 using siRNA in primary cardiomyocytes from
E11.5 embryos resulted in decreased expression of Cdk4 and
reduced proliferation (Supplementary Material, Fig. S6).
Similar assays were performed for Cdk2 to investigate the pos-
sible role of Gata4 and Tbx5 on the activation of Cdk2. ChIP
assays demonstrated enrichment of the promoter region of
murine Cdk2 only with immunoprecipitation using Tbx5 anti-
body (Fig. 5C). Not surprisingly, no enrichment was found
when immunoprecipitation was performed with the Gata4 anti-
body as there were no GATA-binding sites within the 1 kb up-
stream sequence of Cdk2. In luciferase reporter assays, we
detected a significant activation of Cdk2 promoter when cells
were transfected with Tbx5 in comparison with the empty
vector (Fig. SE). Examination of published ChIP-seq datasets
for Gata4 and Tbx5 demonstrated only similar findings for
Tbx5 regulation of Cdk4, but the majority of these studies
have been performed in adult cardiomyocytes or HL-1 cells,
potentially accounting for the differences (Supplementary
Material, Fig. S7). Together, the combination of our ChIP and
luciferase assays demonstrates that Gata4 and Tbx5 can
activate the transcription of Cdk4 while only TbxS5 is a regulator
of Cdk2.

DISCUSSION

Gata4 and Tbx5 play important roles during heart development
and mutations in these genes predominantly cause congenital
cardiac septation defects in humans (8—11). Here, we have per-
formed detailed expression studies and demonstrated that Gata4
and Tbx5 are co-expressed in the developing atria and ventricle
until E15.5, after which ventricular expression of Tbx5
decreases. Consistent with this, in vitro and in vivo analysis
demonstrates physical interaction of Gata4 and Tbx5 throughout
atrial development but a diminished ventricular interaction after
E14.5. Staged analysis of Gata4, Tbx5 compound heterozygote
embryos demonstrated that myocardial abnormalities starting
at E11.5 occurred prior to the loss of atrioventricular cushion
cells. In vivo studies demonstrate that heterozygous deletion of
myocardial Gata4 in the setting of 7bx5 haploinsufficiency
(Gata4™°Pe"™ . Thx57) leads to cardiomyocyte proliferation
defects with associated AVSDs that are seen in Gata4,Thx5
compound heterozygote mice. Furthermore, we found reduced
expression of the cell proliferation genes, Cdk2 and Cdk4, in
Gata4™ ™ :Thx57'~ mutant hearts and demonstrated that
Gata4 and Tbx5 regulate Cdk4 and Cdk2 expression. These
studies demonstrate the importance of Gata4—Tbx5 in the
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cooperative regulation of cardiomyocyte proliferation in the
developing embryo and that suggests a role for myocardial
Gata4 and TbxS5 in atrioventricular septation.

Numerous transcriptional and signaling pathways have been
described which direct discrete aspects of cardiac morphogenesis
(3,6,7). The mechanisms by which these cardiac morphogenetic
events are regulated appear to be via cardiac transcription
factors including Gata4, Tbx5 and Nkx2.5, which are well
described to function together during heart development and
also during cardiac regeneration (28). These three transcription
factors have been shown not only to regulate common down-
stream target genes but also physically interact (9,29-31).
While these factors are arguably the best studied, additional tran-
scription factors, such as Srf, Mef2a, Mef2c among others, also
play critical roles (33,33). Our data further define how Gata4
and Tbx5 function together during heart development. While it
has been shown that Gata4 and Tbx5 are required for cardiomyo-
cyte differentiation, we specifically show that proper levels of
Gata4 and TbxS5 in the developing myocardium are required for
cardiomyocyte proliferation during later stages of heart develop-
ment. In addition, our data suggest that DNA-binding by Tbx5
may not be required for the cooperative regulation of common
downstream target genes by Gata4 and Tbx5. These studies
only further demonstrate the complexity of cardiac transcriptional
network during heart development and how its disruption may
lead to cardiac malformations.

The development of a four-chambered mammalian heart
requires contributions from several cell types, which undergo
numerous cellular processes such as endothelial -mesenchymal
transformation (4). Of these, the proliferation of embryonic car-
diomyocytes is fundamental to forming a normally formed heart
(34). Gata4 has roles in both embryonic and postnatal heart and
numerous publications have demonstrated its role in early cardi-
ogenesis and early cardiac morphogenetic events (10,35). As we
and others have shown, Gata4 is expressed in the heart through-
out development and its role in regulating cardiac proliferation
during later stages of cardiac development is becoming increas-
ingly recognized. Gata4 has been shown to regulate CyclinD2
and Cdk4 during cardiac development (26,36). In addition, we
previously reported that a human disease-causing point mutation
in GATA4 results in cardiomyocyte proliferation defects in vivo
and likely contributes to the development of defects in atrial sept-
ation (16). While initial studies suggested that Tbx5 could inhibit
cardiomyocyte proliferation when overexpressed in an embry-
onic chick heart, recent work has shown that a critical role in
cell cycle progression and as a direct regulator of Cdkeé, a cell
cycle-dependent kinase (19,37,38). Our work demonstrates
that Tbx5 promotes cardiomyocyte proliferation in cooperation
with Gata4 in the regulation of Cdk4 and may also be involved in
the regulation of Cdk2.

AVSDs, which account for about 5% of all CHD, were tradition-
ally thought to be solely the result of improper endocardial cushion
development, (39,40) and recent publications have highlighted the
importance of the DMP, a component of the second heart field, in
atrioventricular septation (18—20). Our findings show the import-
ance of a normal ventricular myocardium during the remodeling
of the endocardial cushions into portions of the tricuspid and
mitral valves along with inferior and superior portions of the
atrial and ventricular septae, respectively (19,20,41). Although
not completely elucidated, proper development of the embryonic

myocardium has previously been demonstrated to be critical for
atrioventricular septation as myocardial deletion of several
members of the Bmp-signaling pathway, including Bmp4, Alk3
and Smad4, results in cardiac septation defects along with
cardiomyocyte proliferation defects (20,42,43). While our work
suggests that the AVSD phenotype identified in Gata4, Tbx5
and Gata4™°P" - Tbx57~ (Gatad™™'; aMHC-Cre™; Thx5 ")
embryos is the result of perturbations in myocardial signaling to the
adjacent atrioventricular cushion mesenchyme although we cannot
exclude the possibility that loss of the DMP is also contributing to
the AVSD phenotype. A defect in DMP development is found in a
subset of 7hx5 heterozygote mice but they exhibit only ostium
primum atrial septal defects (19,31). It remains a possibility that
the AVSD phenotype in the Gata4, Thx5 compound heterozygotes
may be the result of both a perturbation of myocardial proliferation
and abnormal DMP development. Of note, a subset of mice harbor-
ing a hypomorphic allele for Gata4 in a C57BL6/J background
display AVSD (44). Gata4 has not been described to have a role
in the development of the DMP, suggesting that loss of Gata4
alone potentially by affecting myocardial proliferation can lead
to AVSD. Additional investigation is required to define the molecu-
lar pathways regulated by Gata4 and Tbx5 in the myocardium and
DMP during atrioventricular septation. Ultimately, identification
of these downstream targets will lead to an improved understanding
of the molecular basis of AVSD and potential identify novel
candidate genes for AVSD in humans.

MATERIALS AND METHODS
Ethics statement

Research was approved by the Research Institute at Nationwide
Children’s Hospital (Protocol No. AR09-00040) and conforms
to the Guide for the Care and Use of Laboratory Animals.

Mouse strains and genotyping

Mice heterozygous for null alleles for Gata4 and Tbx5 were gen-
erated and genotyped as previously described (14). These lines
have been maintained in mixed genetic backgrounds: Gata4
are in 129/C57BL6 while Tbx5 are in Black Swiss/129. To gen-
erate the double heterozygote mice used in this study, Gata4 het-
erozygote mice were mated to Tbx5 heterozygote mice. Mice
harboring the Gata4-floxed allele, Tie2-Cre allele and a-MHC
Cre allele have been previously generated and were genotyped
as previously described (21-23).

Breeding and collection of mouse embryos

Mice were maintained on a 0600 to 1800 hours light—dark cycle,
with noon of the day of observation of a vaginal plug defined as
EQ.5. Pregnant mothers were sacrificed at various embryonic time-
points. Littermates were used as controls for histologic sections,
gene expression studies and quantitative reverse transcription-
polymerase chain reaction (QRT—-PCR).

Histologic section

For histological analysis, embryos hearts were fixed in 4% par-
aformaldehyde (PFA) and paraffin embedded. Hematoxylin



and eosin (H&E) staining was carried out on heart sections using
standard methodology.

Immunohistochemistry

Histologic sections were deparafinnized in xylene and rehydrated
in phosphate-buffered saline (PBS). Antigen retrieval was per-
formed on sections with sodium citrate buffer at 120°C for
30 min and 0.3% hydrogen peroxide at room temperature for
45 min. Sections were then blocked by 5% goat, rabbit or horse
serum in PBS followed by incubation with mouse anti-a-MHC
(1:400, ab15, Abcam, Cambridge, MA, USA), goat anti-Gata4
(1:500, sc-1237, Santa Cruz, Dallas, TX, USA) and rabbit
anti-Tbx5 (1:500, 426500, Invitrogen, Grand Island, NY, USA)
antibodies overnight at 4°C. Sections were then washed in PBS
and stained with secondary antibody biotinylated goat anti-mouse
IgG (1;500, BA-9200, Vector Labs, Burlingame, CA, USA), bio-
tinylated rabbit anti-goat IgG (1:500, BA-5000, Vector Labs) and
biotinylated horse anti-rabbit IgG (1:500, BA-5000v, Vector
Labs) for 1 h at room temperature. Sections were washed in
PBS and incubated in ABC solution (PK-6100, Vector Labs) at
room temperature for 30 min followed by DAB solution
(SK-4100, Vector Labs) for 2 min. The sections were then coun-
terstained in hematoxylin (H-3404, Vector Labs) and dehydrated.

Myocardium wall thickness measurement

The myocardial wall thickness of atria and ventricle was deter-
mined by averaging three measurements of the width of atrial
wall and the width from the subepicardial layer to the edge of
the compact ventricular myocardium, respectively, in histological
sections from each embryo examined. Minimum of n = 3 per

group.

Isolation and culturing of embryonic cardiomyocytes

Cardiomyocytes were prepared from E11.5 mouse embryos by
the conventional preplating method (45). Briefly, hearts were
minced and digested with collagenase type II (C1889,
Sigma-Aldrich, St. Louis, MO, USA) solution. To enrich for car-
diomyocytes, the cells were preplated for 2 h to remove the non-
myocyte population. Cells were cultured in DMEM medium
containing 10% FBS after transfection.

Immunofluorescence

Histologic sections were deparafinnized in xylene and rehy-
drated in PBS. Sections were fixed in 2.5% PFA at 4°C for
15 min and permeabilized in 0.1 Triton X-100 in PBS at room
temperature for 3 min. Sections were then blocked by 1% BSA
at room temperature for 30 min followed by incubation with
mouse anti-a-MHC (1:250, abl5, Abcam), rabbit anti-PH3
(1:500, 06-570, Upstate, Billerica, MA, USA), goat anti-Gata4
(1:50, sc-1237, Santa Cruz) and rabbit anti-Tbx5 (1:25,
426500, Invitrogen) antibodies overnight at 4°C. Sections
were then washed in PBS and stained with secondary antibodies
Alexa Fluor 488 anti-rabbit (1:200, A-11008, Invitrogen), Alexa
Fluor 488 anti-mouse (1:200, A-11001, Invitrogen) and Alexa
Fluor 594 anti-goat (1:200, A-11055, Invitrogen) for 1 h at
room temperature.
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Immunoblotting

Murine atria and ventricles were isolated at different embryonic
and postnatal timepoints and homogenized in RIPA buffer using
a Dounce homogenizer. The cell lysate was obtained from
tissue after incubation on ice for 30 min and centrifugation at 10
000g for 10 min at 4°C (repeated twice). Forty micrograms of
cell lysate were loaded per lane and separated using 10% SDS—
acrylamide gels, and transferred to immuneblot PVDF mem-
branes (Bio-rad). After blocking with 5% nonfat milk in PBST,
the membrane was probed with primary monoclonal mouse anti-
Gata4 (1:200, sc-25310, Santa Cruz), rabbit anti-Tbx5 (1:200,
426500, Invitrogen) and rabbit anti-B-actin (1:5000, ab1801,
Abcam) antibodies. The membranes were further probed with
horseradish peroxidase-conjugated horse anti-mouse IgG
(P1-2000), and goat anti-rabbit (PI-1000) (1:5000, Vector Labs).
Cultured cardiomyocyte cells were also used for immunoblotting
after lysing with RIPA lysis buffer and probed with rabbit
anti-CDK4 (sc-260, Santa Cruz) primary monoclonal antibodies.

Co-immunoprecipitation

Atria and ventricles of frozen hearts at E11.5 and E14.5 were
weighed and added to lysis buffer (20 mm Tris HCI pH 8.0,
137 mm NaCl, 10% glycerol, 1% Nonidet P-40, 2 mm EDTA) to
a final volume of 200 mg/ml. Tissue was homogenized for 10 s
and incubated at 4°C with rotation for 1 h before centrifugation at
10 000g for 20 min to remove insoluble debris. Following protein
normalization, lysates were precleared using Dynabeadsprotein G
(10003D, Invitrogen) for 30 min at 4°C with rotation. Beads were
discarded, and 200 g of precleared lysate was used per reaction.
Lysates were incubated for overnight at 4°C with rotation with
2 g of polyclonal rabbit anti-Tbx5 (426500, Invitrogen). Dyna-
beads protein G (20 pl) was added to each reaction, and tubes
were rotated for a further 1 h at 4°C. Beads were washed four
times for 5 min each time with 1 ml lysis buffer on ice using a
Dynamag-2 magnet (12321D, Invitrogen). Proteins were eluted
from beads in 10 wl 2 x NuPAGE sample buffer and subjected
to SDS—PAGE electrophoresis and western blotting with mouse
anti-Gata4 (1:200, sc-25310, Santa Cruz) as described above.

Duolink assay

Interaction of Gata4 with Tbx5 was detected by the proximity li-
gation assay (PLA) kit Duolink (Olink Bioscience, Uppsala,
Sweden), PLA probe anti-rabbit minus for the detection of the
rabbit anti-Tbx5 antibody (426500, Invitrogen); PLA probe anti-
goat PLUS for the detection of the mouse anti-Gata4 (sc-25310,
Santa Cruz) antibodies. The PLA was performed according to
the manufacturer’s protocol; negative controls were included
(44). Based on in situ PLA technology, Gata4 and Tbx5 anti-
bodies were recognized by PLA probes, which contain unique
DNA strands that will amplify when two PLA probes are in
close proximity (<40 nm). The labeled complementary oligo-
nucleotide probes will highlight the amplification product to in-
dicate the interaction of Gata4 and TbxS5.

Gene expression analysis

RNA was purified from hearts at embryonic day 11.5 of mutant
embryos and their respective wild-type littermates using Trizol
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(Invitrogen). One hundred nanograms of total RNA were used
for reverse transcription using the SuperScript® VILO™cDNA
Synthesis Kit (Invitrogen) and real-time qRT—PCR was
performed using Applied Biosystems 7500 real-time PCR
machine. Commercially available SYBR Green (Applied Bio-
systems, Carlsbad, CA, USA) PCR mix was utilized for the fol-
lowing genes: mouse Cdk2, Cdk4. The sequences for primers are
shown Supplementary Material, Table S1. Mean relative gene
expression was calculated after normalized to 18S ribosomal
RNA using the AAC; method. Three independent experiments
were performed in triplicate.

Knockdown of Gata4 and ThxS5 using siRNA

Two pre-designed siRNAs targeting the coding region of the
murine Gata4 (s201378, Life Technology, Grand Island, NY,
USA) and murine Tbx5 (s74784, Life Technology) genes were
used in this study. Negative control siRNA (4390843, Life Tech-
nology) was used as a control siRNA targeting no known gene.
For transfection, electroporation reactions were conducted
with Nucleofector® transfection system (Lonza, Basel, Switzer-
land) according to the manufacturer’s protocol with the isolated
mouse embryonic cardiomyocytes.

Luciferase assay

The mouse CDK4 pAUG-3-gal reporter was generously provided
to us by Dr B.L. Black (26). A 827-bp fragment containing 771 bp
upstream and 56 bp downstream of the transcriptional start site
from the mouse Cdk4 promoter region was cloned into
pCR™2.1-TOPO vector (Invitrogen) by using the following
primers: 5-CTTTTTAATATTCCGCGGGAGGTTTAC-3" and
5-GGGCAGCTGGATCCTTCGGGCCAGAC-3'. The Cdk4
promoter was then subcloned into pGL3-Basic Vector
(Promega, Madison, WI, USA) by using Kpnl and Xhol according
to the manufacturer’s protocol. A 1106-bp fragment containing
843 bp upstream and 263 bp downstream of the transcriptional
start site from the mouse Cdk2 promoter region was cloned into
pCR™2.1-TOPO vector (Invitrogen) by using the following
primers: 5-ATGAACCCCGAAACAGTGAG-3' and 5-TGCCC
TCTCCAATCTTCTCCA-3'. The Cdk2 promoter was then sub-
cloned into pGL3-Basic Vector (Promega) by using Kpnl and
Xhol according to the manufacturer’s protocol. The directionality
of all the resulting constructs were confirmed by sequencing
using both vector- and insert-specific primers. HeLa cells were
transiently transfected with 100 ng Cdk4-luciferase reporter or
Cdk2-luciferase reporter plus 50 ng pCMV-lacZ plasmid, in com-
bination with 100 ng of Gata4 myc-tagged or Tbx5 FLAG-tagged
expression vectors using Lipofectamine 2000 (Invitrogen) accord-
ing to the manufacturer’s protocol. Luciferase activity was
measured 48 h after transfection using the Luciferase Reporter
Assay (Promega) according to the manufacturer’s protocol as pre-
viously described (46). Mean luciferase activity was calculated
after normalization to (3-galactosidase assay. Three independent
experiments were performed in triplicate.

Chromatin immunoprecipitation

ChIP was performed from 60 pooled E13.5 embryonic hearts
using EZ-ChIP™ (Millipore, Billerica, MA, USA) according

to the manufacturer’s protocol. Briefly, chromatin from fixed
hearts was sonicated and immunoprecipitation was performed
with primary monoclonal mouse anti-Gata4 (1:40, sc-25310,
Santa Cruz) and polyclonal goat anti-Tbx5 (1:40, sc-17866,
Santa Cruz) antibodies followed by reversal of cross-linking
and DNA purification. Immunoenriched DNA targets were
then amplified by PCR for the promoter region of the following
genes: murine Cdk2 and Cdk4. The sequences for primers are
shown in Supplementary Material, Table S1.

Statistical analysis

Statistical comparisons were performed using Student’s #-test,
and a P value of <0.05 was considered significant.

SUPPLEMENTARY MATERIAL
Supplementary Material is available at HMG online.
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