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The nucleosome remodeling and deacetylase (NuRD) complex is one of the central chromatin remodeling com-
plexes that mediates gene repression. NuRD is essential for numerous developmental events, including heart de-
velopment. Clinical and genetic studies have provided direct evidence for the role of chromodomain helicase DNA-
binding protein 4 (CHD4), the catalytic component of NuRD, in congenital heart disease (CHD), including atrial and
ventricular septal defects. Furthermore, it has been demonstrated that CHD4 is essential for mammalian cardio-
myocyte formation and function. A key unresolved question is how CHD4/NuRD is localized to specific cardiac
target genes, as neither CHD4 nor NuRD can directly bind DNA. Here, we coupled a bioinformatics-based approach
with mass spectrometry analyses to demonstrate that CHD4 interacts with the core cardiac transcription factors
GATA4, NKX2-5, and TBX5 during embryonic heart development. Using transcriptomics and genome-wide oc-
cupancy data, we characterized the genomic landscape of GATA4, NKX2-5, and TBX5 repression and defined the
direct cardiac gene targets of the GATA4–CHD4, NKX2-5–CHD4, and TBX5-CHD4 complexes. These data were
used to identify putative cis-regulatory elements controlled by these complexes. We genetically interrogated two of
these silencers in vivo: Acta1 and Myh11. We show that deletion of these silencers leads to inappropriate skeletal
and smooth muscle gene misexpression, respectively, in the embryonic heart. These results delineate how CHD4/
NuRD is localized to specific cardiac loci and explicates howmutations in the broadly expressed CHD4 protein lead
to cardiac-specific disease states.
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Transcriptional repression is mediated by broadly ex-
pressed multiprotein complexes that modify and remodel
chromatin. Repression by these complexes is achieved by
alteration of chromatin states through direct DNA se-
quence-specific binding of a given complex or by recruit-
ment of the complex to defined loci via interactions
with tissue-specific transcription factors. The nucleo-
some remodeling and deacetylase (NuRD) complex re-
presses gene expression and is essential from flies to
humans. In most cases, the histone deacetylase and
ATP-dependent chromatin remodeling helicase of
NuRD combine to modulate chromatin states at target

genes (Wade et al. 1998, 1999; Xue et al. 1998; Zhang
et al. 1998). Components of the NuRD complex differ
but invariably contain either of the ATP-dependent chro-
modomain helicases: CHD3 or CHD4 (Watson et al. 2012;
Joshi et al. 2013; Low et al. 2016; Zhang et al. 2016; Hoff-
meister et al. 2017; Farnung et al. 2020). The crucial na-
ture of CHD4 has been established through clinical
studies that have shown that mutations in CHD4 lead
to congenital heart disease (Zaidi et al. 2013; Homsy
et al. 2015; Sifrim et al. 2016; Waldron et al. 2016; Weiss
et al. 2016). In addition, genetic studies in mice have
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demonstrated that cardiac conditional Chd4-null mu-
tants die atmid-gestation and that loss of CHD4-mediated
repression leads to misexpression of fast skeletal and
smooth muscle myofibril isoforms, cardiac sarcomere
malformation, and early embryonic lethality (Gómez-
Del Arco et al. 2016; Wilczewski et al. 2018).
Although CHD4 is essential for heart development, and

its disease relevancehasbeen shown, oneof the central un-
answered questions regarding the complex’s regulatory
mechanism is how CHD4/NuRD is recruited to specific
cardiac gene loci, given that neither CHD4 nor NuRD
bindsDNA.Using a genomic approach,we identified over-
represented DNAmotifs recognized by several core cardi-
ac transcription factors at CHD4-bound genomic regions.
Using parallel reaction monitoring mass spectrometry
(PRM nLC-MS/MS) (Picotti et al. 2013; Federspiel et al.
2019), we confirmed that CHD4 interacts in vivo in mid-
gestationheartswithGATA4,NKX2-5, andTBX5. Further
analysis revealed that CHD4 and GATA4, NKX2-5, and
TBX5converge on regulatory elements genome-wide asso-
ciated with transcriptional repression. These findings im-
ply an important dual regulatory role for these critical
cardiac transcription factors.
We used our data to map putative cardiac cis-regulatory

elements (CREs) regulated through GATA4–CHD4,
NKX2-5–CHD4, and TBX5–CHD4 complexes. Deletion
of a putative CRE at the skeletal muscle Acta1 gene that
contains an NKX2-5 binding site led to inappropriate
Acta1 expression in fetal hearts. Similarly, deletion of a
CHD4 CRE within the smooth muscle Myh11 gene con-
taining aGATA4 binding site led toMyh11misexpression
in fetal hearts. Collectively, our results demonstrate that
CHD4/NuRD is recruited to defined loci through a core
set of cardiac transcription factors to repress inappropriate
gene expression in developing hearts.

Results

CHD4 interacts with the core cardiac transcription
factors GATA4, NKX2-5, and TBX5

One of the central issues regarding the mechanism and
function of the CHD4/NuRD complex involves the re-
cruitment of CHD4/NuRD to specific loci, given that nei-
ther CHD4 nor NuRD binds DNA directly (Fig. 1A). To
address these issues, we performed motif discovery of
CHD4 ChIP-seq data sets obtained from E10.5 hearts
(GEO: GSE109012) (Wilczewski et al. 2018). Our analyses
revealed a striking abundance of significantly overrepre-
sented cardiac transcription factor consensus motifs in
CHD4-bound regions (Fig. 1B). These sequences included
binding sites for the core cardiac transcription factors
GATA4, NKX2-5, and TBX5, each of which is required
for cardiac development and, when mutated, causes hu-
man heart disease (Durocher et al. 1997; McCulley and
Black 2012; Baban et al. 2014; Luna-Zurita et al. 2016;
Akerberg et al. 2019; Jumppanen et al. 2019). Moreover,
mice homozygous null for Tbx5, Gata4, and Nkx2-5 dis-
play heart defects at E10.5, the same developmental stage
that requires Chd4 (Bruneau et al. 2001; Stennard et al.

2003; Watt et al. 2004; Mori et al. 2006; Maitra et al.
2009; Terada et al. 2011; Zhou et al. 2015; Gómez-Del
Arco et al. 2016; Wilczewski et al. 2018).
We confirmed CHD4 colocalization with GATA4,

NKX2-5, and TBX5 by proximity ligation assays (PLAs).
CHD4 was expressed with either GATA4, NKX2-5, or
TBX5, or as a negative control (turboGFP) (Fig. 1C–F). In
support of our genomic analyses, we found that CHD4 in-
teracts with GATA4, NKX2-5, and TBX5 and, in all three
cases, the interaction occurs predominantly in the nucle-
us. The interactions of CHD4 with these three transcrip-
tion factors were validated by coimmunoprecipitation
(co-IP) in transfected HEK293 cells (Fig. 1G; Waldron
et al. 2016).
To elucidate whether CHD4 interacts with either

GATA4, NKX2-5, or TBX5 in heart tissue in vivo, we per-
formed parallel reaction monitoring MS (PRM LC-MS/
MS) (Peterson et al. 2012; Justice et al. 2021; Shi et al.
2021) on immuno-affinity-purified cardiac E10.5 CHD4
interactomes isolated in the presence of Pierce universal
nuclease (Conlon et al. 2012; Greco et al. 2012; Charpent-
ier et al. 2013; Kaltenbrun et al. 2013;Waldron et al. 2016).
In contrast to conventional MS/MS approaches, PRM-
MS/MS is a hypothesis-driven approach using a preselect-
ed peptide to target and quantify a defined protein in a
complex mixture (Supplemental Fig. S1).
Consistent with previous findings (Waldron et al. 2016),

PRM LC-MS/MS analysis of E10.5 CHD4 endogenous
interactomes revealed CHD4 in complex with TBX5.
Our results further divulged that CHD4 is in complex
with GATA4 and NKX2-5 in E10.5 hearts (Fig. 1H). To
our knowledge, this is the first report of an endogenous in-
teraction between CHD4 and NKX2-5 during heart devel-
opment. Together, our data establish that CHD4
complexes in vivo with GATA4, NKX2-5, and TBX5 dur-
ing a time point when CHD4 is essential for vertebrate
heart development.

GATA4, NKX2-5, and TBX5 are cobound with CHD4

To determine whether GATA4, NKX2-5, and TBX5 bind-
ing sites were prevalent in CHD4 ChIP-seq peaks, we
overlapped GATA4, NKX2-5, and TBX5 ChIP-seq data
sets (Akerberg et al. 2019) with CHD4 ChIP-seq peaks.
We observe GATA4, NKX2-5, and/or TBX5 ChIP-seq sig-
nal at CHD4-bound regions, suggesting coordinate bind-
ing between CHD4 and these factors (Fig. 2A).
Our previous data have shown that CHD4 interacts

with TBX5 to repress noncardiac gene programs (Waldron
et al. 2016); thus, we hypothesized that the interactions
with GATA4 and NKX2-5 have a similar consequence.
Therefore, we focused on sites within genes that were
also bound by CHD4 and that demonstrated increased
RNA levels following CHD4 knockout, supportive of a
CHD4-repressive activity (n= 1082 peaks) (Fig. 2B). Gene
ontology analysis of peaks cobound by CHD4 and
GATA4, NKX2-5, or TBX5 revealed potential biological
differences between the CHD4 interaction with each of
these transcription factors. Specifically, CHD4/GATA4-
and CHD4/NKX2-5-cobound peaks were linked to genes
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associated with regulation of axonogenesis, muscle struc-
ture development, or cardiacmuscle development. In con-
trast, CHD4/TBX5-cobound peaks did not demonstrate
this association (Fig. 2C).

As there are well-characterized interactions between
TBX5, GATA4, and NKX2-5 (Durocher et al. 1997; Jump-
panen et al. 2019), wehypothesized that there are genomic
loci at which CHD4 binds more than one transcription
factor (Fig. 2A). Of the CHD4-bound peaks in repressed
genes, more than half (n= 397) were cobound by TBX5,
GATA4, and/or NKX2-5 (Fig. 2D). Furthermore, we found
that 155 peaks at CHD4-repressed geneswere bound by all
three transcription factors in addition to CHD4 (Fig. 2D).
GATA4 was found most often to be associated with
CHD4-repressed regions and was also the most likely to
cobind with CHD4 individually (Fig. 2D).

We next determined the genomic localization of the
CHD4/transcription factor binding to determine a poten-
tial effect on gene expression.We annotated binding peaks
with the nearest target gene feature (Fig. 2E). These anal-
yses show that GATA4–CHD4, NKX2-5–CHD4, and
TBX5–CHD4 are significantly enriched at intergenic,
intronic, and promoter regions, suggesting that they regu-
late gene expression, as these sites are associated with
CHD4-mediated transcriptional repression (Wilczewski
et al. 2018). Motif analyses of GATA4–CHD4, NKX2-5–
CHD4, and TBX5–CHD4 show an enrichment of the
TEAD and CTCF binding motif (Supplemental Fig. S2A)
versus motif analyses of the binding of GATA4, NKX2-
5, and TBX5 alone; i.e., in the absence of CHD4 (Supple-
mental Fig. S2B). These findings suggest that TEAD and
CTCF may act as cofactors at repressed versus activated
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Figure 1. CHD4 interacts with core cardiac TFs: GATA4, NKX2-5, and TBX5. (A) Schematic of the nucleosome remodeling and deace-
tylase (NuRD) complex localizing to target loci through interaction with a tissue-specific cofactor. (B) Predicted co-occupancy of CHD4
and GATA4, NKX2-5, and TBX5 through significant overrepresentation of known bindingmotifs of each factor in CHD4-bound genomic
regions.Q-values = 0.0000 generated from FDR-corrected P-value based on the cumulative hypergeometric distribution. (C–F ) CHD4 as-
sociates with GATA4, NKX2-5, and TBX5 through proximity ligation assay. Each image is shown as a maximum intensity z-stack pro-
jection using a 63× oil magnification objective. The presence of PLA signal (white dots) denotes the close physical proximity of target
proteins and represents a physical interaction. CHD4 and turboGFP alone (C ) results in a lower frequency and intensity of PLA signal
than CHD4–GATA4 (D), CHD4–NKX2-5 (E), or CHD4–TBX5 (F ). (G) Flag/Myc-CHD4, turboGFP (tGFP)-NKX2-5, and tGFP-GATA4
were cotransfected into HEK293 cells; immunoprecipitation (IP) was performed with anti-Flag M2 beads to pull down the CHD4 inter-
actome; andWestern blot was performed. Anti-tGFP antibodywas probed to detect NKX2-5 and GATA4 proteins, and anti-Myc antibody
was probed to detect CHD4 protein. (H) CHD4 complexes affinity-purified fromwild-type E10.5 mouse embryonic hearts show a signifi-
cant enrichment for peptides belonging to GATA4, TBX5, or NKX2-5 when compared with purified GFP complexes, as determined by
PRM-MS quantification and Student’s t-test. Data are shown as mean±SEM of triplicates. n =3, with each replicate of >28 pooled embry-
onic hearts per IP. (∗∗∗∗) P-value< 0.0001.
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GATA4–CHD4, NKX2-5–CHD4, and TBX5–CHD4 tar-
gets (Luna-Zurita et al. 2016).
We next sought to determine whether the number of

bound transcription factors or their composition affected
the magnitude of CHD4 gene repression. To this end, we
examined changes in expression in CHD4/GATA-bound,
CHD4/NKX2-5-bound, and/or CHD4/TBX5-bound genes
(Supplemental Fig. S2C). We conclude that themagnitude
of CHD4 repression is not dependent on the identity of the
recruiting factor or the number of occupying factors.
Thus, CHD4 interaction with GATA4, NKX2-5, and
TBX5 is critical for the localization of the complex to tar-
get loci, but the composition of the interaction does not af-
fect the extent of transcriptional repression.

NKX2-5 recruits CHD4 to repress expression of skeletal
actin in embryonic hearts

Strikingly, we found that GATA4 was localized to 71%
(513 of 719) of all CHD4-repressed loci (Fig. 2D).We there-

fore addressed whether binding of NKX2-5 or TBX5 alone
and at a single site is sufficient to recruit and repress
CHD4 target genes. We thus analyzed our data sets to
identify putative CREs in cardiac tissue, focusing on (1)
target genes that contained a single binding site for either
NKX2-5 or TBX5, (2) binding sites that are conserved be-
tween mice and humans, (3) binding sites associated
with a single CHD4 peak, and (4) binding sites associated
with enrichment of H3K27me3 (Fig. 3; Supplemental Ta-
ble S1; The ENCODE Project Consortium 2012). Among
those genes meeting these four criteria was Acta1, the
gene that encodes a skeletal actin isoform and is an estab-
lished CHD4/NuRD target (Wilczewski et al. 2018). In
normal developing hearts, cardiac actin Actc1 is the pre-
dominant actin isoform (Mayer et al. 1984), whereas
Acta1, the skeletal isoform, is expressed at low to unde-
tectable levels. Examination of the Acta1 locus identified
a single putative NKX2-5 DNA-binding motif, and, con-
sistent with our gene feature analyses, the NKX2-5 bind-
ing site is located in the Acta1 3′ UTR (Fig. 4A–C).

A

C

D

E

B Figure 2. CHD4 co-occupies directly re-
pressed loci with GATA4, NKX2-5, and
TBX5. (A) Heat map visualizing the density
of ChIP-seq signal of each transcription factor
(GATA4, NKX2-5, and TBX5) across genomic
regions occupied by CHD4 in developing
hearts. (B) Overlap of genes bound by CHD4
and up-regulated in Chd4-null hearts. Of the
920 genes up-regulated in hearts devoid of
CHD4, 475 (52%) are also bound by CHD4
at E10.5. These 475 genes are termed
CHD4-repressed genes and are associated
with 1082 CHD4 peaks. (C ) Biological pro-
cesses overrepresented in regions co-occu-
pied and repressed by CHD4–GATA4,
CHD4–NKX2-5, and CHD4–TBX5. The heat
map is presented as the −log Bonferroni-cor-
rected P-value. Gray boxes represent biologi-
cal processes with a nonsignificant P-value
for that group. (D) Upset plot displaying the
intersection of ChIP-seq peaks shared be-
tween CHD4 and GATA4, NKX2-5, and
TBX5, respectively. Each column represents
a different possible overlap of the data, with
the totals defined with the horizontal colored
bars. CHD4 peaks that did not overlap with
any transcription factor are not depicted in
this plot. (E) Stacked bar plot visualizing the
distribution of peaks to their associated
gene feature, annotated using ChIPseeker.
Columns represent transcription factor peaks
associated with CHD4-repressed genes or
other regions. Statistical significancewas cal-
culated using a t-test, comparing each col-
umn with GNT.
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Thus, the 3′ UTRofActa1was postulated to contain a cis-
regulatory element (CRE) bound byNKX2-5 and CHD4 in
E10.5 hearts.

To genetically interrogatewhetherActa1 is repressed in
vivo in cardiac tissue by NKX2-5–CHD4, we used
CRISPR/Cas9 technologies to generate mice containing
a deletion of the putative CRE containing an endogenous
NKX2-5 binding site in the Acta1 3′ UTR (Acta1Δ3

′
) (Fig.

4A–D; Supplemental Fig. S3A). These studies reveal that
the loss of a single copy of the CRE containing the
NKX2-5 binding site in the 3′ UTR leads to Acta1 misex-
pression in E10.5 hearts in a dominant manner (Fig. 4E),
with mRNA levels of Acta1 showing a significant in-
crease relative to wild-type littermate controls (Fig. 4E).
Thus, a single copy of anNKX2-5 binding site is sufficient
to recruit CHD4 and repress expression of a skeletal actin
isoform in developing mammalian hearts.

Repression of Acta1 is essential for normal cardiac
development

Mice heterozygous for Acta1Δ3
′
(Acta1Δ3

′/+) were found to
be viable and fertile. Although homozygous Acta1Δ3

′

(Acta1Δ3
′/Δ3′) hearts showed only a modest increase in

Acta1 over heterozygous Acta1Δ3
′
hearts (Fig. 4E), we re-

covered no homozygous Acta1Δ3
′
(Acta1Δ3

′/Δ3′) mice post-
natally (Fig. 4D). Histological analyses of Acta1Δ3

′/+ and
Acta1Δ3

′/Δ3′E10.5 hearts revealed a decrease in thickness
of the outside wall of the left and right ventricles (Fig.
4F–H). By E12.5, Acta1Δ3

′/+ and Acta1Δ3
′/Δ3′hearts had un-

dergone a dramatic remodeling of the right ventricle, with
the outer wall of Acta1Δ3

′/+ indistinguishable from wild-
type littermates, while Acta1Δ3

′/Δ3′hearts (in opposition
to E10.5) showed an increase in thickness (Supplemental
Fig. S3B–D). As with E10.5, the left ventricle in Acta1Δ3

′/+

and Acta1Δ3
′/Δ3′hearts remained thinner versus controls.

Phenotypes similar to those found in Acta1Δ3
′/+ and

Acta1Δ3
′/Δ3′E12.5 hearts were also observed at E16.5 (Sup-

plemental Fig. S3E). Together, these data demonstrate
that repression of Acta1 is essential for normal cardiac
development.

To determine the transcriptional consequence of mis-
expressingActa1 in embryonic hearts, we performed tran-
scriptional profiling (RNA-seq) on E10.5 heart tissue
derived fromActa1Δ3

′/Δ3′and wild-type littermates. Analy-
ses revealed a total of 73 genes dysregulated in Acta1Δ3

′/Δ3′

hearts (Fig. 5A); two genes (including Acta1) were up-reg-
ulated (Fig. 5A,B), and an additional 71 genes were down-
regulated (Fig. 5A,C–F). Changes in expression for a subset
of the down-regulated genes—Snta1, Taf10, Gata6, and
Ctf1—were verified by qRT-PCR (Fig. 5C–F). Gene ontol-
ogy (GO) analyses of the dysregulated genes in Acta1-ex-
pressing hearts (Fig. 5G) revealed that the genes most
overrepresented are those involved in metabolic process-
es. These data suggest that inappropriate expression of
the skeletal muscle gene Acta1 disrupts essential meta-
bolic processes, leading to a malformed heart and, ulti-
mately, embryonic death.

Deletion of a GATA4-CHD4 site in Myh11 leads to its
misexpression in developing mouse hearts

To test the function of GATA4 in CHD4-mediated gene
repression, we identified potential CREs containing
GATA4 binding sites. Our screen revealed a single
GATA4 binding site in the third intron of Myh11, the
gene encoding the smooth muscle myosin heavy chain
(SMMHC) protein (Fig. 6A,B), an established target of
CHD4 (Wilczewski et al. 2018). The canonical GATA4
DNA-binding motif in Myh11 intron 3 was shown to be
conserved between mice and humans; to be co-occupied
by CHD4 and GATA4, NKX2-5, and TBX5 during fetal
heart development; and to be enriched for H3K27me3
(Fig. 6B,C). Consistently, we found Myh11 expression to
be increased significantly inGATA4mutant hearts versus
littermate controls (Supplemental Fig. S4). Interestingly,
even though we observed strong binding for NKX2-5 and
TBX5, we failed to identify a putative binding sequence
for either NKX2-5 or TBX5 in the third intron of Myh11
in mice or humans. Thus, it may be that GATA4 recruits
NKX2-5 and TBX5 as well as CHD4 to this region.

To determine the role of the potential cooperativity of
all three cofactors in CHD4-mediated transcriptional re-
pression, we used CRISPR/Cas9 technologies to delete
the GATA4 binding region in mice (Myh11Δi3) (Fig. 6A–

Figure 3. GATA4, NKX2-5, and TBX5 are associated with
H3K27me3 at CHD4-repressed genes. Sites of CHD4 and tran-
scription factor association at CHD4-repressed genes marked
with H3K27me3 histone modification at a chromosome level.

Robbe et al.

472 GENES & DEVELOPMENT

http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.349154.121/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.349154.121/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.349154.121/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.349154.121/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.349154.121/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.349154.121/-/DC1


C; Supplemental Fig. S5A,B; Hashimoto et al. 2016). Strik-
ingly, we found that deletion of the Myh11 silencer was
sufficient to cause a dramatic up-regulation of Myh11 in
a dominantmanner (Fig. 6D).Myh11 expression increased
∼70-fold in E10.5 heart tissue derived from heterozygous
Myh11Δi3/+ mice, whereas in mice homozygous for
Myh11Δi3/Δi3, the deletion increased Myh11 expression
by >200-fold. We further confirmed MYH11 misexpres-
sion inMyh11Δi3/+ andMyh11Δi3/Δi3E10.5hearts by immu-
nohistochemistry (Fig. 6E). Collectively, these data define
a novel CRE of Myh11 that is regulated by the GATA4–
CHD4 complex in association with NKX2-5 and TBX5,
and we further show thatMyh11Δi3 CRE is essential to re-
press Myh11 in developing hearts.

Cardiacmisexpression of MYH11 leads to global changes
in cardiac gene expression

To determine the consequences of misexpressing the
smooth muscle gene Myh11 in developing mammalian
hearts, we conducted histological analyses on Myh11Δi3/+

and Myh11Δi3/Δi3 E10.5 hearts. Analyses reveal that
Myh11Δi3/+ and Myh11Δi3/Δi3 hearts have increased thick-
ness of the outer wall of the right ventricle, while the left
ventricle remained undistinguishable from wild-type lit-
termates (Fig. 6F–H). Transcriptional profiling of
Myh11Δi3/Δi3 andwild-type littermateE10.5hearts showed
thatmorphological defects inMyh11Δi3/Δi3 hearts are asso-
ciated with dysregulation of 3653 genes, 48% (1763 of
3653) of which were down-regulated in Myh11Δi3/Δi3, and
52% (1890 of 3653), including Myh11, of which were up-
regulated (Fig. 7A–F). Of note, we found that deletion of
the Myh11Δi3/Δi3 CRE, an element contained in intron 3
of the Myh11 gene, led to misregulation of three genes
flanking the Myh11 locus (Ercc4, Pam, and Abcc1) (Sup-
plemental Fig. S6), thus suggesting thatMyh11Δi3/Δi3 leads
to broad changes in the chromatin landscape.
From our transcriptional profiling, we found that genes

down-regulated inMyh11Δi3/Δi3 are predominantly associ-
ated withmuscle assembly and contraction, while up-reg-
ulated genes were associated with heart morphogenesis
and angiogenesis (Fig. 7G). Surprisingly, the anatomical
and transcriptional changes associated with Myh11Δi3/Δi3

were compensated for at later stages of cardiac develop-
ment, and we found that in adult Myh11Δi3/+ and
Myh11Δi3/Δi3 hearts, Myh11 levels are equivalent to that
of wildtype littermate controls (Supplemental Fig. S5C).
Consistently, we recovered Myh11Δi3/+ and Myh11Δi3/Δi3

live-born mice at the expected Mendelian ratios (Supple-
mental Fig. S5B). In sum, these data demonstrate that re-
pression of Myh11 in E10.5 hearts is required for early
cardiacmuscle assembly, but the hearts undergo compen-
satory changes, shutting down Myh11 misexpression and
forming fully functional hearts by birth.

Discussion

Although CHD4 and the NuRD complex are well estab-
lished to function in repressing transcription, how

CHD4/NuRD is recruited to specific loci remained un-
known. Here, we demonstrate that the core cardiac tran-
scription factors GATA4, NKX2-5, and TBX5 interact
with and recruit CHD4 to defined genomic locations asso-
ciated with H3K27me3. Our findings reveal that NKX2-5,
a cardiac transcription factor that has long been under-
stood to function as a transcriptional activator (McCulley
and Black 2012), can also function as a cardiac transcrip-
tional repressor. These findings are congruent with recent
studies showing that TBX5 and GATA4 can interact with
CHD4 in human induced pluripotent stem cells (iPSC)
differentiated into cardiomyocytes (Gonzalez-Teran et al.
2022). Our work further shows that NKX2-5 and GATA4
function to repress genes incompatiblewithheart develop-
ment and function. Becausemutations in GATA4, NKX2-
5, andTBX5cause a rangeof congenital heart diseases (Bas-
son et al. 1997; Li et al. 1997; Furtado et al. 2017; Steimle
and Moskowitz 2017; Zhang et al. 2017; Behiry et al.
2019), our findings imply that the respective patient phe-
notypes are due not only to loss of cardiac gene expression
but also tomisexpression of noncardiac genes in the devel-
oping hearts.
Our data support the hypothesis that mutations in reg-

ulatory regions essential for CHD4-mediated repression
act in a dominant manner. This may provide one mecha-
nism for the prevalence of CHD in humans with one mu-
tated copy ofNKX2-5,GATA4, orTBX5. Our findings that
CHD4 complexes with temporally and spatially regulated
cardiac transcription factors further explicates howmuta-
tions in the broadly expressed CHD4 protein lead to cardi-
ac-specific disease states.
The finding thatGATA4,NKX2-5, andTBX5can recruit

CHD4 to the majority of CHD4-repressed target genes in
the heart is broadly consistent with studies in B cells dem-
onstrating interaction of CHD4with lineage-specific tran-
scription factors (Yoshida et al. 2019). Identifying the
region of CHD4 that interacts with tissue-specific tran-
scription factors is essential in understanding themolecu-
lar basis of cardiac disease associated with mutations in
CHD4. However, analyses of GATA4, NKX2-5, TBX5, or
the B cell transcription factors that interact with CHD4
failed to uncover any shared sequence homology, con-
served sequences, or common motifs, even at low strin-
gency, thus raising the question of how this diverse set of
transcription factors interacts with CHD4. Moreover,
our analyses of the CHD4 interactome failed to identify
any proteins that may function as adapter proteins. Based
on these observations, we favor a model in which these
sets of transcription factors recognize a secondary struc-
ture within CHD4, possibly in or adjacent to the PHD
and/or CD domains (Mansfield et al. 2011; Watson et al.
2012; Low et al. 2016; Zhang et al. 2016; Farnung et al.
2020).
A central question from our findings is how TBX5,

GATA4, and NKX2-5 can discriminate between the up-
regulation and down-regulation of target genes. We favor
a model in which the interactome of TBX5, GATA4, and
NKX2-5 is spatially and temporally regulated during heart
development, potentially through post-translationalmod-
ifications. This model is supported by findings with

CHD4, GATA4, and NKX2-5 as cardiac silencers

GENES & DEVELOPMENT 473

http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.349154.121/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.349154.121/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.349154.121/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.349154.121/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.349154.121/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.349154.121/-/DC1


TBX20, an essential cardiac protein that interactswith the
cardiac transcription factor CASZ1 in a temporally regu-
lated manner (Kennedy et al. 2017). Alternatively, the
choice to up-regulate versus down-regulate may reflect
the composition of the chromatin remodeling complex.

For example, the composition of the BAF complex is
altered by changes in levels of BMP4 (Hota et al. 2022).
Testing these models through the generation and charac-
terization of cardiac phosphoproteomics will be critical
to address these issues.
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Figure 4. NKX2-5 recruits CHD4 to repress expression of skeletal actin in embryonic hearts. (A) NKX2-5-mediated recruitment of CHD4
to target repressor downstream from the TTS in the Acta1 locus. The putative NKX2-5 motif was identified through motif analysis. (B)
Visualization by IGV browser of ChIP-seq signal across the Acta1 locus. The repressor region is highlighted with a yellow rectangle. (C )
Sequence conservation of the NKX2-5 motif in the CRISPR-deleted region between humans and mice. The red box denotes predicted
NKX2-5 binding motif and shows strong conservation with the human sequence. (D) Survival ratio of each phenotype at E10.5 and P0
(postnatal day 0). Eight litters for E10.5 and seven litters for P0 were examined. (E) Relative expression ofActa1 in E10.5 embryonic hearts
when the repressor region was excised from one or both alleles. (F ) Histological analysis of E10.5 WT, Acta1Δ3

′/+, and Acta1Δ3
′/Δ3′hearts.

Boxed areas are enlarged at the right. Acta1Δ3
′/+ andActa1Δ3

′/Δ3′hearts exhibit a thinner compact myocardium (c.m.) layer compared with
WT controls (red line segments), and theActa1Δ3

′/Δ3′hearts also display fewer myocardial trabecula (tr.) compared withWT andActa1Δ3
′/+

hearts (blue arrows). (G,H) Quantification of compact myocardium thickness in the right (G) and left (H) ventricles. Data are presented as
mean±SEM; significance was assessed using an unpaired two-tailed Student’s t-test. (∗) P-value < 0.05, (∗∗) P-value < 0.01, (∗∗∗) P-value <
0.001. n=5 nonpooled hearts per genotype for qRT-PCR. Data were normalized to expression of Pgk1. n =6 per genotype for histological
analyses. Scale bars, 40 μm.
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CHD4/NuRD is essential for numerous developmental
events, such as ensuring proper timing of the switch from
stem cell lineages to differentiated cell types, maintaining
cell differentiation, and activating DNA damage response
pathways (Larsen et al. 2010; Polo et al. 2010; Scimone
et al. 2010;Hosokawa et al. 2013;O’Shaughnessy andHen-
drich 2013; Sparmann et al. 2013; Chudnovsky et al. 2014;
O’Shaughnessy-Kirwan et al. 2015; Gómez-Del Arco et al.
2016; Zhao et al. 2017; Ostapcuk et al. 2018; Arends et al.
2019; McKenzie et al. 2019; Yoshida et al. 2019; Hou et al.
2020; Sreenivasan et al. 2021). We propose that one of the
generalized functions of CHD4/NuRD is to repress the in-
appropriate activation of developmental programs of a giv-
en tissue or cell type.We suggest that alterations inCHD4
recruitment by tissue-specific transcription factors lead to
the wide range of CHD4-associated disease states.

Materials and methods

Mice

Chd4flox/flox mice were obtained from Dr. Katia Georgeopolos
(Williams et al. 2004).Nkx2-5Cre/+ mice were obtained from Rob-
ert Schwartz (Moses et al. 2001). Chd4 conditional knockout
mice and control littermates were obtained by breeding female
Chd4flox/flox mice to male Chd4flox/+; Nkx2-5Cre/+ mice.
CRISPR/Cas9-mediated genome editing was performed by the
University of North Carolina Animal Models Core Facility.
CRISPR founder mice were bred to wild-type C57BL/6J female
mice for two generations. Heterozygous F2 mice were interbred
to generate embryos. Research was approved by the Institutional
Animal Care and Use Committee at the University of North Ca-
rolina and conformed to the Guide for the Care and Use of Labo-
ratory Animals.
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Figure 5. Transcriptional profiling (RNA-seq) of E10.5 heart tissue derived fromActa1Δ3
′/Δ3′andwild-type littermates. (A) Volcano plot of

identified genes. Differential genes (adjusted P <0.05) are labeled in blue, and nonchanged genes are labeled in red. Genes with log2 (fold
change) < 0.5 are down-regulated inActa1Δ3

′/Δ3′, and geneswith log2 (fold change) > 0.5 are up-regulated inActa1Δ3
′/Δ3′. Genes of interests are

labeled. (B) Normalized counts of Acta1 from the RNA-seq. (C–F ) Relative expression of Snta1 (C ), Taf10 (D), Gata6 (E), and Ctf1 (F ) in
E10.5WTandActa1Δ3

′/Δ3′embryonic hearts.Data are presented asmean±SEM, and significancewas assessed using an unpaired two-tailed
Student’s t-test. (∗) P-value < 0.05, (∗∗) P-value< 0.01, (∗∗∗) P-value< 0.001. n= 5 nonpooled hearts per genotype. (G) Gene ontology (GO)
term analyses for differentially down-regulated genes in Acta1Δ3

′/Δ3′hearts.
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Figure 6. GATA4 is required forMYH11 expression in embryonic hearts. (A) Schematic demonstratingGATA4-mediated recruitment of
CHD4 to the target repressor in the third intron ofMyh11. A putative GATA4 binding motif was identified through motif analysis using
HOMER. (B) Visualization by IGV browser of ChIP-seq signal of GATA4, NKX2-5, TBX5, CHD4, and H3K27me3 across theMyh11 locus.
The repressor region is highlighted with a yellow rectangle. (C ) Sequence conservation of the GATA4motif in the CRISPR-deleted region
between humans and mice. The red box denotes the predicted GATA4 binding motif and shows strong conservation with the human se-
quence. (D) Relative expression ofMyh11 in E10.5 embryonic hearts when the repressor region was excised in one or both alleles. (E) Im-
munohistochemistry (IHC) staining on E10.5WT,Myh11Δi3/+, andMyh11Δi3/Δi3 hearts. Tropomyosin (TMY) stained the cardiomyocytes,
MYH11was stained in red, andDAPI stained the nuclei. (F ) Histological analysis of E10.5WT,Myh11Δi3/+, andMyh11Δi3/Δi3 hearts. Boxed
areas are enlarged at the right.Myh11Δi3/+ andMyh11Δi3/Δi3 hearts exhibit a thinner compact myocardium (c.m.) layer in the right ventri-
cles compared with WT controls (red line segments), and the Myh11Δi3/Δi3 hearts also display more myocardial trabecula (tr.) compared
with WT and Myh11Δi3/+ hearts (blue arrows). (G,H) Quantification of compact myocardium thickness in the right (G) and left (H) ven-
tricles. Data are presented asmean±SEM, and significancewas assessedwith unpaired two-tailed Student’s t-test. (∗) P-value < 0.05, (∗∗) P-
value < 0.01. n= 3 nonpooled hearts per genotype for qRT-PCR. Data were normalized to expression of Pgk1. n=6 per genotype for the
histological analyses and IHC staining. Scale bars, 40 μm.
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CRISPR/Cas9-mediated mouse engineering and breeding

Cas9 guide RNAs flanking the desired deletion regionswere iden-
tified using Benchling software. Three guide RNAs at each end of
the target sequence were selected for activity testing. Guide

RNAswere cloned into a T7 promoter vector followed by in vitro
transcription and spin column purification. Functional testing
was performed by transfecting a mouse embryonic fibroblast
cell linewith guide RNA andCas9 protein. The guide RNA target
site was amplified from transfected cells and analyzed by ICE
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Figure 7. Transcriptional profiling (RNA-seq) of E10.5 heart tissue derived fromMyh11Δi3/Δi3 and wild-type littermates. (A) Volcano plot
of identified genes. Differential genes (adjusted P<0.05) are labeled in blue, and nonchanged genes are labeled in red. Genes with log2 (fold
change) < 0.5 are down-regulated in Myh11Δi3/Δi3 hearts, and genes with log2 (fold change) > 0.5 are up-regulated in Myh11Δi3/Δi3 hearts.
Genes of interests are labeled. (B) Normalized counts of Myh11 from the RNA-seq. (C–F ) Relative expression of Tnni3 (C ), Tnnt1 (D),
Hand1 (E), andTbx5 (F ) in E10.5WTandMyh11Δi3/Δi3 embryonic hearts. Data are presented asmean±SEM, and significancewas assessed
using an unpaired two-tailed Student’s t-test. (∗) P-value< 0.05, (∗∗) P-value< 0.01, (∗∗∗) P-value < 0.001. n =3 nonpooled hearts per geno-
type. (G) Circular plot of representative differentially expressed genes in Myh11Δi3/Δi3 hearts, simultaneously presenting a detailed
view of the relationships between expression changes (left semicircle perimeter) and enriched biological processes (right semicircle
perimeter).
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(Synthego). One guide RNA at each end of the target sequence
was selected, and a donor oligonucleotide was included to facili-
tate homologous recombination to produce a clean deletion event
between the guide RNA cut sites. C57BL/6J zygotes were electro-
porated with 1.2 μMCas9 protein, 47 ng/μL each guide RNA, and
400 ng/μL donor oligonucleotide and implanted in recipient pseu-
dopregnant females. Resulting pups were screened by PCR and
sequencing for the presence of the deletion allele. Male founders
with the correct deletion were mated to wild-type C57BL/6J fe-
males for germline transmission of the deletion allele. The found-
ing Acta1Δ3

′
and Myh11Δi3 males were bred to wild-type mice for

two generations, and the genotypes of Acta1Δ3
′
and Myh11Δi3

founding males and all F2 offspring were confirmed by sequenc-
ing and PCR/restriction digests. F2 mice were intercrossed, and
hearts derived from homozygous, heterozygous, and wild-type
littermates were collected and assayed forActa1 andMyh11mis-
expression, respectively.

Motif discovery

De novo motif discovery on CHD4 chromatin immunoprecipi-
tation followed by high-throughput sequencing (ChIP-seq) re-
gions (GSE109012) (Wilczewski et al. 2018) from embryonic
day (E)10.5 cardiac tissue was performed using hypergeo-
metric optimization of motif enrichment (HOMER) (Heinz
et al. 2010).

Immunoaffinity purification

E10.5 wild-type CD1 hearts (minimum 28 hearts per IP, three
separate biological replicates) were harvested in cold PBS,
snap-frozen, and cryolysed as previously described (Kaltenbrun
et al. 2013). Frozen tissue powder was resuspended in optimized
lysis buffer (5 mL/g powder; 20 mM K-HEPES at pH7.4, 0.11 M
KOAC, 2 mM MgCl2, 0.1% Tween 20, 1 μM ZnCl2, 1 mM
CaCl2, 0.5% Triton X-100, 150 mM NaCl, protease inhibitor
[Sigma], phosphatase inhibitor [Sigma]). To reduce the possibili-
ty that interacting proteins are recruited by nucleic acids, uni-
versal nucleases (Thermo Fisher 88700) were used in the lysis
process. CHD4 complexes were solubilized and immunoaffin-
ity-purified as previously described (Cristea and Chait 2011; Kal-
tenbrun et al. 2013) using rabbit anti-CHD4 antibody (Abcam
ab72418) or negative control custom rabbit anti-GFP antibody
(Cristea et al. 2005) with elution for 10 min at 95°C. The immu-
noisolated proteins were resolved (∼1 cm) by SDS-PAGE and vi-
sualized by Coomassie blue. Each lane was subjected to in-gel
digestion with trypsin as previously reported (Waldron et al.
2016).
For in vitro coimmunoprecipitation (co-IP) assay, Flag/Myc-

CHD4, TurboGFP-NKX2-5, and TurboGFP-GATA4 constructs
were cotransfected into HEK293 cells, and co-IP was performed
as previously reported (Waldron et al. 2016) by using anti-Flag
magnetic beads (Origene TA150042) with elution buffer for 10
min at 95°C. To reduce the possibility that interacting proteins
are recruited by nucleic acids, universal nucleases (Thermo
Fisher 88700) were used in the lysis process. The immunoiso-
lated proteins were subjected to Western blot, rabbit anti-Myc-
HRP antibody (1:2500; Abcam ab1326) was probed to detect
CHD4 protein, and anti-TurboGFP (1:1000; Origene
TA150041) was probed followed by probing anti-IgG-HRP sec-
ondary antibody (1:10,000; Jackson Immunoresearch) to detect
NKX2-5 and GATA4 proteins. Antibody–antigen complexes
were visualized using an ECL Western blotting analysis system
(Amersham).

Parallel reaction monitoring (PRM) nLC-MS/MS

Immunoisolated proteins were resolved (∼1 cm) by SDS-PAGE
and visualized by Coomassie blue. Each lane was subjected to
in-gel digestion with trypsin as previously reported (Waldron
et al. 2016). Desalted peptides (2 µL of each) were analyzed by
nano-liquid chromatography (nLC)-MS/MS using a Dionex Ulti-
mate 3000 nRSLC system directly coupled to a Q-exactive HF
orbitrap mass spectrometer (Thermo Fisher Scientific) equipped
with an Easy-Spray ion source (Thermo Fisher Scientific). Peptide
mixtures were evaporated in vacuo and resuspended in 1% tri-
fluoroacetic acid/4% acetonitrile/95% water, loaded onto a 50-
cm-long column with a 75-µm internal diameter (PepMap), and
separated over a 60-min gradient with a mobile phase containing
aqueous acetonitrile and 0.1% formic acid programmed from
1%–3% acetonitrile over 12 min, then 3%–35% acetonitrile
over 60min, and then 35%–97%acetonitrile over 1min, followed
by 10 min at 97% acetonitrile and 97%–70% over 1 min, all at a
flow rate of 250 nL/min.
The PRM analysis was performed as previously reported (Jus-

tice et al. 2021; Shi et al. 2021). Briefly, the method consisted of
targeted MS2 scans at a resolution of 60,000 and with an AGC
value of 1 × 106, a maximum injection time of 500 msec, a 0.8
m/z isolation window, a fixed first mass of 150 m/z, and normal-
ized collision energy of 27, which were recorded as profile data.
The targeted MS2 methods were controlled with a timed inclu-
sion list containing the target precursor m/z value, charge, and
a retention time window that were determined from shotgun
analysis.

RNA sequencing and qRT-PCR

RNA sequencing and analysis were performed from mouse em-
bryonic hearts as described previously (Wilczewski et al. 2018).
Briefly, RNA from individual E10.5 hearts (N=3 or 5 per geno-
type) was isolated using the RNAqueous-Micro total RNA isola-
tion kit following the manufacturer’s recommended protocols
(Invitrogen). Purified poly-ARNA that had undergone two rounds
of oligo-dT selection was converted into cDNA and used to gen-
erate RNA-seq libraries. Libraries were sequenced (75-bp paired-
end reads; Illumina HiSeq 2500) to a target depth of >30 million
reads. Reads were aligned to the mm10 reference genome using
STAR via the bcbio-nextgen RNA sequencing pipeline. RNA-
seq analysis was performed using DESeq2 (DESeq2_1.18.1) in R
(3.4.3). Genes that had a >0.5 log2 (fold change) and an adjusted
P-value< 0.05 were considered statistically significant.
For qRT-PCR, cDNA synthesis was performed using random

hexamers and SuperScript IV reverse transcriptase (Invitrogen).
Quantitative PCR was performed using PowerUP SYBR Green
master mix (Thermo Fisher) at standard cycling conditions on a
QuantStudio 6 Flex instrument (Thermo Fisher) with the follow-
ing primers: Myh11 F1 (GCTAATCCACCCCCGGAGTA),
Myh11R1 (TCGCTGAGCTGCCCTTTCT),Acta1F1 (GTGACC
ACAGCTGAACGTG), Acta1 R1 (CCAGGGAGGAGGAAGA
GG), Snta1 F1 (AGATGATGGCACGAGTCTCC), Snta1 R1 (G
GTGGAGGTGAGCAGTAGGA), Taf10 F1 (CCCACGCATAA
TTCGGCTCA), Taf10 R1 (GGGGACAGAGGGAAAGACAA
AT), Gata6 F1 (TCAGGGGTAGGGGCATCAG), Gata6 R1
(TTGAGACCCCAGGAATGCAC), Ctf1 F1 (CAGAGGGAGGG
AAGTCTGGA), Ctf1 R1 (AGCCCAAGAACACACAGGAC),
Tnni3 F1 (GGCTGATGAGAGCAGCGAT), Tnni3 R1 (GACGT
CCTTCAGAGCACAGT), Tnnt1 F1 (ATGGGAGCTCATTTT
GGGGG), Tnnt1 R1 (CTCCACACAGCAGGTCATGT), Hand1
F1 (GCCTACTTGATGGACGTGCT), Hand1 R1 (ACCATGG
CTTTTGGGGTTGA), Tbx5 F1 (AGGAATGTTCCAGCACGG
AG), Tbx5 R1 (GAGGTTACAACGGGCGATCT), Pgk1 F1 (GT
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CGTGATGAGGGTGGACTT), and Pgk1 R1 (AAGGACAACG
GACTTGGCTC).

Proximity ligation assay (PLA)

A standardized procedure for PLA was used (Jalili et al. 2018).
Briefly, HEK293 cells were seeded on circular coverslips and
transfected with specific plasmids for 72 h using a 3:1 ratio of
PEI to pDNA. Cells were fixed with 4% paraformaldehyde for
10min, followed by permeabilization and blocking (10% heat-in-
activated goat serum, 1% Triton X-100) for 1 h. Cells were then
probed with two specific primary antibodies raised in different
species—mouse anti-TurboGFP (1:250; Origene TA150041)/rab-
bit anti-Flag (1:500; Sigma F7425)—overnight at 4°C. The cells
were incubated with PLA probes for 1 h at 37°C, with ligase for
30 min at 37°C, and with polymerase for 100 min at 37°C, based
on the manufacturer’s protocols. Cells were stained with DAPI
and then mounted with PermaFluor mounting medium (Thermo
Scientific TA030FM). Images were captured on a Zeiss LSM 700
laser scanning confocal microscope.

DNA constructs

Full-length human CHD4 tagged at the C terminus with Flag/
Myc construct was obtained from Origene (RC224232). Full-
length human GATA4 cDNA was amplified with 5′ primer
(ATTAGCGATCGCCATGTATCAG) and 3′ primer (CGTACGC
GTCGCAGTGAT). Amplicons were digested with restriction
enzymes AsiSI/MluI and inserted into pCMV6-AC-TurboGFP
vector (Origene PS100010). Full-length human NKX2-5 cDNA
was amplified with 5′ primer (ATTAGGATCCATGTTCCC
CAGCCCTG) and 3′ primer (GTCGACTCACCAGGCTCGGA
TACCAT). Amplicons were digested with restriction enzymes
AsiSI/MluI and inserted into pCMV6-AC-TurboGFP vector (Ori-
gene PS100010).

Histological sectioning and immunohistochemistry

Embryos were fixed in 4% PFA and paraffin-embedded. Paraffin
sections (10 µm) were dewaxed, rehydrated, and stained with
hematoxylin and eosin (H&E) using standard protocols (Dorr
et al. 2015). Histology sections were imaged on an Olympus
BX61 microscope. Digital images were used for measurement
using ImageJ (NIH) software, and at least three independent sec-
tions were analyzed for each genotype at E10.5 and E12.5. Im-
munohistochemistry staining and imaging for MYH11 of
E10.5 hearts were performed as previously reported (Wilczewski
et al. 2018).

NGS data sets used

The following NGS data sets were used in this study: GATA4 ge-
nome occupancy at E12.5 in developing mouse hearts (GEO:
GSE52123) (He et al. 2014), NKX2-5 genome occupancy at
E12.5 in developing mouse hearts (GEO: GSE124008) (Akerberg
et al. 2019), TBX5 genome occupancy at E12.5 in developing
mouse hearts (GEO:GSE124008) (Akerberg et al. 2019), CHD4 ge-
nome occupancy at E10.5 in developing mouse hearts (GEO:
GSE109012) (Wilczewski et al. 2018), CHD4 transcriptomics at
E10.5 in developing mouse hearts (GEO: GSE109012) (Wilczew-
ski et al. 2018), and H3K27me3 histone modification at E10.5 in
developing mouse hearts (GEO: GSE86693) (The ENCODE Pro-
ject Consortium 2012).

Genome annotation and co-occupancy analysis

BAMand BED files were obtained from the Gene ExpressionOm-
nibus aligned to mm10. Peaks were called using MACS2
(v2.2.7.1) (Zhang et al. 2008) using default settings with aQ-value
of 0.01. High-confidence peaks appearing in both replicates were
retained for downstream analysis. Peak annotation was conduct-
edwithHOMER (v4.10) (Heinz et al. 2010). Peaks were annotated
using the ChIPseeker (v1.24.0) R package (Yu et al. 2015). Biolog-
ical process GO terms for peak regions were generated using R
package ClusterProfiler (Qian et al. 2012). Gene tracks were visu-
alized using IGV (Robinson et al. 2011). Peak overlaps were deter-
mined using BedTools, and the upset plot was generated using
UpSetR v1.4.0 (Conway et al. 2017) in R. Overlaps between
CHD4, GATA4, NKX2-5, TBX5, and H3K4me3 were plotted in
relation to their chromosomal location using the karyoploteR
(v1.14.0) R package (Gel and Serra 2017).
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