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ORIGINAL RESEARCH

GATA4 Regulates Developing Endocardium 
Through Interaction With ETS1
Pingzhu Zhou,* Yan Zhang,* Isha Sethi, Lincai Ye , Michael A. Trembley, Yangpo Cao , Brynn N. Akerberg, Feng Xiao ,  
Xiaoran Zhang , Kai Li, Blake D. Jardin, Neil Mazumdar, Qing Ma , Aibin He , Bin Zhou , William T. Pu

BACKGROUND: The pioneer transcription factor GATA4 is expressed in multiple cardiovascular lineages and is essential for 
heart development. GATA4 lineage-specific occupancy in the developing heart underlies its lineage specific activities. Here, 
we characterized GATA4 chromatin occupancy in cardiomyocyte and endocardial lineages, dissected mechanisms that 
control lineage specific occupancy, and analyzed GATA4 regulation of endocardial gene expression.

METHODS: We mapped GATA4 chromatin occupancy in cardiomyocyte and endocardial cells of embryonic day 12.5 (E12.5) 
mouse heart using lineage specific, Cre-activated biotinylation of GATA4. Regulation of GATA4 pioneering activity was 
studied in cell lines stably overexpressing GATA4. GATA4 regulation of endocardial gene expression was analyzed using 
single cell RNA sequencing and luciferase reporter assays.

RESULTS: Cardiomyocyte-selective and endothelial-selective GATA4 occupied genomic regions had features of lineage 
specific enhancers. Footprints within cardiomyocyte- and endothelial-selective GATA4 regions were enriched for 
NKX2-5 and ETS1 motifs, respectively, and both of these TFs interacted with GATA4 in co-immunoprecipitation assays. 
In stable NIH3T3 cell lines expressing GATA4 with or without NKX2-5 or ETS1, the partner TFs re-directed GATA4 
pioneer binding and augmented its ability to open previously inaccessible regions, with ETS1 displaying greater potency 
as a pioneer partner than NKX2-5. Single-cell RNA sequencing of embryonic hearts with endothelial cell–specific 
Gata4 inactivation identified Gata4-regulated endocardial genes, which were adjacent to GATA4-bound, endothelial 
regions enriched for both GATA4 and ETS1 motifs. In reporter assays, GATA4 and ETS1 cooperatively stimulated 
endothelial cell enhancer activity.

CONCLUSIONS: Lineage selective non-pioneer TFs NKX2-5 and ETS1 guide the activity of pioneer TF (transcription factor) 
GATA4 to bind and open chromatin and create active enhancers and mechanistically link ETS1 interaction to GATA4 
regulation of endocardial development.

GRAPHIC ABSTRACT: A graphic abstract is available for this article.
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Embryonic development and organ morphogenesis 
require elegantly choreographed, cell type specific 
regulation of gene transcription. General principles 

of transcriptional regulation during cell lineage specifica-
tion and differentiation are well established. TFs (tran-
scription factors) bind to cis-acting regulatory regions 
to modulate the expression of nearby genes. The 5-10 
base pair binding motif of each TF is not sufficient to 

achieve the observed binding specificity. One impor-
tant mechanism for increasing specificity is combina-
torial binding and transcriptional activation by multiple 
TFs. A second is restricting TF-binding site accessibility 
through cell type specific DNA packaging into nucleo-
somes and higher order chromatin structures. A limited 
set of pioneering TFs have the ability to bind to nucleo-
somal DNA and locally reorganize chromatin to make it 
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accessible for binding by other TFs.1 Thus, pioneering 
TFs play an important role in cell lineage specification 
and differentiation.

While pioneer TFs bind nucleosomal DNA, they still 
occupy chromatin in a cell type specific manner,2 which is 
central to their function in guiding cell lineage programs.1 
Determinants of cell type specific binding by pioneer TFs 
are beginning to be elucidated and include the underlying 
chromatin landscape,2–4 cell type specific cofactors, and 
partner TFs.2,5 However, the cell type–specific partner TFs 
that direct cell type specific occupancy have been studied 
for few pioneer TFs, and the mechanisms by which they 
modulate pioneer TF activity are incompletely characterized.

The heart is the earliest organ system to develop and 
function. Two of the major lineages that contribute to the 

developing heart are cardiomyocytes and endocardial 
cells (ECCs).6 In each of these lineages, the pioneer TF 
GATA47 is essential for normal cardiac development8,9 In 
cardiomyocytes, GATA4 regulates cardiac gene expres-
sion through collaborative interactions with other cardiac 
TFs, including NKX2-5, MEF2A, MEF2C, SRF, TBX5, 
and TEAD1.10–12 Less is known about the factors that 
cooperate with GATA4 to regulate gene expression in 
non-cardiomyocyte lineages such as ECC. Whether and 
how these interacting TFs modulate GATA4 pioneer 
activity is also unknown.

An important step in dissecting TF function is to mea-
sure its chromatin occupancy, most commonly through 
chromatin immunoprecipitation followed by sequencing 
(ChIP-seq). ChIP-seq has traditionally been performed 
on whole tissues, yielding aggregate chromatin occu-
pancy data for tissue’s multiple cell types. These aggre-
gate data limit insights into cell type specific regulatory 
mechanisms. Recently, we described a method for highly 
sensitive and reproducible ChIP-seq from a Cre-labeled 
lineage within a tissue.13 Here, we deploy this method 
to determine GATA4 chromatin occupancy in cardiomyo-
cytes and endothelial cells (ECs). GATA4 occupied dis-
tinct chromatin regions in these lineages. In ECs, ETS1 
acted as a GATA4-interacting partner TF. Gata4 inacti-
vation in ECs coupled with single cell RNA sequencing 
(scRNAseq) identified GATA4-regulated ECC genes, 
with adjacent GATA4- and ETS1-dependent regulatory 
elements. Dissection of GATA4 pioneering activity in 

Nonstandard Abbreviations and Acronyms

ATAC-seq	� assay for transposase-accessible 
chromatin and sequencing

bioChIP-seq	� biotin-mediated chromatin pull down 
and sequencing

DEG	 differentially expressed gene
EC	 endothelial cell
ECC	 endocardial cell
scRNA-seq	 single-cell RNA seq
TF	 transcription factor

Novelty and Significance

What Is Known?
•	 Mutations in GATA4 and ETS1 are implicated in caus-

ing congenital heart disease.
•	 GATA4 is required in both cardiomyocyte and endocar-

dial lineages for fetal heart development.

What New Information Does This Article  
Contribute?
•	 Regions selectively occupied by GATA4 in cardiomyo-

cyte or endocardial lineages had features of cell-type 
specific enhancers.

•	 GATA4 interacts with ETS1, a transcription factor 
linked to congenital heart disease, to regulate endo-
cardial development.

•	 GATA4 pioneer factor activity can be partitioned into 
the binding, chromatin opening, and enhancer activa-
tion steps.

•	 Non-pioneer partner transcription factors ETS1 and 
NKX2-5 differentially impact discrete aspects of 
GATA4 pioneer activity.

The transcription factor GATA4 is a critical regulator 
of heart development, and its mutation causes con-
genital heart disease. GATA4 belongs to a subset of 
transcription factors (pioneer factors) that bind to 
DNA wrapped around histones, making these regions 
accessible for binding by non-pioneer transcription 
factors. GATA4 is expressed in cardiomyocyte and 
endocardial lineages, and mutation of GATA4 in each 
lineage in mice disrupts heart development. Here, we 
used lineage-specific in vivo GATA4 biotinylation to 
map GATA4 chromatin occupancy in lineage. We show 
that lineage-selective GATA4 regions have features of 
cell-type-specific transcriptional enhancers. ETS1, a 
transcription factor enriched in endocardial cells whose 
mutation is associated with congenital heart disease, 
co-occupies endocardial GATA4 regions. ETS1 directly 
interacted with GATA4, and this interaction redirected 
GATA4 pioneer activity. Our study identifies GATA4-
regulated endocardial genes and enhancers and links 
ETS1 interaction to GATA4 regulation of endocardial 
development.
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an heterologous expression system demonstrated that 
ETS1 modulates GATA4 pioneer activity at multiple dis-
tinct steps.

METHODS
Please refer to the Supplemental Material and Supplemental 
Methods for detailed Methods and the accompanying Major 
Resources Table. Data sources for this article are summarized 
in Table S1.

Data Availability
Data used in this article and the data sources are summarized 
in Table S1. Original data in this article have been deposited to 
gene expression omnibus: GSE156001 (GATA4 biotin-medi-
ated chromatin pull down and sequencing [bioChIP-seq], assay 
for transposase-accessible chromatin and sequencing (ATAC-
seq), and bulk RNA-seq in E12.5 mouse hearts), GSE155652 
(ChIP-seq in NIH3T3 cells). and GSE208162 (single cell RNA 
seq of E12.5 mouse hearts).

RESULTS
Cre-Activated, Lineage-Specific GATA4 bioChIP-
Seq in Developing Murine CMs and ECs
GATA4 immunostaining of E12.5 heart sections con-
firmed its expression in cardiomyocytes and ECs of 
the developing fetal heart (Figure S1A and S1B). To 
map GATA4 chromatin occupancy in these lineages, we 
used a Cre-activated GATA4 biotinylation strategy (Fig-
ure  1A) comprising 2 engineered alleles, Gata4fb and 
Rosa26fsBirA. Gata4fb is a knockin allele that expresses 
GATA4 fused to a C-terminal peptide containing 
Flag and AviTag epitopes (35 amino acid residues).11 
Gata4fb/fb mice are normal and have normal cardiac 
structure and function.11 After Cre-mediated recom-
bination, Rosa26fsBirA (fs= floxed transcriptional stop) 
expresses BirA,13 an E. coli enzyme that specifically 
recognizes and biotinylates the AviTag.14 Thus, cardio-
myocyte or endothelial cell (EC)-specific expression of 
Cre will result in lineage specific GATA4 biotinylation. 
Chromatin crosslinking, fragmentation, and high-affinity 
pulldown of GATA4 with streptavidin beads followed by 
high-throughput sequencing (bioChIP-seq) then identi-
fies GATA4-bound regions across the genome.

We focused on embryonic day 12.5 (E12.5), when 
the developing heart provided sufficient material to 
make bioChIP-seq technically feasible. Furthermore, 
conditional Gata4 inactivation studies suggested that 
GATA4 activity within cardiomyocyte and EC lineages 
was required for heart development during this time 
period. Inactivation of a conditional Gata4 allele by 
cardiomyocyte-restricted Tnnt2-Cre15 yielded hearts 
with thin ventricular walls, impaired development of 
the interventricular septum, and reduced myocardial 

trabeculation (Figure S1C). In ECs, Gata4fl/fl; Cdh5-
CreERT2 embryos treated with tamoxifen at E9.5 died 
at E14.5 with peripheral edema (Figure S2A), sugges-
tive of heart failure. Immunostaining confirmed GATA4 
inactivation in ECs (Figure S2B), and H&E stained 
transverse sections demonstrated thin ventricular walls 
and increased myocardial trabeculation (Figure S2C 
and S2D), associated with decreased cardiomyocyte 
proliferation (Figure S2E and S2F). This phenotype is 
distinct from the previously reported failure of valve 
development in Gata4fl/fl; Tie2-Cre embryos,9 as the 
timing of activation of Cdh5-CreERT2 spared the valve 
mesenchyme from GATA4 inactivation (Figure S2B). 
Thus, this model reveals a previously unrecognized 
requirement for GATA4 in ECs to support myocardial 
growth and differentiation.

We validated that Rosa26fsBirA biotinylates GATA4fb 
only in the presence of Cre (Figure  1B). We activated 
BirA in cardiomyocytes and ECs using Tnnt2-Cre15 and 
Tie2-Cre,16 respectively, and enables GATA4 pulldown 
on streptavidin beads (Figure  1C). We preferred Tie2-
Cre over Cdh5-CreERT217 for this application because 
Tie2-Cre similarly labels ECs but obviates the need for 
tamoxifen. In E12.5 heart ventricles, there are more 
ECCs than vascular ECs (vECs), and Tie2-Cre-labeled 
mesenchymal derivatives within the endocardial cush-
ions were largely excluded from the dissected ventricles 
(Figure  1D; Figure S1D). Furthermore, GATA4 is more 
robustly expressed in ECCs compared with vascular ECs 
(vECs; see single cell sequencing data in Figure  7C). 
Consequently, GATA4 bioChIP-seq signal in Gata4flbio/+; 
Rosa26fsBirA; Tie2-Cre samples should reflect chromatin 
occupancy within ECCs.

We next mapped GATA4 chromatin occupancy in 
cardiomyocytes and ECs by performing bioChIP-seq 
from Gata4flbio/+; Rosa26fsBirA; Tnnt2-Cre or Gata4flbio/+; 
Rosa26fsBirA; Tie2-Cre heart ventricles in biological trip-
licate. We compared these results to our previously 
reported11 pan-lineage GATA4 bioChIP-seq from E12.5 
Gata4flbio/+; Rosa26BirA ventricles, which widely express 
BirA (Figure 1D; Table S1; Data S1). We observed excel-
lent within-group correlation between replicate samples 
and substantial intergroup differences (Figure 1E). Suc-
cessful lineage-selective GATA4 bioChIP-seq was sup-
ported by visualizing the bioChIP-seq signal at individual 
genomic loci (Figure 1F and 1G; Figure S3). For exam-
ple, EC-selective genes Nfatc1, Notch1, Egfl7, and Ets1 
neighbored GATA4 peaks enriched in the Tie2-Cre sam-
ples (Figure 1F; Figure S3), and cardiomyocyte-enriched 
GATA4 peaks neighboring cardiomyocyte-selective 
genes such as Nkx2-5 and Ankrd1 (Figure 1G; Figure 
S3). GATA4 regions adjacent to Nfatc1, Egfl7, and Nkx2-
5 overlapped regions that were previously demonstrated 
to have EC or cardiomyocyte enhancer activity13,18,19 and 
identified new candidate regulatory regions (Figure 1F 
and 1G; Figure S3).
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Figure 1. Lineage-selective GATA4 chromatin occupancy in fetal heart.
A, Schematic of Cre-directed in vivo GATA4 biotinylation. GATA4 with a C-terminal Flag-bio epitope tag is biotinylated by BirA, expressed in Cre-
marked cells. B, Western blot demonstrating Cre-dependent GATA4 biotinylation and streptavidin (SA) pull down. P0 heart extract was incubated 
with SA beads. Input and SA-bound proteins were probed for GATA4 or BirA. C, GATA4 biotinylation in E12.5 CMs or ECs, directed by Tnnt2-Cre 
or Tie2-Cre. Heart lysate proteins bound to SA beads were probed with GATA4 antibody. D. Overview of GATA4 bioChIP-seq in cardiomyocyte 
(CM) and endothelial cell (EC) lineages. Pan-lineage GATA4 data was reported in study by He et al.11 Representative images show dissected 
tissues used for GATA4 bioChIP-seq. Bar, 500 µm. E, Correlation of lineage selective GATA4 bio-ChIP-seq data. Clustered heatmap displays the 
Spearman correlation across the union of peak regions. F and G, Representative genome browser views of lineage-selective GATA4 bioChIP-seq 
data at an ECC (Nfatc1) and a CM (Nkx2-5) gene. Known enhancers were validated by transient transgenesis in the indicated manuscripts. F, 
The known enhancer is no longer active in ventricular ECCs by E12.5. G, Known enhancer 4, but not 1-3, are active in E12.5 heart. E12.5 heart 
ventricle p300 bioChIP-seq data was previously reported.13
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Cell Type–Specific Chromatin Occupancy of 
GATA4 Identifies Regulatory Regions Related to 
Lineage-Specific Function
To systematically compare GATA4 bioChIP-seq signal 
in EC and cardiomyocyte lineages, we identified 44 464 
regions with reproducible GATA4 binding (irreproducible 
discovery rate20 <0.05). We then determined the GATA4 
signal ratio in Tie2-Cre compared with Tnnt2-Cre samples 
(Figure 2A and Data S1). Based on this ratio, we divided 
the regions into sextiles and classified the top and bottom 
sextiles as EC-selective and cardiomyocyte-selective, 
respectively (each 7410 regions; Figure 2A). For compari-
son, we defined the middle 2 sextiles (14 820 regions) as 
shared. In all 3 region classes, GATA4 regions were pre-
dominantly distal, although among the shared regions rel-
atively more were found within 2 kb of the transcriptional 
start site (Figure 2B). Subsequent analyses focused on 
the distal regions (>2 kb from transcriptional start site). 
We also performed a parallel analysis that identified 
GATA4 regions with statistically different signal strength 
between ECs and cardiomyocytes. This complementary 
analysis yielded very similar results (Figure S4). The sex-
tile-based analysis was used for further studies.

Analysis of the top biological process gene ontology 
terms associated with each region class demonstrated 
that they are functionally distinct (Figure  2C). EC-
selective regions were highly enriched for gene ontol-
ogy terms related to vasculature development and blood 
vessel morphogenesis, whereas cardiomyocyte-selective 
regions related to cardiac muscle development. Interest-
ingly, shared regions were not enriched for either vascula-
ture or heart muscle-related gene ontology terms; rather, 
these regions were enriched for general biological pro-
cess terms such as cell-substrate adhesion, regulation of 
protein ubiquitination, and TGF beta receptor signaling.

GATA4 interacts with the histone acetyltransferase 
EP30021 to stimulate acetylation of H3K27ac,11 the epi-
genetic mark written by EP300. Furthermore, EP300 
and H3K27ac are validated markers of activated enhanc-
ers.22–24 We recently reported EP300 and H3K27ac 
occupancy in fetal heart tissue, which presumably marks 
enhancers from both cardiomyocyte and EC lineages.13 
Consistent with the role of GATA4 in lineage-specific tran-
scriptional regulation, most EC-selective and cardiomyo-
cyte-selective GATA4 regions overlapped with EP300 
and H3K27ac regions in the fetal heart (Figure 2D and 
2E; Data S1). In contrast, EP300 and H3K27ac regions 
in the fetal forebrain had little significant overlap with the 
EC-selective or cardiomyocyte-selective regions, whereas 
there was greater overlap with the shared GATA4 regions 
(Figure  2D and 2E). These results were reinforced by 
analysis of H3K27ac and EP300 ChIP-seq signal in the 
lineage-specific regions, which showed significant sig-
nal from heart but not forebrain (Figure 2F). In contrast, 
there was significant signal from both heart and forebrain 

H3K27ac and EP300 ChIP-seq in shared regions (Fig-
ure  2F), consistent with many of these regions being 
general rather than tissue-specific enhancers. Consistent 
with GATA4 function as a pioneer factor, EC-selective 
or cardiomyocyte-selective GATA4 regions largely con-
curred with EC and cardiomyocyte-accessible chromatin, 
respectively, as assessed by ATAC-seq (Figure  2D and 
2E; discussed further in Figure 4).

These results indicate that lineage-selective GATA4 
bioChIP-seq identifies genomic regions with features of 
active enhancers that are associated with lineage rel-
evant biological processes.

Association Between Cell Type–Specific 
Chromatin Occupancy and Gene Expression
To evaluate the relationship between lineage-selective 
GATA4-bound regions and genes selectively expressed 
in ECs or cardiomyocytes, we isolated ECs and cardio-
myocytes from E12.5 mouse heart ventricles and mea-
sured gene expression by RNA sequencing (Figure 3A; 
Table S1; Data S2). PCA analysis showed large differ-
ences between EC and cardiomyocyte transcriptomes 
(Figure 3B). Known ECC genes such as Nfatc1, Hapln1, 
Ets1, Pecam1, and Kdr and cardiomyocyte genes such 
as Pln, Ankrd1, and Nkx2-5 showed differential expres-
sion as expected, consistent with high quality expres-
sion data (Figure 3C).

We studied the relationship between genes with 
EC-selective or cardiomyocyte-selective GATA4 occu-
pancy and lineage-biased gene expression. Genes 
neighboring EC-selective GATA4 regions were highly 
enriched for EC-biased gene expression and depleted 
for cardiomyocyte-biased gene expression, and recipro-
cally genes neighboring cardiomyocyte-selective GATA4 
regions were highly enriched for cardiomyocyte-biased 
genes and depleted for EC-biased gene expression (Fig-
ure 3D). The association between GATA4 lineage-selec-
tive occupancy and lineage-biased gene expression was 
further supported by gene set enrichment analysis, in 
which genes nearest to EC- or cardiomyocyte-selective 
GATA4 regions were enriched among genes with EC- 
or cardiomyocyte-biased expression (Figure 3E). These 
analyses showed that genes neighboring regions with 
lineage-specific GATA4 occupancy are highly enriched 
for genes with lineage-selective expression.

Together, these data indicate that lineage-selective 
GATA4 regions are regulatory regions that promote lin-
eage specific gene expression.

Lineage-Selective Chromatin Occupancy of 
GATA4 Correlates With Chromatin Accessibility
Different cell types have different chromatin acces-
sibility patterns, which regulate TF chromatin occu-
pancy. As a pioneer factor, GATA4 is expected to play 
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Figure 2. Features of lineage-selective GATA4 regions. 
A, Lineage-selective GATA4 regions were defined by the ratio of GATA4 signal in reproducible Tie2- and Tnnt2-peaks. Each row represents 
a 2-kb region centered on a GATA4 peak, with the color intensity proportional to the GATA4 signal. B, Characteristics of GATA4 regions with 
respect to genome annotations. C, Gene Ontology terms enriched among shared, endothelial cell (EC)-selective, and cardiomyocyte (CM)-
selective GATA4 regions. The top 5 GO terms for each GATA4 region class are shown. Regions were associated to genes using the basal plus 
extension rule of GREAT.43 D and E, Overlap of chromatin features of active enhancers with GATA4 regions. D, GATA4 region overlap with 
heart p300 bioChIP-seq or H3K27ac ChIP-seq,13 or EC- or CM- ATAC-seq. E, Pairwise overlap of region sets. Shared GATA4 regions (black 
rectangle) overlapped enhancer marks in both heart and forebrain, whereas lineage-selective regions (blue rectangle) were preferentially open 
in the concordant heart lineage and selectively overlapped heart but not forebrain p300 or H3K27ac. F, H3K27ac or p300 ChIP-seq signal at 
GATA4 peaks. GATA4 regions had significant p300 and H3K27ac signal in heart. Shared, but not lineage-selective, GATA4 regions also had 
significant p300 and H3K27ac signal in forebrain.
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an important role in establishing accessible chromatin 
patterns.7 To investigate the relationship between lin-
eage-specific GATA4 occupancy and chromatin acces-
sibility in the developing heart, we isolated ECs and 
cardiomyocytes from E12.5 mouse heart ventricles 
and measured chromatin accessibility using ATAC-seq 
(Figure 4A; Table S1). Biological replicates were highly 
correlated (Figure  4A). ATAC-seq signal was concor-
dant with GATA4 occupancy of EC-selective and car-
diomyocyte-selective regions (Figures 2D, 2E, 4B, and 
4C; Figure S3). For example, the previously validated 
intronic Notch1 enhancer13 overlapped an EC-selective 
GATA4 region with an ATAC-seq peak in ECs but not 
in cardiomyocytes (Figure  4D), whereas cardiomyo-
cyte-selective GATA4 regions upstream of Myl2 had 
a cardiomyocyte-specific ATAC-seq peak (Figure 4E). 
Interestingly, regions with shared occupancy had the 
strongest ATAC-seq signal, especially in cardiomyo-
cytes (Figure 4B and 4C). These results demonstrate 
that regions with lineage-selective GATA4 binding are 
strongly associated with lineage-specific chromatin 
accessibility.

To determine whether GATA4 is necessary to main-
tain lineage-specific chromatin accessibility, we per-
formed ATAC-seq on FACS-sorted endocardial cells 
from E12.5 Gata4fl/fl; Cdh5-CreERT2; Rosa26mTmG (EC-
specific knockout) or Gata4fl/+; Cdh5-CreERT2; Rosa-
26mTmG littermate (control) embryos that were treated 
with tamoxifen at E9.5 (Figure S5A and S5B). In Gata4 
knockout, regions with significant loss of ATAC-seq sig-
nal were rare, and there was no significant bias toward 

loss versus gain of chromatin accessibility (Figure S5C 
and S5D). This indicated that GATA4 is not required to 
maintain chromatin accessibility. However, these data 
do not exclude an essential role for GATA4 in initiating 
establishment of open chromatin at the EC-selective 
GATA4 regions.

Co-Motifs Enriched in Lineage-Selective 
GATA4-Binding Regions
GATA4 frequently occupies regions in collaboration with 
partner TFs.12 TF binding with nucleosome-free chromatin 
protects the underlying DNA from cleavage by nucleases 
or Tn5 transposase, yielding a footprint in accessibility 
signal.25,26 Motif analysis of footprinted regions within TF 
bound regions identifies candidate partner TFs.

To identify GATA4 partner TFs at EC-selective and 
cardiomyocyte-selective regions, we analyzed these 
regions for ATAC-seq footprints and then performed 
motif analysis on the footprinted regions (Figure 5A). 
As expected, GATA4 motifs were highly enriched in 
EC-selective, cardiomyocyte-selective, and shared 
GATA4 regions. In EC-selective GATA4 regions, foot-
prints were highly enriched for the motifs of ETS, 
NFAT, and SOX TFs. Several ETS factors are highly 
expressed in cardiac ECs (Figure S6A). Ets1 is highly 
expressed in ECs and its mutation has been implicated 
in the pathogenesis of hypoplastic left heart syndrome, 
a severe form of congenital heart disease.27,28 Nfatc1 
is selectively expressed in ECCs (Figure S6A), where 
it regulates valve development,29 and GATA4 has been 

Figure 3. Lineage-selective GATA4 
regions and lineage-biased gene 
expression.
A, Schematic for RNA-seq measurement 
of gene expression in endothelial cell 
(EC) and cardiomyocyte (CM) lineages. 
Hearts from 1 litter (6–10 embryos) were 
pooled and dissociated for each sample. 
B, PCA plot showing tight grouping of 
biological replicate EC and CM samples. 
All expressed genes were used. C, 
Volcano plot of EC or CM differential 
gene expression. Selected lineage-biased 
genes are labeled. D and E, Relationship 
of lineage-biased gene expression and 
lineage-selective GATA4 regions. D, 
Mosaic plot of EC- vs CM-selective gene 
expression versus GATA4 occupancy. 
Regions were associated with the nearest 
gene. E, Enrichment of genes associated 
to EC-selective or CM-selective GATA4 
regions among EC- or CM-biased genes. 
Regions were associated to genes whose 
TSS was within 10 kb, or to the nearest 
gene. Genes were ranked by the ratio of 
their expression in ECs versus CMs. NES 
indicates normalized enrichment score 
(NES) calculated by GSEA.
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shown to interact with NFAT family members in the 
heart.30 SOX family TFs are also expressed in ECs and 
regulate vessel and cardiac valve development.31 In 
cardiomyocyte-selective GATA4 regions, MEF2, T-box, 
and NKX2-5 motifs were highly enriched. GATA4 
makes protein-protein interactions with these TFs, and 
they collaboratively occupy chromatin with GATA4 at 
active cardiomyocyte enhancers.12 Consistent with this 
motif analysis, cardiac TFs including TBX5, NKX2-5, 
and MEF2C preferentially co-occupied cardiomyo-
cyte-selective but not EC-selective GATA4 regions 
(Figure S6B).

To complement this analysis, we examined dif-
ferential motif footprints in EC and cardiomyocyte 
ATAC-seq data.26 ETS and FOX-ETS motifs were the 

top motifs differentially enriched in EC ATAC-seq 
at EC-selective GATA4 regions, and MEF2, TEAD, 
and NKX2-5 motifs were among the top motifs dif-
ferentially enriched in cardiomyocyte ATAC-seq at 
cardiomyocyte-selective GATA4 regions (Figure  5B 
and 5C). Interestingly, the cardiomyocyte-enriched 
footprints included the motif of an ETS-basic helix-
loop-helix heterodimer (ETV5-HES7), suggesting 
that some ETS family-containing complexes may also 
be active within cardiomyocytes.

In summary, motif analysis of ATAC-seq foot-
prints within GATA4 regions identified likely lin-
eage-restricted GATA4 partner TFs. Among these 
candidates were ETS family TFs in ECs and NKX2-5 
in cardiomyocytes.

Figure 4. Lineage selective GATA4 
regions and lineage selective 
chromatin accessibility.
A, Schematic for measuring lineage-
selective chromatin accessibility using 
ATAC-seq. E12.5 endothelial cells (ECs) 
and cardiomyocytes (CMs) were isolated 
and chromatin accessibility was measured 
by ATAC-seq. Heatmap shows Spearman 
correlation between EC and CM ATAC-seq 
data across the union of identified peaks. 
B, Lineage-selective GATA4 regions and 
lineage-selective chromatin accessibility. 
Each row represents a GATA4 region, 
and the color intensity indicates ChIP-
seq or ATAC-seq signal. C, ATAC-seq 
signal at GATA4 regions. EC- and CM-
selective GATA4 regions were accessible 
in the concordant lineage. D and E, 
Representative browser views showing 
lineage selective GATA4 and ATAC-seq 
data.
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Figure 5. Effect of ETS1 and NKX2-5 on GATA4 chromatin occupancy.
A, Footprint analysis of endothelial cell (EC) and cardiomyocyte (CM) ATAC-seq regions identified enriched TF (transcription factor)-binding 
motifs. EC-selective and CM-selective GATA4 regions were enriched for the ETS1 and NKX2-5 motifs, respectively. B, Differential ATAC-seq 
footprint analysis. EC or CM ATAC-seq at EC-selective or CM-selective GATA4 regions were analyzed for differences in motif enrichment at 
footprints. Differences in motif activity between lineages were ranked and statistically scored by HINT-ATAC.26 C, Lineage-selective footprints of 
the FOX-ETS and NKX2-5 motifs within EC or CM ATAC-seq signal at EC-selective and CM-selective GATA4 regions, respectively. D, GATA4 
and ETS1 interaction by co-IP assay in transfected 293T cells. IP of HA-GATA4 co-precipitated ETS-FLAG. E, ETS1 co-precipitated with GATA4 
in E16.5 heart ventricles. Biotinylated GATA4 from Gata4fb;BirA mouse embryonic heart lysate was pulled down by streptavidin (SA) beads. 
Precipitated proteins were probed with ETS1 antibody. Negative control, Gata4fb hearts without BirA. F, Schematic of stable cell lines used to 
study ETS1 or NKX2-5 effect on GATA4 occupancy in NIH3T3 cells. Stable NIH3T3 cell lines expressing the indicated proteins were developed 
using lentivirus. G, Western blot validation of protein expression in the indicated stable cell lines. H, GATA4 occupancy in cells stably expressing 
GATA4, GATA4, and ETS1 (GE), or GATA4 and NKX2-5 (GN). Regions were clustered by their binary pattern of occupancy across these cell lines. 
I, Representative genome browser views of differential GATA4 binding in GE (green shading) or GN (blue shading) cells. J, Selected TF motifs 
enriched among the GATA4-binding clusters.
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Cardiomyocyte-Selective VEGFA Enhancer 
Dependent Upon the Motifs of Multiple Cardiac 
TFs
To functionally test if the enriched motifs of cofactors are 
important for the activity of transcriptional enhancers, we 
studied a region around Vegfa with cardiomyocyte-selec-
tive GATA4 occupancy. VEGFA is a potent angiogenic 
factor with cardiomyocyte-selective cardiac expression 
by E12.5. In adult heart, GATA4 was reported to directly 
regulate Vegfa through a binding site near the transcrip-
tional start site.32 However, this site did not significantly 
bind GATA4 in fetal or adult heart, although it was occu-
pied by p300 (Figure S7A). We identified a cardiomyo-
cyte-selective GATA4 region 23 kb downstream of the 
transcriptional start site. H3K27ac HiChIP revealed 
chromatin loops between this candidate enhancer and 
the Vegfa promoter (Figure S7B), suggesting that it likely 
regulates Vegfa expression. This highly conserved 360 
bp region contains GATA, MEF2, NKX2-5, and TBX5 
motifs and is co-occupied by these factors and EP300 
in E12.5 and adult ventricles (Figure S7A).

To measure the enhancer activity of this region in vivo 
in cardiomyocytes, we used AAV9, which in heart selec-
tively and efficiently transduces cardiomyocytes (Figue 
S7C). We cloned the putative Vegfa enhancer into an 
AAV enhancer-reporter construct,12 positioning it within 
the 3’ UTR so that it drives its own transcription (Figure 
S7D). After delivery of AAV-mCherry-enh (VegfaWT) to 
newborn mice, we visualized mCherry at postnatal day 
7 (P7; Figure S7D). The VegfaWT enhancer drove robust 
cardiac mCherry expression that was reduced by muta-
tion of the GATA4 motif (Figure S7A, S7E). Mutation of 
the T-Box, MEF2, or NKX2-5 motifs also qualitatively 
reduced reporter expression. To more quantitatively 
assess relative enhancer activity, we measured the 
level of enhancer-driven RNA expression, normalized 
to AAV DNA to control for transduction efficiency (Fig-
ure S7E). This demonstrated that the VegfaWT enhancer 
was ~4-fold more active than control, mutation of single 
TF motifs partially reduced activity, and mutation of all 4 
motifs abolished enhancer activity (Figure S7G).

To gain broader insight into the value of lineage-selec-
tive GATA4 regions to predict cardiac enhancer activ-
ity, we evaluated the GATA4 regions against the VISTA 
database of in vivo tested enhancers (Figure S7H). Pan-
GATA4 had very high sensitivity (99%) and modest spec-
ificity (70%). Using the cardiomyocyte-selective regions 
boosted the specificity (98%) at the cost of sensitivity 
(29%). EC-selective regions did not substantially over-
lap with active heart enhancers (5%), potentially due to 
biased selection of tested regions toward cardiomyocyte 
enhancers and limited detection of endocardial activity in 
the whole mount transgenic assay.

These results identify a novel Vegfa enhancer that 
is collaboratively regulated in cardiomyocytes in vivo by 

multiple TFs including GATA4 and NKX2-5 and suggest 
that the cardiomyocyte-selective GATA4 regions are 
highly predictive of in vivo cardiac enhancer activity.

GATA4 Interacting Factors Modulate GATA4 
Chromatin Occupancy
ATAC-seq footprinting showed that EC-selective 
GATA4 regions are highly enriched for the ETS motif. 
Among ETS family members, ETS1 and ETS2 were 
most highly and selectively expressed in ECC (Figure 
S6A). To determine if GATA4 can interact with ETS1 
or ETS2, we expressed ETS1, ETS2, and GATA4 in 
293T cells and performed co-immunoprecipitation 
(co-IP) assays. For comparison, we selected NKX2-5 
as a cardiomyocyte-selective GATA4 partner, because 
NKX2-5 is selectively expressed in cardiomyocytes, 
whereas other candidate factors such as MEF2 or 
TBX5 are expressed in both cardiomyocytes and 
ECs (Figure S6A). ETS1 strongly co-precipitated with 
GATA4, whereas ETS2-GATA4 interaction was much 
weaker (Figure  5D). In side-by-side assays, GATA4-
ETS1 interaction was comparable in strength to the 
well-established interaction between GATA4 and 
NKX2-5 (Figure S8A). Both NKX2-5-GATA4 and 
ETS1-GATA4 interactions were resistant to nuclease 
treatment, indicating that the interaction is mediated by 
protein-protein contacts rather than DNA co-binding 
(Figure S8B). GATA4-ETS1 interaction required the 
ETS DNA-binding domain (Figure S8C). To determine 
if GATA4 and ETS1 interact in developing hearts, we 
pulled down endogenous GATA4fb from Gata4fb/+; Ros-
a26BirA/+ embryonic heart lysate and found that ETS1 
co-precipitated (Figure 5E). Together, these data sup-
port GATA4-ETS1 interaction in endocardium.

Pioneer factors such as GATA4 contribute to estab-
lishing lineage specific chromatin landscapes by binding 
to nucleosome occluded sites and making them acces-
sible to other TFs and chromatin modifying factors. We 
hypothesized that GATA4 interactions with distinct cofac-
tors in cardiomyocytes and ECs modulates its pioneer-
ing activity and chromatin occupancy in each lineage. 
Addressing this hypothesis required studying the effect 
of TF interactions on GATA4 binding in cells with little 
or no endogenous expression of the factors. Therefore 
we turned to NIH3T3 cells, which do not endogenously 
express GATA4 or NKX2-5, and lowly express ETS1 (Fig-
ure S8D through S8F). We created stable NIH3T3 cell 
lines that stably expressed GFP (3T3-control), GATA4-
HA (3T3-G), Flag-ETS1 (3T3-E), Flag-NKX2-5 (3T3-N), 
GATA4-HA and Flag-ETS1 (3T3-GE), or GATA4-HA and 
Flag- NKX2-5 (3T3-GN; Figure 5F). GATA4, NKX2-5, 
and ETS were comparably expressed between sets of 
GATA4-, NKX2-5-, and ETS1-programmed cells (Fig-
ure 5G). As expected, NKX2-5 and ETS1 both co-pre-
cipitated GATA4 in co-expressing cell lines (Figure S8G).
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Next, we performed GATA4, ETS1, and NKX2-5 ChIP-
seq in these cell lines (Table S1). Biological triplicates 
correlated well within each group (Figure S9A), indicat-
ing highly reproducibility. Between groups, the GATA4 
signal correlated across 3T3-G, -GE, and -GN cell lines, 
and ETS1 and NKX2-5 signal correlated across 3T3-E, 
-GE, -N, and -GN cell lines, respectively. Co-expression of 
NKX2-5 and GATA4 shifted their occupancy so that both 
TFs were more correlated (Figure S9A, yellow dashed 
boxes), and similarly ETS1 and GATA4 co-expression 
resulted in higher correlation between these factors 
(Figure S9A, green dashed boxes). These data are con-
sistent with collaborative occupancy by these TF pairs.

We defined GATA4 regions in each cell line as the 
ChIP-seq peaks called in at least 2 of 3 replicates (Fig-
ure 5H). In cells expressing only GATA4, GATA4 occu-
pied 47 606 regions. Interestingly, co-expression of 
either ETS1 or NKX2-5 reduced the number of GATA4 
regions to 23 711 and 35 608, respectively, as a result 
of lost occupancy of 27 257 and 19 460 regions and 
gained occupancy of 3362 and 7462 regions, respec-
tively. The regions that gained occupancy in GE or GN 
cell lines were largely distinct (Figure  5H and 5I). We 
grouped GATA4 regions into clusters (G1-G7) based on 
their TF occupancy in different cell lines (Figure 5H; Fig-
ure S9B). These regions had limited overlap with GATA4 
regions from embryo hearts, consistent with the differ-
ences in cell types (Figure S9C), with the greatest over-
lap occurring with the GATA4 regions shared between 
ECs and cardiomyocytes. EC-selective GATA4 regions 
overlapped most with ETS1-related clusters, and cardio-
myocyte-selective heart GATA4 regions overlapped most 
NKX2-5-related clusters.

Motif analysis of these clusters showed that the 
GATA4 motif was present in a high percentage (20%–
s50%) of regions and highly enriched (Figure 5J). We 
also detected high enrichment of AP-1, RUNX, and 
TEAD motifs across most clusters, suggesting potential 
GATA4 interactions with these TFs. The ETS motif was 
enriched in clusters in which GATA4 occupancy was 
contingent on ETS1 expression (G2, G3, G6) whereas 
it was less prevalent among regions not occupied by 
GATA4 in the presence of ETS1 (G1, G4, G5) or occu-
pied in all 3 cell lines (G7). This was mirrored by enrich-
ment of the NKX2-5 motif in clusters in which GATA4 
occupancy was contingent on NKX2-5 expression (G2, 
G4, G5) and not in the other clusters. Together, the 
motif analysis suggests that gained GATA4 occupancy 
in cells co-expressing ETS1 or NKX2-5 is due to direct 
co-occupancy of regions by partner TFs, whereas its 
loss from regions in co-expressing cells occurs through 
less direct mechanisms, such as competition for a limit-
ing amount of GATA4.

A similar analysis of ETS1 and NKX2-5 ChIP-seq 
data identified far fewer occupied regions (8678 and 
17471, respectively; Figure S9B through S9D). Clusters 

in which a high percentage of GATA4 regions had motifs 
of partner TFs ETS1 or NKX2-5 (eg, G2, G3, and G6 or 
G4, G5, and G6, respectively), had a surprisingly low frac-
tion of regions with ChIP-seq signal for these TFs. We 
interpreted these data to indicate that the Flag antibody 
was less sensitive for ChIP-seq, which limited compara-
tive analysis of relationships between GATA4 and ETS1 
or NKX2-5 occupancy.

Effect of ETS1 Versus NKX2-5 on GATA4 
Pioneer Activity
Pioneer TF activity can be defined as binding to nucleo-
somal DNA (pioneer binding, Figure  6A, step 1), with 
its functional outcomes being increased accessibility of 
bound DNA (pioneer opening, Figure  6A, step 2) and 
establishment of an active enhancer (pioneer enhancer 
activation; Figure 6A, step 3). We assessed each of these 
outcomes in the stable cell lines. As detailed below, only 
a subset of regions with pioneer binding became acces-
sible and decorated with active enhancer marks.

To assess GATA4 pioneer binding activity and how 
it is modified by ETS1 or NKX2-5, we measured chro-
matin accessibility in control and in the cells expressing 
GATA4, NKX2-5, and ETS1 using ATAC-seq (Figure 6B; 
Table S1). Due to its pioneer binding activity,7 GATA4 can 
bind inaccessible DNA (ATAC-seq negative; Figure 6C). 
Of regions occupied by GATA4 without a partner TF 
(G1, G3, G5, G7, Figure S10A), 46% were inaccessible 
in 3T3-control (GATA4-naive) cells (Figure  6D; Fig-
ure S10B). In contrast, regions occupied by ETS1 and 
NKX2-5 without GATA4 were only 13% and 12% inac-
cessible in control cells (E1, E3, N1, N3, Figure S10B; 
Fisher P<2.2E-16 vs. GATA4 regions). These data are 
consistent with GATA4, but not ETS1 or NKX2-5, having 
substantial pioneer binding activity.

However, non-pioneer TFs ETS1 and NKX2-5 modi-
fied the pioneer binding activity of GATA4 (Figure 6A, 
step 1; Figure 6C and 6D). Regions bound by GATA4 
only in the presence of either ETS1 or NKX2-5 (G2, G4, 
G6), were 85% closed in control cells, compared with 
56% for regions bound by GATA4 without these partner 
TFs (G1, G3, G5, G7; Fisher exact test P<2.2E-16; Fig-
ure 6D). Compared with NKX2-5, ETS1 more potently 
enhanced GATA4 pioneer binding activity, since the 
inaccessible fraction was higher in ETS1-dependent 
compared with NKX2-5-dependent regions (G2, 95%, 
versus G4, 80%, Fisher P<2.2E-16; and G3, 87%, ver-
sus G5, 45%, Fisher P<2.2×10−16). These observations 
were supported by quantitative comparison of ATAC-seq 
signal in control cells at G1-G7 regions (Figure S10C). 
These data indicate that despite GATA4’s pioneer-
ing binding activity, chromatin accessibility influences 
GATA4 occupancy, and the extent and sites of pioneer-
ing binding activity are determined by GATA4 interaction 
with partner TFs.
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We next evaluated GATA4’s pioneer opening activity, 
i.e. its ability to make closed chromatin accessible (Fig-
ure 6A, step 2; Figure 6E and 6F). Surprisingly, GATA4 
alone had low pioneer opening activity—only 7% of 
chromatin that was inaccessible in control cells became 
accessible upon GATA4 occupancy in 3T3-G cells (Fig-
ure  6F). Presence of ETS1 or NKX2-5 augmented 

GATA4’s pioneer opening activity, such that 63% and 
43% of GATA4 occupied regions that were inacces-
sible in control cells became accessible in 3T3-GE or 
3T3-GN, respectively (Fisher P<2.2E-16 compared with 
3T3-G; Figure  6F; Figure S10D). ETS1 consistently 
exhibited greater pioneer opening activity than NKX2-
5. For example, at regions occupied by GATA4 in both 

Figure 6. ETS1 and NKX2-5 enhance GATA4 pioneer activity.
A, Model for steps of pioneer TF (transcription factor) activity. B, Overview of chromatin accessibility and H3K27ac acetylation at GATA4 
regions in cell lines expressing GATA4 (G), GATA4 plus ETS1 (GE), GATA4 plus NKX2-5 (GN), or GFP (Ctrl). G1-G7 denote regions grouped 
by their pattern of GATA4 occupancy across cell lines. C, Representative genome browser view of GATA4 pioneer binding at a region that was 
inaccessible in 3T3-Ctrl (gray shading), and additional regions that were accessible in 3T3-Ctrl (red shading). D, Fraction of GATA4 regions 
that were accessible or inaccessible in control cells. All refers to all GATA4 regions across all cell lines. Nearly half of GATA4 regions were not 
accessible in control cells, indicative of pioneer binding. E, Representative genome browser views of pioneer opening and enhancer activation 
by GATA4 in the presence of ETS1 (orange shading). F, Change in accessibility with GATA4 occupancy. The distribution of 4 possible chromatin 
accessibility transitions from control cells (GATA4-naive) is plotted for the GATA4 clusters relevant for each GATA-expressing cell line. The 
fraction of closed regions in control cells that became open in the GATA4 cells was compared using the Fisher exact test without multiple testing 
correction. G. The distribution of H3K27ac transitions for regions that gained accessibility is shown. GE cells had a consistently high fraction of 
open regions that gained H3K27ac, compared with G cells lacking ETS1. Nominal Fisher P indicates comparison of the proportion of GATA4 
regions with gain of accessibility that undergo enhancer activation between cells expressing G vs GE.
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Figure 7. GATA4 and ETS1 synergistically regulate endocardial cell gene expression.
A, Schematic for scRNA-seq measurement of gene expression after Gata4 ablation by Cdh5-CreERT2. Four to five hearts were pooled for 
each of 2 replicates per group. B, UMAP visualization of cell clusters identified in E12.5 mouse ventricles. C, Expression of Gata4, Ets1, and 
marker genes of cell clusters. GFP marks cells exposed to Cdh5-CreERT2 recombinase activity. D, Differentially expressed genes (DEGs) 
in Gata4 KO cells (Padj<0.05 and absolute fold-change >1.5). E, Central enrichment of ETS1 and GATA4 motifs within GATA regions 
related to DEGs. One-tailed binomial test, adjusted for multiple testing. F. Diagram of reporter constructs used to test candidate enhancer 
activities. SV40P is the minimal promoter from SV40 (SV40 minP in G and H). G and H, GATA4 and ETS1 synergistically activate candidate 
endocardial enhancers through cognate binding motifs. Assays were performed in HUVEC (G) or NIH3T3 (H). ANOVA with Tukey post-hoc 
test within each enhancer tested.
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3T3-GE and 3T3-GN (G6 and G7), the percentage of 
regions that underwent pioneer opening was 73% and 
56% in 3T3-GE, compared with 54% and 34% in 3T3-
GN (Fisher P<2.2E-16 and 7.6E-11, respectively; Fig-
ure S10D). Similarly, the fraction of regions that were 
opened by GATA4 plus ETS1 was 50% (G2 and G3), 
compared with 35% for GATA4 plus NKX2-5 (G4 and 
G5; Fisher P<2.2E-16; Figure S10D). Analysis of ATAC-
seq signal changes between control and TF-expressing 
cells (Figure S10E and S10F) further supported stimu-
lation of greater chromatin opening at regions with low 
ATAC signal in control cells in GATA4 plus ETS compared 
with GATA4 alone, with GATA4 plus NKX2-5 displaying 
intermediate chromatin opening. These data demon-
strate that non-pioneering TFs augment and direct the 
chromatin opening activity of pioneering TFs.

We then analyzed the effectiveness of GATA4 to 
establish active enhancers by performing H3K27ac 
ChIP-seq in the control and stable TF-expressing 
cell lines (Figure 6A, step 3; Figure 6E; Figure S10H, 
Table S1). As expected, the large majority (92-97%) of 
H3K27ac+ regions were accessible in 3T3-G, 3T3-GE, 
and 3T3-GN (Figure S10G). Regions that gained acces-
sibility through GATA4 pioneer activity were consistently 
less likely to gain H3K27ac than regions persistently 
accessible in both control and GATA4-expressing (Fig-
ure S10I), suggesting that GATA4 activates enhancers 
more efficiently at persistently open sites than at sites 
that require pioneering activity. Next, we analyzed how 
ETS1 or NKX2-5 influence enhancer activation at sites 
of GATA4 pioneering activity. Regions that gained acces-
sibility became consistently activated at the highest fre-
quency by GATA4 plus ETS1 (Figure 6G; Figure S10J). 
GATA4 plus NKX2-5 activated enhancers at comparable 
frequency to GATA4 alone.

The overall distribution of chromatin state transitions 
observed in 3T3-G, 3T3-GE, and 3T3-GN is summarized 
in Figure S10K. Collectively, our analyses indicate that 
ETS1 enhances GATA4’s pioneer binding, opening, and 
enhancer activation. NKX2-5 less potentially stimulated 
GATA4 pioneer binding and opening, and did not increase 
enhancer activation at sites requiring pioneer activity.

GATA4 and ETS1 Synergistically Regulate 
Endocardial Enhancers
To investigate the functional requirement of GATA4 in 
cardiac ECs, we selectively inactivated Gata4 in ECs 
using Cdh5-CreERT2 and tamoxifen treatment at E9.5 
(Figure 7A). At E12.5, heart ventricle apexes were ana-
lyzed by scRNAseq, in biological duplicate (Figure S11A 
through S11C). Forty-one thousand three hundred 
eighty-fives cells that passed quality control. Grouping 
these cells by their transcriptomes yielded nine cell clus-
ters (Figure 7B). Duplicate samples agreed well (Figure 
S11A and S11B) and were merged for further analyses. 

Clusters were identified by their expression of known 
marker genes (Figure  7C and Figure S11E through 
S11H). Two EC clusters were marked by Cdh5, Pecam1, 
and GFP, here a Cre-activated lineage marker (Figure 
S11D and S11E). One EC cluster expressed ECC mark-
ers Nfatc1, Npr3, and Hapln128 (Figure S11F), while the 
other expressed vascular endothelial cell marker Fabp433 
(Figure S11G). Gata4 expression was the highest in 
ECCs and mesenchymal cells, intermediate in cardiomy-
ocytes and epicardial cells, and lower in vECs (Figure 7C; 
Figure S11I). Ets1 expression was the highest in ECCs 
and vECs, intermediate in mesenchymal cells, and low in 
cardiomyocytes and epicardial cells.

To identify ECC genes regulated by GATA4, we per-
formed differential gene expression analysis between 
Gata4 knockout and control (Gata4fl/+; Cdh5-CreERT2) 
cells within the ECC cluster. There were 278 differentially 
expressed genes (DEGs; Padj<0.05 and absolute fold-
change >1.5; 129 upregulated and 76 downregulated; 
Data S3). These DEGs included genes with known func-
tion in heart development, such as Pdgfra,34,35 Wnt4,36 
and Bmp637 Gene ontology analysis showed that the 
DEGs were enriched for functional terms involving HIF-1, 
Hippo, and PI3K-Akt signaling pathways (Figure S11J). 
The DEGs in ECCs had minimal overlap with DEGs in 
other cell types (Figure S11K). The 87 DEGs in ECCs 
were associated with EC-selective GATA4 regions, sug-
gesting that these genes are the direct targets of GATA4 
in developing endocardium (Figure S11L; Data S3), In 
comparison, DEGs in ECCs were less likely to be associ-
ated with cardiomyocyte-selective GATA4 regions (Fig-
ure S11L). The ETS1 motif co-localized with the GATA4 
motif at the center of these EC-selective GATA4 regions, 
whereas cardiomyocyte-selective GATA4 regions neigh-
boring DEGs were enriched for GATA4 but not ETS1 
motifs (Figure 7E). These data suggest that ETS1 col-
laborates with GATA4 to regulate these DEGs in ECCs.

To further test if GATA4 and ETS1 co-regulate 
enhancers of these DEGs, we focused on 2 downregu-
lated genes, Eln and Pdgfra. We cloned three neighbor-
ing EC-selective GATA4 regions (Figure S11M through 
S11O) upstream of a minimal promoter and firefly lucif-
erase (Figure  7F; Figure S11P). We also generated 
mutant versions in which GATA4 and ETS1 motifs were 
ablated (Figure 7F; Table S2). We tested the activity of 
these enhancers by transfecting them into human umbili-
cal vein endothelial cells, which endogenously express 
ETS1 and GATA4 (Figure S11Q). The enhancers demon-
strated robust activity that was augmented by co-trans-
fection of GATA4 and diminished by mutation of GATA4 
and ETS1 motifs (Figure 7G). To circumvent the endoge-
nous expression of GATA4 and ETS1 in human umbilical 
vein endothelial cells, we turned to NIH3T3 cells, which 
express no GATA4 and low ETS1 (Figure S11R). Over-
expression of GATA4 greatly stimulated the activity of all 
3 enhancers (Figure 7H). While ETS1 overexpression did 
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not substantially stimulate enhancer activity by itself, it 
significantly boosted enhancer activation by GATA4 (Fig-
ure 7H). Collectively, these results indicate that GATA4 
and ETS1 synergistically regulate a subset of EC-selec-
tive GATA4 enhancers in endocardial development.

DISCUSSION
Organ development requires coordinated interactions 
between multiple different cell types, each with its own 
transcriptional regulatory program. Here, we used Cre-
directed bioChIP-seq to map occupancy of the critical 
cardiac pioneer factor GATA4 in EC and cardiomyocyte 
lineages. We identified regions selectively occupied 
by GATA4 in these lineages and showed that these 
regions have properties of lineage-specific enhanc-
ers, including signature chromatin landscape features 
(tissue-specific ATAC, H3K27ac, and EP300 signals) 
and enrichment adjacent to lineage-selective genes. 
Lineage-selective GATA4 regions were associated 
with lineage specific functional terms and with cardiac 
specific enhancer marks. In contrast, GATA4 regions 
shared between cardiomyocyte and EC lineages were 
not enriched for lineage-selective functional annota-
tions and shared enhancer features with the forebrain. 
This observation suggests that cell-restricted GATA4 
regions are more likely to participate in cell-type spe-
cific gene regulation.

We functionally tested 1 lineage-selective enhancer 
associated with Vegfa, a key angiogenic factor. Vegfa is 
highly expressed in developing cardiomyocytes,38 and 
heart development and embryo survival is highly depen-
dent upon Vegfa dose.39,40 GATA4 was previously identi-
fied as a regulator of Vegfa expression in adult heart, 
and targeted ChIP and reporter assays suggested direct 
GATA4 stimulation of the Vegfa promoter.32 Our GATA4 
ChIP-seq studies of fetal and adult heart did not identify 
GATA4 occupancy of the Vegfa promoter. Cell lineage-
selective GATA4 ChIP-seq identified a cardiomyocyte-
selective GATA4 region that directly contacts the Vegfa 
transcriptional start site 23 kb away. This region func-
tioned as a cardiomyocyte enhancer and was dependent 
upon motifs of GATA4 and multiple other cardiac TFs. 
Given the importance of Vegfa expression for cardiac 
development and function,39,40 it is likely that this is a 
functionally important Vegfa enhancer.

Footprints within EC-selective GATA4 regions were 
highly enriched for the ETS motif, and we demonstrated 
that GATA4 physically interacts with ETS1, one of the 
most highly expressed ETS family members in endocar-
dium. Furthermore, through single-cell RNA-seq analysis 
of embryonic hearts with EC-selective Gata4 inactiva-
tion and integration with EC-selective GATA4 chroma-
tin occupancy, we identified endocardial genes likely to 
be directly regulated by GATA4. These GATA4-bound 
enhancers were centrally enriched for GATA4 and ETS1 

motifs, and reporter assays demonstrated synergistic 
activation by GATA4 and ETS1. Together, these data 
indicate that GATA4-ETS1 interaction governs ECC 
development.

Considerable attention has been directed toward 
pioneer TFs because their ability to bind to nucleoso-
mal DNA endows them with the capacity to direct the 
reshaping of the chromatin landscape, which is neces-
sary to enable and guide lineage specification.1 Here, 
we analyzed how interaction of non-pioneer partner TFs, 
ETS1 and NKX2-5, with a pioneer TF, GATA4, modu-
lates its pioneer activity. We considered 3 separable 
aspects of pioneer activity: binding to nucleosomal DNA 
(pioneer binding), opening inaccessible DNA to make it 
accessible (pioneer opening), and establishing an active 
enhancer (pioneer enhancer activation). Both ETS1 and 
NKX2-5 increased GATA4’s pioneer binding activity, 
with ETS1 being more potent than NKX2-5. Without 
its partner TFs, GATA4 exhibited weak pioneer open-
ing activity. Both ETS1 and NKX2-5 augmented this 
pioneer opening activity, again with ETS1 being more 
potent than NKX2-5. GATA4 pioneer enhancer activa-
tion—establishment of active enhancer marks at regions 
that had undergone pioneer opening—was generally 
weaker than its stimulation of enhancer activation at 
already accessible chromatin. NKX2-5 did not substan-
tially alter GATA4 pioneer enhancer activation, whereas 
it was stimulated by ETS1. Together these observations 
indicate that pioneer activity can be partitioned into dis-
tinct steps, and each step can be differentially modulated 
by specific partner, non-pioneer TFs. In future studies it 
will be interesting to systematically probe the interaction 
of pioneer TFs with partner TFs to determine if there are 
principles that will allow better prediction of the outcome 
of pioneer TF-partner TF interactions.

ETS1 is in the critical region for Jacobsen syndrome, a 
chromosomal deletion syndrome that includes hypoplas-
tic left heart syndrome, a severe form of congenital heart 
disease,41 and a patient with de novo ETS1 frameshift 
mutation had complex heart disease including left ventric-
ular hypoplasia.42 ETS1 was downregulated in hypoplas-
tic left heart syndrome iPSC-derived endocardial cells, 
and ETS1 knockdown in primary human ECCs shared 
abnormal gene expression and endothelium to mesen-
chymal transition signaling with hypoplastic left heart 
syndrome ECCs.28 Our work suggests that ETS1 likely 
regulates ECC development by interacting with GATA4 
to modulate its pioneering activity, resulting in both gain 
and loss of GATA4 bound regions, and increased pio-
neer binding, opening, and enhancer activation. Addi-
tionally, ETS1 and GATA4 interact at a subset of ECC 
enhancers, resulting in synergistic enhancer activation. 
Although GATA4 was not required to maintain chroma-
tin accessibility in murine endocardium, we hypothesize 
that GATA4-ETS1 pioneer activity is required to establish 
the initial chromatin landscape of endocardium, and that 
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disruption of this process contributes to hypoplastic left 
heart syndrome pathogenesis.

Our experiments had some limitations. In the stud-
ies of GATA4 pioneering activity, we used NIH3T3 cell 
lines that stably overexpressed GATA4, ETS1, and/or 
NKX2-5. We cannot exclude that stable expression of 
these factors led to alterations of chromatin accessibil-
ity or TF binding. Our single-cell RNA sequencing study 
of GATA4 mutant endocardium used GATA4 inactiva-
tion in ECs at E9.5. This was necessary to circumvent 
embryonic lethality at or before E12.5 caused by earlier 
GATA4 inactivation in ECs, for example, by Tie2Cre.9 This 
relatively late inactivation likely missed essential func-
tions of GATA4 for ECC specification and sculpting of 
the accessible chromatin landscape. Further studies of 
GATA4- and ETS1-dependent functions in endocardium 
at earlier endpoints are warranted to further understand 
the contribution of these TFs to heart development and 
congenital heart disease.
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