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ORIGINAL RESEARCH ARTICLE

In Vivo Dissection of Chamber-Selective 
Enhancers Reveals Estrogen-Related Receptor 
as a Regulator of Ventricular Cardiomyocyte 
Identity
Yangpo Cao , PhD* ; Xiaoran Zhang , MS* ; Brynn N. Akerberg, PhD*; Haiyun Yuan , MD, PhD; Tomoya Sakamoto , PhD;  
Feng Xiao , PhD; Nathan J. VanDusen , PhD; Pingzhu Zhou, PhD; Mason E. Sweat , PhD; Yi Wang, PhD; 
Maksymilian Prondzynski, PhD; Jian Chen, PhD; Yan Zhang, PhD; Peizhe Wang , PhD; Daniel P. Kelly , MD; William T. Pu , MD

BACKGROUND: Cardiac chamber-selective transcriptional programs underpin the structural and functional differences 
between atrial and ventricular cardiomyocytes (aCMs and vCMs). The mechanisms responsible for these chamber-selective 
transcriptional programs remain largely undefined.

METHODS: We nominated candidate chamber-selective enhancers (CSEs) by determining the genome-wide occupancy of 
7 key cardiac transcription factors (GATA4, MEF2A, MEF2C, NKX2-5, SRF, TBX5, TEAD1) and transcriptional coactivator 
P300 in atria and ventricles. Candidate enhancers were tested using an adeno-associated virus–mediated massively parallel 
reporter assay. Chromatin features of CSEs were evaluated by performing assay of transposase accessible chromatin 
sequencing and acetylation of histone H3 at lysine 27-highly integrative chromatin immunoprecipitation on aCMs and vCMs. 
CSE sequence requirements were determined by systematic tiling mutagenesis of 29 CSEs at 5 bp resolution. Estrogen-
related receptor (ERR) function in cardiomyocytes was evaluated by Cre-loxP–mediated inactivation of ERRα and ERRγ in 
cardiomyocytes.

RESULTS: We identified 152 832 and 54 824 regions reproducibly occupied by at least 1 transcription factor or P300, in atria or 
ventricles, respectively. Enhancer activities of 2639 regions bound by transcription factors or P300 were tested in aCMs and 
vCMs by adeno-associated virus–mediated massively parallel reporter assay. This identified 1092 active enhancers in aCMs 
or vCMs. Several overlapped loci associated with cardiovascular disease through genome-wide association studies, and 229 
exhibited chamber-selective activity in aCMs or vCMs. Many CSEs exhibited differential chromatin accessibility between 
aCMs and vCMs, and CSEs were enriched for aCM- or vCM-selective acetylation of histone H3 at lysine 27–anchored 
loops. Tiling mutagenesis of 29 CSEs identified the binding motif of ERRα/γ as important for ventricular enhancer activity. 
The requirement of ERRα/γ to activate ventricular CSEs and promote vCM identity was confirmed by loss of the vCM gene 
profile in ERRα/γ knockout vCMs.

CONCLUSIONS: We identified 229 CSEs that could be useful research tools or direct therapeutic gene expression. We showed 
that chamber-selective multi–transcription factor, P300 occupancy, open chromatin, and chromatin looping are predictive 
features of CSEs. We found that ERRα/γ are essential for maintenance of ventricular identity. Finally, our gene expression, 
epigenetic, 3-dimensional genome, and enhancer activity atlas provide key resources for future studies of chamber-selective 
gene regulation.

Key Words: enhancer elements, genetic ◼ ERRalpha estrogen-related receptor ◼ sensitivity and specificity
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Mammalian hearts comprise 2 major chamber 
types, atria and ventricles. The atria collect blood 
with high elasticity and propel it at relatively low 

pressure into the ventricles, which efficiently pump blood 
at high pressure.1 To achieve these distinct functions, 
atrial and ventricular cardiomyocytes (aCMs and vCMs) 
have key morphological and functional differences that 
are encoded in distinct, chamber-specific gene expres-
sion programs.2,3 One consequence is that atria and 
ventricles are primarily affected in distinct diseases. For 
instance, atria are directly affected by atrial fibrillation, 
whereas ventricles are more directly affected in dilated 
cardiomyopathy.4–7 The transcriptional mechanisms 
responsible for chamber-specific cardiomyocyte gene 
expression remain largely unexplored, limiting our under-
standing of heart development and disease, and our abil-
ity to target genetic manipulations to aCMs or vCMs.

Mammalian transcriptional activation is achieved 
through the coordinated binding of transcription factors 
(TFs) to DNA cis-regulatory elements, including acti-
vating elements known as enhancers. TFs recruit other 
transcriptional regulators, including the transcriptional 
coactivator P300 into proximity with gene promoters 
through chromatin looping.8–10 Cell specificity is achieved 
through regulation of each of these steps, including cell 
type–dependent expression of TFs and transcriptional 
regulators, enhancers accessibility, and enhancer looping.

Genome-wide association studies (GWAS) dem-
onstrate significant association of genetic variation in 

noncoding regions to cardiovascular disease. Advanc-
ing from genetic association to mechanistic insight has 
been hindered by the challenges of functionally analyzing 
noncoding variation. In the context of heart disease, fully 
leveraging GWAS results would be facilitated by maps 
of noncoding regulatory elements active in aCMs and 
vCMs, including those selectively active in each of these 
cardiomyocyte subtypes.

Candidate transcriptional enhancers can be identified 
through their characteristic chromatin features, includ-
ing acetylation of histone H3 at lysine 27 (H3K27ac),11 
P300 occupancy by P300,12,13 which deposits H3K27ac, 
multiple TF co-occupancy,14,15 and increased chromatin 
accessibility.16,17 Although these high-throughput meth-
ods predict candidate enhancers, no feature or com-
bination of features identifies enhancers with robust 
sensitivity and specificity. Moreover, these methods are 
not well suited to dissection of sequence features essen-
tial for enhancer activity. The massively parallel reporter 
assay (MPRA) has emerged as a high-throughput 
method to measure enhancer activity and to probe the 
sequences required for a region’s activity.18,19 MPRA has 

Clinical Perspective

What Is New?
 • We developed a resource of gene expression, 

open chromatin, 3-dimensional genome structure, 
transcription factor, and P300 occupancy, and 
enhancer activity of atria and ventricles.

 • We identified active and chamber-selective enhanc-
ers in atrial and ventricular cardiomyocytes and dis-
sected their functional elements.

 • We found that estrogen-related receptors are driv-
ers of ventricular cardiomyocyte identity.

What Are the Clinical Implications?
 • The compendium of chromatin features and active 

enhancers in each chamber will facilitate functional 
interpretation of genetic associations between 
genomic variants and cardiac disease.

 • The chamber-selective regulatory element library 
will enable genetic control of chamber-selective 
gene expression, with applications for gene thera-
pies and regenerative medicine.

 • Identification of transcriptional regulators of cham-
ber identity will yield mechanistic insights into the 
pathogenesis of diseases such as atrial fibrillation 
and cardiomyopathy.

Nonstandard Abbreviations and Acronyms

aCMs  Atrial cardiomyocytes
aMTF  Multiple TFs (≥5 TFs) occupy regions in 

atrium
aP300 P300 occupy regions in atrium
aSpEnh Atrium-specific enhancers
aSpMTF  Atrial-specific multiple TFs occupy 

region
aSpP300 Atrial-specific P300 occupy region
BIO Biotin acceptor peptide
CSE  Chamber-selective enhancer
dCKO Double cardiac knockout
ERR Estrogen-related receptor
GO Gene ontology
GWAS Genome-wide association studies
H3K27ac Acetylation of histone H3 at lysine 27
HiChIP  Highly integrative chromatin 

immunoprecipitation
MPRA Massively parallel reporter assay
SpMTF Chamber-specific multiple TF regions
TF Transcription factor
vCMs Ventricular cardiomyocytes
vMTF  Multiple TFs (≥5 TFs) occupy regions in 

ventricle
vP300 P300 occupy regions in ventricle
vSpEnh Ventricle-specific enhancers
vSpMTF  Ventricular-specific multiple TFs occupy 

region
vSpP300 Ventricular-specific P300 occupy region
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been adapted to in vivo measurement of enhancer activ-
ity through the use of adeno-associated virus (AAV) to 
deliver MPRA libraries.13,20

In this study, we mapped the chromatin features of 
aCMs and vCMs and nominated candidate chamber-
selective enhancers on the basis of differential features. 
Candidate enhancers were tested in vivo using AAV-
MPRA, leading to identification of 229 chamber-selective 
enhancers (CSEs). We characterized chromatin features 
of CSEs and used dense mutagenesis to identify their 
essential features. These studies suggested that estro-
gen-related receptor (ERR) promotes ventricular CSE 
activity. We validated this prediction by showing that ERR 
inactivation leads to the loss of vCM identity. Together 
these studies yielded a rich resource of chamber-selec-
tive chromatin features and CSEs and began to unravel 
the molecular basis for chamber-selective transcriptional 
programs.

METHODS
Refer to the Supplemental Material for detailed Methods. 
Animal experiments were performed following protocols 
approved by the Boston Children’s Hospital Animal Care and 
Use Committee.

High-throughput data associated with this study, sum-
marized in Extended Data 1, have been deposited in Gene 
Expression Omnibus (GSE215065). Data that support the 
findings of this study that are not within this repository or within 
the article are available from the corresponding author on rea-
sonable request.

Statistical analyses were performed in Graphpad Prism, R, 
or python. Results are displayed as mean±SD. For box plots, the 
center line and hinges represent the 50th, 25th, and 75th per-
centile. The whiskers extend to the values within 1.5 times the 
interquartile range. Statistical tests used are specified in each 
figure legend. P<0.05 was considered statistically significant.

RESULTS
Distinct Phenotypes and Transcriptional 
Programs of aCMs and vCMs
Differences in aCM and vCM form and function have 
been well described.21–23 A comparison of the morpho-
logical features of aCMs and vCMs highlighted these dif-
ferences. aCMs were shorter and thinner and had higher 
length-to-width ratios than vCMs (Figure S1A and S1B). 
This in situ imaging also showed that T tubules, tubular 
invaginations of the plasma membrane central to excita-
tion-contraction coupling, are highly organized in vCMs 
and less prominent in aCMs.23 In situ imaging with the 
mitochondrial dye tetramethylrhodamine, methyl ester, vi-
sualized the striking difference in mitochondria between 
aCMs and vCMs (Figure S1C).22

We defined transcriptional differences that underlie 
these distinct phenotypes by performing RNA sequenc-
ing on purified neonatal aCMs and vCMs (Figure 1A; 

Extended Data 1 and 2). In total, 1126 and 872 genes 
had biased expression between aCMs and vCMs, 
respectively (Padj<0.05 and |log2 fold-change| > 0.58; 
Figure 1A). Gene ontology (GO) analysis of these genes 
indicated that aCM-biased genes are enriched in biologi-
cal processes related to ion transmembrane transport, 
muscle contraction, and cell projection organization (Fig-
ure 1B), which may reflect the differences in geometry 
and T tubulation between aCMs and vCMs (Figure S1A 
and S1B). In contrast, the top 10 GO biological process 
terms for vCM-biased genes were related to metabolism 
and cellular respiration, and the top GO cellular compo-
nent terms for vCM-biased genes were mitochondrial 
inner membrane and respiratory chain complex (Fig-
ure 1B), consistent with mitochondrial imaging (Figure 
S1C) and analyses of the human heart proteome.24 Com-
parison with maturation-regulated ventricular genes (P28 
versus P0) demonstrated that these regulatory programs 
contain some shared genes, especially enrichment of 
mitochondrial genes among both mature and ventricular 
cardiomyocytes, but are largely distinct (Figure S2).

These data identify transcriptional differences 
between aCMs and vCMs that contribute to functional 
differences in muscle contraction, ion transmembrane 
transport, and metabolism.

Cardiac TF and P300 Chromatin Occupancy in 
Atria and Ventricles
Cell type–specific gene expression is regulated by cell 
type–specific enhancers.8 We mapped atrial and ven-
tricular enhancers by performing bioChIP-seq of tran-
scriptional coactivator P300, a well-established marker 
of active enhancers,12,13 and 7 key cardiac transcrip-
tion factors (GATA4, MEF2A, MEF2C, NKX2-5, SRF, 
TBX5, TEAD1),14,15 using mice in which FLAG and bio-
tin acceptor peptide (BIO) epitopes were knocked into 
the C terminus of the endogenous genes (Figure 1C). 
Escherichia coli biotin ligase BirA, expressed from the 
Rosa26 locus, specifically biotinylated BIO, so that the 
labeled proteins could be pulled down on immobilized 
streptavidin with high sensitivity and specificity.13,15,25 
We acquired bioChIP-seq of these 8 transcriptional 
regulators in biological duplicate in neonatal atria 
and ventricles (Figure 1D; Extended Data 1 and 3). 
High data quality was indicated by high correlation of 
biological replicates (Figure S3) and by motif enrich-
ment analysis (Figure 1E and Figure S4A). Each TF 
bioChIP-seq enriched for biological process GO terms 
that differed between TFs and between chambers 
(Figure S4C).

The 7 TFs yielded 152 832 reproducible peaks, of 
which 27 930 and 60 465 were called only in atria or 
ventricles, respectively (Figure 1D and Figure S5A; 
Extended Data 3). P300 bioChIP-seq yielded 17 067 
in reproducible peaks in atria (aP300) and 26 210 
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Figure 1. BioChIP of P300 and 7 key cardiac transcription factors in atria and ventricles. 
A, aCM- and vCM-biased genes. Heatmap shows genes differentially expressed (Padj<0.05 and | log2 fold-change | >0.58) between purified P0 
aCMs and vCMs, as determined by RNA-sequencing. B, Gene ontology terms enriched among genes upregulated in aCMs or vCMs. C, Strategy 
for bioChIP-sequencing. Biotin acceptor peptide (bio) was knocked in the C terminus of target genes and biotinylated by BirA expressed from 
the Rosa26 locus. D, Heatmap of TF or P300-bound regions in atria and ventricles. Each row of each heatmap shows a 3-kb region that is 
reproducibly bound by the indicated factor, centered on the bioChIP-sequencing peak center. Brown and blue lines indicate atrial and ventricular 
regions. Regions with chamber-selective occupancy are shown in the top and bottom groups, and the middle group shows shared regions. The 
number of regions in each group is shown to the left. E, Enrichment of indicated TF motif (rows) in the top 1000 ChIP-sequencing peaks of 
the indicated TF (columns) in atria or ventricles. F, Relationship of regions occupied by P300 and by ≥5 TFs (MTF) in atria and ventricles. aCM 
indicates atrial cardiomyocyte; vCM, ventricular cardiomyocyte; MTF, multiple transcription factors; and TF, transcription factor. 
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in ventricles (vP300), with 1704 and 10 847 peaks 
that were specific to atria or ventricles, respectively 
(aSpP300 and vSpP300; Figure 1D and Figure S5B; 
Extended Data 3). We previously showed that regions 
co-occupied by multiple TFs (≥5 TFs) are likely to be 
active enhancers, and that these regions only partially 
overlap with P300 regions.14,15 By integrating the TF 
bioChIP-seq data, we identified 3508 and 5104 regions 
occupied by multiple TFs (MTFs: ≥5 TFs) in atria (aMTF) 
or ventricles (vMTF), respectively (Extended Data 
4). Thirty-one percent and 21% of aMTF and vMTF 
regions, respectively, lacked P300 co-occupancy (Fig-
ure 1F), consistent with our previous studies.14,15 There 
were 895 and 2060 MTF regions specific to atria or 
ventricles (aSpMTF or vSpMTF, defined as bound by ≥5 
TFs in 1 chamber and ≤3 TFs in the other chamber; 
Figure S5A and Extended Data 4).

Taken together, bioChIP-seq reproducibly mapped 
chromatin occupancy by P300 and cardiac TFs in atria 
and ventricles. These data identified chamber-specific 
P300 or MTF regions that are candidate CSEs.

CSEs Identified in Vivo by AAV-MPRA
To measure the activity of candidate CSEs in aCMs and 
vCMs, we deployed an AAV-based MPRA15 on the ba-
sis of the self-transcribing active regulatory region se-
quencing design,19 in which an enhancer is placed in 
the 3ʹ-UTR of an mCherry reporter gene, downstream 
of an hsp68 minimal promoter. We confirmed that this 
vector could detect CSE activity by individually testing 
25 regions with chamber-selective TFs or P300 bind-
ing, or both, using a modified vector that also contained 
an RNA Polymerase III (U6) promoter driving a reporter 
RNA, Broccoli, to facilitate normalization for AAV trans-
duction efficiency (Figure 2A). After systemic delivery, 
we measured enhancer activity by mCherry imaging. 
Of 25 tested candidates, 13 drove detectable mCherry 
expression and 9 exhibited chamber-specific activity 
(Figure 2B and 2C and Figure S6). Atrium-selective en-
hancers neighbored Myl7, Fgf12, Gpx3, and Bmp10, and 
ventricle-selective enhancers neighbored Myl3, Myl2 (2 
separate regions), Irx1, and Irx4 (Figure 2B and Figure 
S6A and S6B). Chamber selectivity of 8 of these 9 en-
hancers was validated by reverse transcriptase-quantita-
tive polymerase chain reaction for mCherry, normalized to 
Broccoli (Figure 2C and Figure S6C and S6D).

We next selected candidate regions to screen for CSE 
activity. Our previous data showed that regions bound by 
different numbers of TFs had different sensitivity and 
specificity to predict enhancers. We nominated 2943 
candidate regions belonging to the following 4 cat-
egories (Figure 2D, Figure S5, and Extended Data 5): 
(1) Regions bound by 1 to 2 TFs (TF1-2); (2) regions 
bound by 3 to 4 TFs (TF3-4); (3) regions bound by ≥5 
TFs (MTF); and (4) regions bound by P300. For MTF 

and P300 regions, we defined a subset with chamber-
selective occupancy (aSpMTF or aSpP300; vSpMTF 
or vSpP300). We also included 954 negative control 
regions (P300 regions in murine embryonic stem cells 
but not heart13). Using pooled oligonucleotide synthesis, 
each 400-bp region was synthesized as 230 nucleotides 
(nt) self-priming oligonucleotide pairs (Figure 2D). The 
region pool was cloned into the AAV-MPRA and pack-
aged into an AAV library. The pooled AAV library was 
delivered to P0 pups. Atria and ventricles were harvested 
at P7 with 5 atrial and 5 ventricular replicate samples. 
The frequency of each region was determined in reverse-
transcribed RNA and AAV genome DNA. Candidate 
regions with low coverage in AAV genome DNA were 
removed (Figure S7A). For the surviving 2160 candidate 
and 479 negative control regions, enhancer activity was 
quantified by the ratio of reads from RNA compared with 
DNA. The replicates from the same chamber clustered 
together with high correlation, indicating high reproduc-
ibility of the assay (Figure S7B).

In total, 1092 enhancers had activity in the AAV-
MPRA, where active regions were defined as those 
with significantly increased representation in RNA 
compared with DNA (Figure 2E and 2F; Extended Data 
5). Some 966 regions were active in atria and 963 
in ventricles. Regions bound by more TFs were more 
likely to be active enhancers in each chamber. aMTF/
vMTF or aP300/vP300 regions were most enriched for 
MPRA activity, whereas negative control regions were 
depleted for active regions. The level of enhancer activ-
ity in atria and ventricles was greatest for aMTF/vMTF 
and aP300/vP300 categories. TF1-2 did not signifi-
cantly differ from negative control regions, and TF3-4 
was slightly greater than negative controls in atria but 
not ventricles (Figure 2E and 2F).

Analysis of active enhancers for chamber-biased 
activity (|log2 Aactivity/Vactivity|>0.58 and false discovery 
rate<0.05). identified 110 atrium-specific enhancers 
(aSpEnh) and 119 ventricle-specific enhancers (vSpEnh; 
Figure 2G). The aSpEnh were enriched for aSpMTF and 
aSpP300 regions, and vSpEnh were enriched for vSp-
MTF and vSpP300 regions, whereas regions bound 
by MTF or P300 in both chambers (non-sel) were not 
enriched among either aSpEnh or vSpEnh (Figure 2G). 
Both aSpMTF/vSpMTF and aSpP300/vSpP300 regions 
had significantly greater chamber selectivity than the 
regions without selective occupancy. These data indicate 
that candidate CSEs can be identified from regions with 
chamber-specific MTF or P300 occupancy, although only 
a subset of such regions had chamber-selective activity.

GWAS have implicated noncoding regions in the 
modulation of human cardiac phenotypes. We integrated 
521 unique lead single-nucleotide polymorphisms with 
10 866 corresponding LD single-nucleotide polymor-
phisms (r2>0.9, within 50 kb of lead single-nucleotide 
polymorphisms) from cardiovascular GWAS studies to 
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Figure 2. Identification of enhancers active in atria and ventricles by massively parallel reporter assay. 
A, AAV vector to test individual candidate enhancers. The hsp68 minipromoter is positioned upstream of an mCherry reporter. Candidate enhancers 
(Enh) are cloned in the 3ʹ-UTR. U6-Broccoli (Broc) was used to normalize for transduction efficiency by reverse transcriptase-quantitative 
polymerase chain reaction. B, Representative P7 hearts transduced with indicated enhancer-reporter AAV9 at P0 and imaged for mCherry 
fluorescence. nc (negative control) indicates vector lacking an enhancer; Enh-Myl7, vector containing an enhancer neighboring atrium-biased 
gene Myl7; and Enh-Myl3, vector containing an enhancer neighboring ventricle-biased gene Myl3. ANOVA with Dunnett post hoc test versus 
nc. C, Measurement of atrial or ventricular enhancer activity by reverse transcriptase-quantitative polymerase chain reaction. mCherry RNA was 
normalized for RNA input (Gapdh) and transduction efficiency (Broccoli). Chamber selectivity is log2 [ActivityAtria/ActivityVentricles]. D, Criteria for 
choosing candidate regulatory elements to test by massively parallel reporter assay. Regions bound by 1 to 2 TFs, 3 to 4 TFs, MTF, or P300, and 
chamber-specific MTF or P300 (SpMTF or SpP300), were selected. E and F, Enhancer candidates were ranked on the basis of their activity in atria 
or ventricles. Rank of individual candidates with indicated features is indicated as a gray line in the lower portion of each plot. Nc indicates negative 
control regions. Active enhancers were defined by their overrepresentation in RNA compared with AAV genomic DNA (see Methods). Green dots 
indicate selected enhancers in noncoding regions associated with cardiovascular traits (see Tables S1 and S2). aTF/vTF, aMTF/vMTF, and aP300/
vP300 indicate presence in atrial or ventricular myocardium, respectively, without consideration of chamber selectivity. Boxplots compare enhancer 
activity of regions with indicated annotations. Kruskal-Wallis test with Dunn post hoc test. G, Enhancer chamber selectivity. Enhancers were ranked 
by the ratio of their activity in atria compared with ventricles. Chamber-selective enhancers (CSEs; | log2 Aactivity/Vactivity | > 0.58 and Padj<0.05) are 
colored brown or blue. Rank of individual candidates with indicated features is indicated as a gray line in the lower portion of the plot. Sp designates 
features that are chamber selective. Boxplot compares chamber selectivity of regions with indicated features. Kruskal-Wallis test with Dunn post 
hoc test. H, TF motifs enriched in chamber-selective enhancers. Bkgd indicates background; and Fgd, foreground. T-Box and ERR motifs are 
highlighted as the most significant motif among atrium- and ventricle-selective enhancers, respectively. ns, P≥0.05; *P<0.05; **P<0.01; ***P<0.001. 
a indicates atrial; AAV, adeno-associated virus; MTF, multiple transcription factors; TF, transcription factor; and v, ventricle.
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define loci related with cardiac phenotypes or diseases 
(Table S1). Sixteen of these loci contained 18 MPRA-
defined active enhancers, of which 4 were chamber 
selective (Table S2). Twelve, including loci near TBX5, 
MICU2, ITGA9, and ATP2A2, were associated with ECG 
features, 1 near CAV1 with atrial fibrillation, 1 near 
C6orf15 with dilated cardiomyopathy, and 1 near PLPP3 
with myocardial infarction (Figure 2E and 2F). These 
findings suggest a potential link between these enhanc-
ers and human cardiovascular traits and diseases.

Enhancers recruit TFs to regulate spatiotemporal 
gene expression. We identified motifs enriched in active 
enhancers to implicate regulatory TFs. Distinct sets of 
motifs were enriched among aSpEnh and vSpEnh (Fig-
ure 2H). Compared with genomic background, the core 
cardiac TF motifs GATA4, MEF2, TEAD1, and NKX2-5 
were enriched among both groups of CSEs and the 
T-Box motif was enriched only among aSpEnh. To bet-
ter pinpoint motifs responsible for chamber-selective 
activity, we used CSEs from the opposite chamber as 
the background for motif enrichment analysis. TBX5, 
MEIS1, and PITX2 motifs were among those enriched 
in aSpEnh compared with vSpEnh. These TFs regu-
late atrial ion channel genes and are implicated in atrial 
arrhythmias and atrial restrictive cardiomyopathy.26–29 In 
contrast, vSpEnh were most highly enriched compared 
with aSpEnh for motifs of MEF2, SF1, and ERR and 
other nuclear receptors (EAR2, NR5A2). ERR stimulates 
expression of genes involved in mitochondrial biogen-
esis and oxidative phosphorylation,30,31 providing a link 
between ventricular CSEs and metabolic genes enriched 
among vCM-biased genes (Figure 1B).

Taken together, AAV-MPRA testing of 2639 candi-
date cardiac enhancers identified 1092 active regions, 
including. 229 that were atrial or ventricular CSEs. CSEs 
were enriched for chamber-specific MTF and P300 
occupancy. Atrial and ventricular CSEs were enriched for 
TBX5 and ERR motifs, respectively.

Distinct Chromatin Accessibility of CSEs 
Between aCMs and vCMs
Cell type–specific chromatin accessibility is involved 
in determining and maintaining cellular identity.17,32 We 
measured chromatin accessibility of purified neona-
tal aCMs and vCMs in biological duplicate by ATAC-
seq. There was high correlation between the replicate 
samples (Figure S8A; Extended Data 1 and 3); 59 939 
accessible regions were reproducible across the 2 
chambers; 4060 were atrium specific and 12 970 were 
ventricle specific (Figure 3A).

We then analyzed the chromatin accessibility of CSEs 
identified by AAV-MPRA. aSpEnh and vSpEnh were 
clearly separated into 2 groups on the basis of their 
ATAC signal in aCMs and vCMs (Figure 3B). The chro-
matin accessibility of aSpEnh regions was significantly 

higher in aCMs than vCMs, and, reciprocally, accessibility 
of vSpEnh regions was significantly higher in vCMs than 
aCMs. In contrast, accessibility of regions without detect-
able enhancer activity or regions with enhancer activity in 
both aCMs and vCMs showed no significant difference 
between aCMs and vCMs (Figure 3C). For example, an 
aSpEnh adjacent to atrial gene Myl7 showed atrium-
selective occupancy by P300 and MTFs and had strong, 
aCM-selective accessibility. In contrast, a vSpEnh adja-
cent to ventricular gene Myl3 had ventricular-selective 
occupancy by P300 and MTFs and strong, vCM-selec-
tive accessibility (Figure 3D).

Taken together, our data indicate that chamber-selec-
tive chromatin accessibility plays an important role in 
regulating CSE activity and selectivity.

Chamber-Selective Chromatin Loops Link a 
Subset of CSEs to Target Genes
Enhancers can regulate genes several hundred 
megabytes away, with chromatin loops positioning dis-
tal regulatory elements near their target promoters.10,33,34 
To measure the contribution of 3-dimensional genome 
structure to chamber-specific transcriptional programs 
and CSE activity, and to identify target genes linked to 
CSEs, we used H3K27ac highly integrative chroma-
tin immunoprecipitation (HiChIP)35 to identify enhancer 
chromatin contacts in purified neonatal aCMs and vCMs 
(Extended Data 1 and 6). Biological triplicate replicates 
grouped together, with clear separation between aCMs 
and vCMs (Figure S8). We identified 80 792 high-confi-
dence, reproducible chromatin loops in aCMs and 53,840 
loops in vCMs (Figure 4A), with 3457 (4.3%) and 2150 
(4.0%) involving a region with atrial or ventricular MPRA 
activity, respectively (Figure 4A).

We visualized H3K27ac HiChIP loops involving 
CSEs near atrial gene Myl7 and ventricular gene Myl2 
(Figure 4B). We observed higher interaction frequency 
in aCMs near Myl7 and in vCMs near Myl2. Genome 
browser views at these genes showed that the Myl7 
aSpEnh had robust atrium-specific H3K27ac signal and 
strong chromatin interaction with the Myl7 promoter (Fig-
ure 4C, top). Similarly, the Myl2 vSpEnh exhibited high 
ventricle-selective H3K27ac signal and strong chromatin 
interaction with the Myl2 promoter (Figure 4C, bottom).

In total, there were 4643 (5.7%) and 5420 (10.1%) 
loops specific to aCMs or vCMs , respectively. MPRA-
identified chamber-selective enhancers were enriched 
for overlap with chamber-selective loops (atria odds 
ratio=4.04, Fisher P=1.2E-37; ventricles odds ratio=2.76, 
Fisher P=3.9E-12; Figure 4D). However, most MPRA-
identified chamber-selective enhancers (atria, 63/110; 
ventricles, 78/119) did not overlap chamber-selective 
loops. These data indicate that chamber-selective loop-
ing is enriched at CSEs but is not a predominant mecha-
nism for CSE regulation.
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Using the H3K27ac HiChIP atlas to associate enhanc-
ers to promoters in aCMs and vCMs, we assessed the 
contribution of CSEs to chamber-selective transcriptional 

programs. Anchor genes (genes with promoters within 
loop anchors) of chromatin loops in aCMs  and chroma-
tin loops in vCMs  each had slightly biased expression 

Figure 3. Chamber-selective enhancers activity and differential chromatin accessibility between aCMs and vCMs. 
A, Heatmap of chromatin accessibility in aCMs and vCMs. ATAC-seq was performed on Purified P0 aCMs and vCMs. Reproducible peaks are 
shown, grouped into those called in aCMs, vCMs, or both (shared). Number of peaks in each group is indicated to the left. Each row represents 
a 3-kb peak region centered on the called peak. B, Chromatin accessibility of chamber-selective enhancers in aCMs and vCMs. The plot shows 
the ATAC-seq signal in aCMs and vCMs of each atrium- or ventricle-specific enhancer defined by massively parallel reporter assay. Many 
chamber-selective enhancers exhibited differential chromatin accessibility. Selected examples are highlighted by symbols of adjacent genes. C, 
Quantification of chromatin accessibility of atrium- and ventricle- specific enhancers in aCMs (A) and vCMs (V). aSpEnh had significantly greater 
accessibility in aCMs, and vSpEnh had significantly greater accessibility in vCMs. In contrast, regions without differential enhancer activity by 
massively parallel reporter assay had similar accessibility between chambers. avEnh indicates active cardiac enhancers without chamber-selective 
activity; nc (negative control), regions without detectable enhancer activity. Kruskal-Wallis test with Dunn post hoc test: ns, P≥0.05; **P<0.01; 
***P<0.001. D, Genome browser views of representative atrium-specific (Myl7-Enh, Left) and ventricle-specific (Myl3-Enh, Right) enhancers. 
Enhancer regions are marked by yellow shading. aCM indicates atrial cardiomyocyte; ATAC, assay of transposase accessible chromatin; vCM, 
ventricular cardiomyocyte; FPKM, fragments per kilobase of exon per million mapped fragments. 

D
ow

nloaded from
 http://ahajournals.org by on January 31, 2023



ORIGINAL RESEARCH 
ARTICLE

Circulation. 2023;147:00–00. DOI: 10.1161/CIRCULATIONAHA.122.061955 xxx xxx, 2023 9

Cao et al Regulation of Chamber-Selective Enhancers

toward aCMs and vCMs, respectively (Figure 4E). Anchor 
genes of specific chromatin loops in aCMs had signifi-
cantly more biased expression toward aCMs, compared 
with anchor genes of chromatin loops in aCMs. vSpLoop 
anchor genes also had vCM-biased expression, although 
this did not reach statistical significance. This analysis 
indicates that chamber-selective promoter looping con-
tributes to chamber-selective gene expression.

We calculated the sensitivity and specificity of MTF, 
P300, open chromatin, and chromatin looping for identi-

fying MPRA active regions (Figure 4F). MTF occupancy 
had the greatest specificity (≈75%), and P300, open chro-
matin, and looping had moderate specificity (42%–63%). 
Each of the 4 features also had moderate sensitivity 
(37%–68%). The union of the 4 parameters had high sen-
sitivity (89%–93%), indicating that most active enhanc-
ers have at least 1 of these features. A parallel analysis 
focusing on the ability of chamber-specific features to dis-
cern CSEs from active enhancers showed that chamber-
specific MTF, P300, and open chromatin had comparably 

Figure 4. Three-dimensional genome structure of CSEs identified by H3K27ac HiChIP in aCMs and vCMs. 
A, Number of chromatin loops between enhancers and enhancers (E-E), enhancer and promoters (E-P), and promoters and promoters (P-P) in 
aCMs and vCMs. The loops whose anchors overlap enhancers that were active by MPRA are colored red. B, H3K27ac HiChIP contact maps 
at 5-kb resolution. Called loops are marked with black boxes. Arrows indicate the Myl7 (upper) and Myl2 (lower) enhancer-promoter loops. C, 
Genome browser view of CSEs of Myl7 (atria) and Myl2 (ventricles). The H3K27ac track was inferred by analysis of H3K27ac HiChIP data 
(see Methods). Promoter regions are marked with blue shading, and MPRA-defined CSEs are marked with yellow shading. D, Percentage of 
loops that are chamber selective, among all loops (Genome) or loops with anchors that overlap CSEs defined by MPRA assay. CSEs were 
enriched for overlap with chamber-selective loops. Fisher exact test. E, Expression ratio (aCM/vCM) of genes linked to CSEs by any HiChIP 
loop or by chamber-selective HiChIP loop, in aCMs or vCMs. Kruskal-Wallis test with Dunn post hoc test: *P<0.05; **P<0.01; ***P<0.001. F and 
G, Specificity and sensitivity of indicated chromatin features for predicting MPRA-defined enhancers. F, Features present in each chamber as 
predictors of MPRA-detected enhancer activity in atria or ventricles. G, Features selective for each chamber as predictors of MPRA-detected 
CSE activity, among active enhancers. aATAC indicates atrial assay of transposase accessible chromatin; aCM indicates atrial cardiomyocyte; 
aLoop, chromatin loops in aCMs; aMTF, multiple TFs occupy regions in atrium; aP300, P300 occupy regions in atrium; aSpEnh, atrium-
specific enhancers; CSE, chamber-selective enhancers; H3K27ac HiChIP, acetylation of histone H3 at lysine 27-highly integrative chromatin 
immunoprecipitation; MPRA, massively parallel reporter assay; OR, odds ratio; vCM, ventricular cardiomyocyte; Sp, features that are chamber 
selective; vATAC, ventricle assay of transposase accessible chromatin; vLoop, chromatin loops in vCMs; vMTF, multiple TFs occupy regions in 
ventricle; vP300, P300 occupy regions in ventricle; and vSpEnh, ventricle-specific enhancers.
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high specificity (>93%), whereas chamber-specific loop-
ing was slightly less specific (≈80%; Figure 4G). However, 
each feature and the union of features had low sensitivity 
(<26%) for detecting CSEs among active enhancers, sug-
gesting the importance of other features (eg, TF motifs) to 
determine chamber-specific activity.

Systematic Mutagenesis to Identify Features 
Required for CSEs
To investigate the sequence features required for CSE 
activity and selectivity, we performed dense mutagenesis 
of 13 atrium-selective, 8 ventricle-selective, and 8 shared 
enhancers. Each of these 29 400-bp candidate regions 
was synthesized as 80 190-nt oligonucleotides tiled in 
5-nt steps (wild-type, WT; Figure 5A). Each WT 190-nt 
oligonucleotide was mirrored by a counterpart in which the 
central 5 nt was deleted (Mut; Figure 5A). Each sequence 
was identified by a unique 10-nt barcode. From the initial 
MPRA library, we included negative control regions, inac-
tive in both chambers, and 135 positive control regions, 
active in both chambers, yielding a MPRA library of 5274 
oligos (Extended Data 7). We constructed a pooled AAV 
library. After excluding oligos with low coverage (<5 frag-
ments per million; Figure S9A), the library contained 2394 
WT sequences and 1761 WT-Mut pairs. The library was 
delivered to P0 pups and enhancer activity of each se-
quence was analyzed at P7 by amplicon sequencing. En-
hancer activities were well correlated across 5 atrial and 4 
ventricular replicates (Figure S9B).

We analyzed the activity of WT 190-bp “tiles” for their 
activity in aCMs and vCMs to identify the subset of origi-
nal 400-bp enhancers whose activity was reproduced in 
190-bp subregions (Figure 5B, Figure S10A and S10B, 
and Extended Data 1 and 7). Active tiles clustered 
together (Figure 5B, red areas), highlighting the “active 
core” of the original 400-bp enhancers that were suffi-
cient for activity. We found that 11 of 13 aSpEnh, 7 of 8 
shared, and 7 of 8 vSpEnh retained activity in at least 3 
consecutive 190-bp WT tiles.

Next we compared the atrial and ventricular enhancer 
activity of each WT-Mut pair (Figure 5C and Figure S10C 
and S10D). This identified 5-bp “bins” that were required 
for region activity or selectivity. These tended to localize 
within the active core of each active enhancer. A detailed 
view of the dense mutagenesis of the ventricle-selective 
Myl3 enhancer is shown as an example (Figure 5D). The 
Activity track identified the left side of the enhancer as 
its active core, which exhibits strong ventricular and weak 
but detectable atrial enhancer activity. Mutant tiles within 
this core identified several bins that are essential for both 
levels of activity and chamber selectivity (arrowheads, 
Figure 5D). Bins 18 to 19 contain a MEF2 motif whose 
deletion strongly reduced enhancer activity in both atria 
and ventricles (tracks Mut/WT A and V) and strongly 
reduced ventricular selectivity (tracks V/A-Mut versus 

WT). Bin 12 contains an ERR motif whose deletion like-
wise strongly reduced enhancer activity in both atria and 
ventricles and strongly reduced ventricular selectivity. At 
the edges of the active core, bin 26 containing an EBF1 
motif also impacted enhancer activity in both aCMs and 
vCMs. Together, the systematic mutagenesis identified 
MEF2 and ERR binding sites that are essential for the 
ventricle-selective activity of this enhancer.

We performed a similar analysis of the systematic 
mutagenesis of other atrium- and ventricle-selective 
enhancers (Figure S10E–S10G). For example, an atrial-
selective enhancer (chr6:30 545 609–30 546 008) 
linked by H3K27ac HiChIP to Mir335, an atrial fibrilla-
tion–associated microRNA,36 required the T-box motif 
in bins 43 to 44 and 51 to 52 (Figure S10F) for atrial 
selectivity (V/A-Mut track), and deletion of bin 50 sig-
nificantly increased enhancer activity in ventricle (Mut/
WT A and V tracks). Thus, systematic mutagenesis of 
this enhancer identified T-box binding sites essential to 
its atrial-selective activity, through enhancer activation in 
aCMs and repression in vCMs.

To identify TF motifs important across the mutagenesis 
experiment, we scanned mutant and WT pairs with signifi-
cantly different activities for enriched motifs (see Methods). 
Pairs without significant change in activity were used as 
controls. Because a deletion can remove or insert a motif 
and increase or decrease enhancer activity, we considered 
4 classes of mutations. Among mutations that caused loss 
of motif and loss of activity, the ERR motif was among 
the most highly enriched in ventricles (Figure 5E), consis-
tent with the enrichment of the ERR motif among 400-
bp enhancers with ventricle-selective activity (Figure 2H). 
Among mutations that caused loss of motif and increased 
activity, the TBX5 motif was the most enriched in ventricles 
(Figure 5E), suggesting that this motif contributes to cham-
ber-selective enhancer repression in ventricles. In atria, 
however, mutations that created the TBX5 motif increased 
enhancer activity, suggesting that overall TBX5 acts as an 
activator in aCMs but a repressor in vCMs.

Taken together, dissection of chamber selective by 
systematic mutagenesis identified TF motifs that are 
essential for enhancer activity and selectivity in aCMs 
and vCMs. Most notably, the ERR motif was essential for 
ventricular enhancer activity.

ERRα/γ Regulate Ventricular Cardiomyocyte 
Identity
The 2 MPRA experiments indicated that the ERR motif 
is essential for ventricular enhancer activity (Figures 2H 
and 5E), including Myl3-Enh (Figure 5D). The ERR motif 
is bound by ERR family TFs, with ERRα and ERRγ be-
ing the predominant cardiac isoforms.30,37 ERRα/γ were 
more highly expressed in vCMs than aCMs (Figure S11A 
and S11B), To directly test ERRα/γ requirement for ven-
tricular enhancer activity, we treated ERRαflox/flox; ERRγflox/
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flox mice with the AAV Myl3 enhancer-mCherry reporter 
construct (Figure 3G) and either AAV-Tnnt2-Cre or AAV-
Tnnt2-GFP (Figure S11C and S11D). Double cardiac 
knockout (dCKO) mice had reduced ventricular Myl3 en-

hancer activity as determined by mCherry imaging and re-
verse transcriptase-quantitative polymerase chain reaction 
(Figure 6A and 6B). Moreover, endogenous Myl3 gene ex-
pression was also reduced in dCKO (Figure 6C). We also 

Figure 5. Dissection of chamber-selective enhancers by systematic tiling mutagenesis MPRA. 
A, Tiling mutagenesis strategy. Each of 29 400-bp chamber-selective enhancer was divided into 80 5-bp blocks. Each block was the center 
of a pair of 180-bp oligos (WT; orange). A mutant of each WT oligo was designed by deleting the central 5-bp block (Mut; red square). Each 
oligonucleotide was synthesized with a unique barcode to enable identification by sequencing. B, Summary of activity of WT regions in atrium 
and ventricle. Each 400-bp enhancer is represented as 80 5-bp blocks. For atria and ventricles, each block is colored by the sum of the activities 
of all active WT oligos that overlap the block. C, Summary of the effect of central 5-bp deletion on enhancer activity. Each 5-bp block is colored 
by the ratio of Mut to WT enhancer activity, in atria (Left) or ventricles (Right). D, Detailed view of tiling mutagenesis of the Myl3 enhancer 
(row 29 in B and C). Top row indicates transcription factor motifs located within a 12-bp region centered on the indicated 5-bp block. WT A, 
V and Mut A, V tracks indicate enhancer activity (log2[RNA/DNA]) of each oligo centered on the 5-bp block, whereas the Activity A, V tracks 
indicate the sum of the activity of all oligos overlapping the 5-bp block. Mut/WT and V/A indicate the ratio of the indicated tracks. The left side 
of the 400-bp sequence is more active in ventricles than atria. Tiling mutagenesis identified estrogen-related receptor and MEF2 motifs that 
are essential for ventricle-biased activity (motif names highlighted in red). E, Summary of motifs identified by analysis of the entire mutagenesis 
dataset. Enrichment of motifs from a nonredundant database was determined for 4 conditions were considered based on motif gain (+) or loss 
(–) and enhancer activity increase (↑) or decrease (↓), compared with control active regions that were unaffected by mutation. Transcription factors 
associated by motifs were filtered by their expression in atria or ventricles (TPM >5; Table S3) and representative transcription factors s are 
displayed. The full data table is in Table S4. MPRA indicates massively parallel reporter assay. 
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examined the effect of dCKO on the activity and selec-
tivity of the Myl7 atrium-specific enhancer. This enhancer 
became ectopically active in dCKO ventricles (Figure 6D). 
reverse transcriptase-quantitative polymerase chain reac-
tion confirmed 17.4-fold increased Myl7 enhancer activity 
in dCKO ventricles (Figure 6E). Accordingly, we also de-
tected elevated ventricular expression of endogenous Myl7 

(Figure 6F). These data suggested that ERR inactivation 
led to impaired ventricular identity, with reduced ventricular 
enhancer activity and increased atrial enhancer activity.

We assessed the effect of ERR inactivation on cham-
ber-selective gene expression across the transcriptome 
by analyzing RNA-sequencing data from P35 ERRα/γ 
dCKO and control vCMs.30 Using principal component 

Figure 6. ERR regulates the ventricular cardiomyocyte identity. 
A through F, Effect of ERR loss of function on chamber-selective enhancer activity. Myl3 ventricle-selective enhancer and Myl7 atrium-selective 
enhancer activity were tested using the respective AAV-mCherry enhancer constructs in neonatal ERRα/γ floxed mice treated with AAV-GFP 
(control) or AAV-Cre (double cardiac knockout, dCKO). Myl3 enhancer activity was reduced in ventricles by both fluorescence and mCherry 
reverse transcriptase-quantitative polymerase chain reaction (A–C). mCherry was normalized to U6-Broccoli to control for transduction efficiency. 
Myl7 enhancer activity was ectopically active in dCKO ventricles. Unpaired t-test: *P<0.05; **P<0.01; ***P<0.001. G, Principal component analysis 
of RNA-sequencing from P0 aCMs, P0 vCMs, P35 control ventricles, and P35 dCKO ventricles. Replicates from the same group were marked 
with the same color. PC2 separates P0 vCMs and aCMs. Arrow indicates shift along PC2 in the direction of aCMs caused by ERRα/γ inactivation 
in vCMs. H, Enrichment of chamber-selective gene sets (Padj<0.05 and | log2 fold-change | > 2; TPM ≥ 5) among the differentially expressed 
genes in ventricles after ERRα/γ knockout. Analysis was performed by gene set enrichment analysis. I, Volcano plot of differentially expressed 
genes (DEGs) between control and ERRα/γ dCKO ventricle. Left plot, all differentially expressed genes. Middle plot, atrium-biased genes, 
highlighted in magenta, are enriched among genes upregulated in ERRα/γ dCKO. Right plot, ventricle-biased genes, highlighted in dark red, 
are enriched among genes downregulated in ERRα/γ dCKO. AAV-GFP indicates adeno-associated virus-green fluorescent protein; aCM, atrial 
cardiomyocyte; ERR, Estrogen-related receptor; KO, knockout; and vCM, ventricular cardiomyocyte.
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analysis, we compared the effect of ERRα/γ dCKO with 
the difference in gene expression between P0 vCMs and 
aCMs (Figure 6G). The 2 datasets were separated along 
PC1, reflecting differences in both stage and technique 
between these datasets. PC2 separated vCMs from 
aCMs, and also control from dCKO, and indicated that 
dCKO cardiomyocytes are more similar to aCMs whereas 
control cardiomyocytes are more similar to vCMs.

We further analyze the effect of ERR inactivation on 
chamber-selective gene expression by performing Gene 
Set Enrichment Analysis38 on the P35 ERRα/γ dCKO and 
control vCM RNA-sequencing dataset. vCM-biased genes 
were highly enriched among genes downregulated by 
ERRα/γ inactivation, and aCM-biased genes were highly 
enriched among upregulated genes (Figure 6H). Of the 
422 vCM-biased genes that were differentially expressed 
in dCKO vCMs, 325 (77%) were downregulated, including 
Myl2, Myl3, Irx1, and Myh7b (Figure 6I, Fisher P=4.3E-36). 
On the other hand, of the 420 aCM-biased genes that 
were differentially expressed in dCKO vCMs, 298 (71.0%) 
were upregulated, including Sln, Fgf12, Myl7, Bmp10, 
Pitx2, and Nppa (Figure 6F, Fisher P=1.8E-18).

ERRα/γ regulate mitochondrial activity and biogen-
esis,37 and vCM-biased genes are enriched for mitochon-
drial functional terms (Figure 1B). Of 1140 mitochondrial 
genes,39 577 (49%) were differentially expressed in 
ERRα/γ dCKO vCMs. After removing mitochondrial 
genes, the remaining vCMs-biased genes were still highly 
enriched among dCKO-downregulated genes (Figure 
S11E and S11F, Fisher P=8.3E-6). Enriched GO terms 
included muscle contraction, ion transport, and second 
messenger signaling (Figure S11G). These results indi-
cate that ERRα/γ regulate elements of ventricular iden-
tity beyond mitochondrial biogenesis.

ERRα/γ regulate cardiomyocyte maturation.30,40 Forty-six 
percent of genes dysregulated in dCKO vCMs overlapped 
with vCM genes with altered expression during postna-
tal maturation (Figure S12A),41 although the maturational 
expression change correlated poorly with the expression 
change in dCKO (R2=0.2437; Figure S12B). The mutually 
dysregulated genes were enriched for mitochondrial and 
metabolic GO terms, and muscle system process as well 
(Figure S12C). Moreover, after removing maturation dif-
ferentially expressed genes, aCM-biased and vCM-biased 
genes were still enriched among dCKO-upregulated and 
-downregulated genes, respectively (Figure S12E–S12G). 
These results suggest that ERRα/γ regulates ventricular 
identity beyond its regulation of cardiomyocyte maturation.

Together, these data strongly confirm that ERR pro-
motes ventricular identity.

DISCUSSION
We investigated the transcriptional mechanisms that main-
tain chamber-selective gene expression in cardiomyocytes. 
Our atlas of chromatin occupancy by cardiac TFs and P300, 

accessible chromatin, and chromatin looping will be a rich 
resource for future studies of chamber-specific gene regu-
lation. Using AAV-MPRA, we identified active and cham-
ber-selective enhancers. Systematic mutagenesis identified 
motifs of key TFs required for activity of these CSEs; among 
these were TBX5 in aCMs and ERR in vCMs. Our studies 
of ERRα/γ dCKO vCMs validated the key role of ERR in 
maintaining ventricular identity, by promoting expression of 
ventricular genes and repressing atrial genes.

We studied the chromatin features of enhancers 
active in atria or ventricles. Enhancer features were 
enriched at MPRA-active regions and at CSEs. For 
identifying CSEs from active enhancers without cham-
ber selectivity, chamber-selective MTF, P300, and 
ATAC were all highly specific, and chamber-selective 
enhancer loops were slightly less specific. However, 
none of the chromatin features or even their union was 
able to sensitively identify CSEs from non–chamber-
selective active enhancers. This indicates that other 
features, such as individual TF motifs or combinations 
of motifs, are important determinants of CSEs.

We focused on factors that maintain chamber-selec-
tive gene expression rather than on atrial and ventricular 
specification and differentiation, the focus of prior studies. 
NKX2-5, MEF2C, and IRX4 have been implicated in ven-
tricular cardiomyocyte differentiation.42–44 We found that 
MEF2 was also required to maintain ventricular enhancer 
activity and selectivity. We did not detect NKX2-5 or IRX4 
motifs, suggesting that the chamber-selective function of 
these TFs is restricted to developing cardiomyocytes. The 
most highly enriched ventricular enhancer motif belonged 
to ERR, and systematic tiling mutagenesis and transcrip-
tome-wide analysis of ERRα/γ double-knockout vCMs 
confirmed that it is essential for promoting ventricular 
identity. This requirement extended beyond its previously 
reported functions to promote mitochondrial biogenesis 
or cardiomyocyte maturation.30,37,40

TBX5 and NR2F2 are critical for atrial differentia-
tion.45,46 Ablation of NR2F2 later in embryonic develop-
ment did not affect atrial identity,46 suggesting that it is 
not required for maintenance of atrial identity. TBX5, on 
the other hand, remains essential for expression of many 
genes in mature atria, and adult-stage TBX5 deficiency 
causes atrial fibrillation.47 Our analysis of atrial-specific 
enhancers supports the hypothesis TBX5 is essential for 
maintenance of atrial gene expression.

GWAS studies link noncoding sequence variants to 
cardiac phenotypes, likely through their effect on CRE 
activity. Eighteen of the murine aCM or vCM enhanc-
ers that we identified were contained within noncoding 
regions linked to cardiac diseases. For instance, active 
enhancers of Tbx5 and the key Ca2+ transporter Atp2a2 
map to human loci associated with the electrocardio-
graphic PR interval and QT intervals, respectively. The 
combination of in vivo MPRA assays, chromatin feature, 
and 3D genome maps will contribute to the ongoing 
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functional dissection of clinically relevant regulatory loci 
and associated sequence variants.

Regulatory elements with well characterized proper-
ties are important reagents for research and therapeu-
tic applications. The enhancers that we have identified, 
already tested in AAV, have a range of enhancer strength 
and chamber selectivity, providing a rich resource for the 
selection of elements with the desired regulatory proper-
ties. For example, the 110 aCM-selective and 119 vCM-
selective enhancers that we identified could be used for 
chamber-selective expression in research studies or for 
therapeutic gene delivery.

Our study had some limitations. Our study addresses 
maintenance chamber–selective expression, rather than 
the specification or differentiation of aCMs or vCMs. We 
used neonatal cardiomyocytes for the chromatin feature 
mapping and MPRA assays, reasoning that most aCM 
and vCM differences had been established by this stage. 
This stage yields the highest quality chromatin data and 
is most amenable to functional studies. Our 3-dimen-
sional genome data were based on a single method and 
a single antibody. Additional experiments are needed to 
validate our findings in adult cardiomyocytes, in homeo-
stasis and in disease states.

ARTICLE INFORMATION
Received August 3, 2022; accepted January 3, 2023.

Affiliations
Department of Cardiology, Boston Children’s Hospital, Boston, MA (Y.C., X.Z., 
B.N.A., F.X., P.Z., M.E.S., Y.W., M.P., J.C., Y.Z., P.W., W.T.P.). Department of Cardio-
vascular Surgery, Guangdong Cardiovascular Institute, Guangdong Provincial 
People’s Hospital, Guangzhou, China (H.Y.). Cardiovascular Institute, Department 
of Medicine, Perelman School of Medicine at the University of Pennsylvania, Phil-
adelphia (T.S., D.P.K.). Herman B Wells Center for Pediatric Research, Department 
of Pediatrics, Indiana University School of Medicine, Indianapolis (N.J.V.). Harvard 
Stem Cell Institute, Cambridge, MA (W.T.P.).

Acknowledgments
The authors thank Dr Johan Auwerx for sharing ERRα/γ flox mice. Drs Cao, X. Zhang, 
and Akerberg contributed equally to this work. Drs Cao, X/ Zhang, Akerberg, and 
Pu conceived and designed the study and analyzed data. Dr Akerberg performed 
bioChIP-sequencing, ATAC-sequencing, and RNA-sequencing experiments. Dr Cao 
performed the MPRA, H3K27ac HiChIP, and individual enhancer assays. Dr X. Zhang 
developed custom MPRA design and analysis pipelines. Drs Zhang and Cao con-
ducted bioinformatic analyses. Drs Yuan, Sakamoto, Xiao, Van Dusen, Shou, Sweat, 
Y. Wang, Chen, Y. Zhang, and P. Wang contributed reagents, data, and analyses. Drs 
Cao, X. Zhang, and Pu wrote the manuscript with contributions from the other authors. 
Drs Pu and Kelly oversaw the project. All authors read and approved the manuscript.

Sources of Funding 
Dr Pu was supported by National Institutes of Health (NIH; 1R01HL156503, 
R01 HL146634, and UM1 HL098166). Dr Kelly was supported by NIH 
R01HL058493.

Disclosures
None.

Supplemental Material
Extended Methods

Figures S1–S12

Tables S1–S5

Extended Data 1–7

References 48–75

REFERENCES
 1. Bettex DA, Prêtre R, Chassot P-G. Is our heart a well-designed pump? 

The heart along animal evolution. Eur Heart J. 2014;35:2322–2332. doi: 
10.1093/eurheartj/ehu222

 2. Tabibiazar R, Wagner RA, Liao A, Quertermous T. Transcriptional profiling 
of the heart reveals chamber-specific gene expression patterns. Circ Res. 
2003;93:1193–1201. doi: 10.1161/01.res.0000103171.42654.dd

 3. Litviňuková M, Talavera-López C, Maatz H, Reichart D, Worth CL, Lindberg 
EL, Kanda M, Polanski K, Heinig M, Lee M, et al. Cells of the adult human 
heart. Nature. 2020;588:466–472. doi: 10.1038/s41586-020-2797-4

 4. Hoit BD. Left atrial size and function: role in prognosis. J Am Coll Cardiol. 
2014;63:493–505. doi: 10.1016/j.jacc.2013.10.055

 5. Roselli C, Chaffin MD, Weng L-C, Aeschbacher S, Ahlberg G, Albert 
CM, Almgren P, Alonso A, Anderson CD, Aragam KG, et al. Multi-
ethnic genome-wide association study for atrial fibrillation. Nat Genet. 
2018;50:1225–1233. doi: 10.1038/s41588-018-0133-9

 6. Brieler J, Breeden MA, Tucker J. Cardiomyopathy: an overview. Am Fam 
Physician. 2017;96:640–646.

 7. Bos JM, Towbin JA, Ackerman MJ. Diagnostic, prognostic, and therapeutic 
implications of genetic testing for hypertrophic cardiomyopathy. J Am Coll 
Cardiol. 2009;54:201–211. doi: 10.1016/j.jacc.2009.02.075

 8. Cai W, Huang J, Zhu Q, Li BE, Seruggia D, Zhou P, Nguyen M, Fujiwara 
Y, Xie H, Yang Z, et al. Enhancer dependence of cell-type-specific gene 
expression increases with developmental age. Proc Natl Acad Sci U S A. 
2020;117:21450–21458. doi: 10.1073/pnas.2008672117

 9. Heinz S, Romanoski CE, Benner C, Glass CK. The selection and function of 
cell type-specific enhancers. Nat Rev Mol Cell Biol. 2015;16:144–154. doi: 
10.1038/nrm3949

 10. Stadhouders R, Filion GJ, Graf T. Transcription factors and 3D genome 
conformation in cell-fate decisions. Nature. 2019;569:345–354. doi: 
10.1038/s41586-019-1182-7

 11. Nord AS, Blow MJ, Attanasio C, Akiyama JA, Holt A, Hosseini R, 
Phouanenavong S, Plajzer-Frick I, Shoukry M, Afzal V, et al. Rapid and per-
vasive changes in genome-wide enhancer usage during mammalian devel-
opment. Cell. 2013;155:1521–1531. doi: 10.1016/j.cell.2013.11.033

 12. Visel A, Blow MJ, Li Z, Zhang T, Akiyama JA, Holt A, Plajzer-Frick I, 
Shoukry M, Wright C, Chen F, et al. ChIP-seq accurately predicts tis-
sue-specific activity of enhancers. Nature. 2009;457:854–858. doi: 
10.1038/nature07730

 13. Zhou P, Gu F, Zhang L, Akerberg BN, Ma Q, Li K, He A, Lin Z, Stevens SM, 
Zhou B, et al. Mapping cell type-specific transcriptional enhancers using 
high affinity, lineage-specific Ep300 bioChIP-seq. eLife. 2017;6:e22039. 
doi: 10.7554/eLife.22039

 14. He A, Kong SW, Ma Q, Pu WT. Co-occupancy by multiple cardiac transcrip-
tion factors identifies transcriptional enhancers active in heart. Proc Natl 
Acad Sci U S A. 2011;108:5632–5637. doi: 10.1073/pnas.1016959108

 15. Akerberg BN, Gu F, VanDusen NJ, Zhang X, Dong R, Li K, Zhang B, Zhou 
B, Sethi I, Ma Q, et al. A reference map of murine cardiac transcription fac-
tor chromatin occupancy identifies dynamic and conserved enhancers. Nat 
Commun. 2019;10:4907.

 16. Gorkin DU, Barozzi I, Zhao Y, Zhang Y, Huang H, Lee AY, Li B, Chiou 
J, Wildberg A, Ding B, et al. An atlas of dynamic chromatin land-
scapes in mouse fetal development. Nature. 2020;583:744–751. doi: 
10.1038/s41586-020-2093-3

 17. Hocker JD, Poirion OB, Zhu F, Buchanan J, Zhang K, Chiou J, Wang T-M, 
Zhang Q, Hou X, Li YE, et al. Cardiac cell type–specific gene regulatory 
programs and disease risk association. Sci Adv. 2021;7:eabf1444.

 18. Melnikov A, Murugan A, Zhang X, Tesileanu T, Wang L, Rogov P, Feizi S, 
Gnirke A, Callan CG, Kinney JB, et al. Systematic dissection and optimiza-
tion of inducible enhancers in human cells using a massively parallel re-
porter assay. Nat Biotechnol. 2012;30:271–277. doi: 10.1038/nbt.2137

 19. Arnold CD, Gerlach D, Stelzer C, Boryń LM, Rath M, Stark A. Genome-
wide quantitative enhancer activity maps identified by STARR-seq. Science. 
2013;339:1074–1077. doi: 10.1126/science.1232542

 20. Shen SQ, Myers CA, Hughes AEO, Byrne LC, Flannery JG, Corbo JC. Mas-
sively parallel cis-regulatory analysis in the mammalian central nervous sys-
tem. Genome Res. 2016;26:238–255. doi: 10.1101/gr.193789.115

 21. Brandenburg S, Arakel EC, Schwappach B, Lehnart SE. The molecular and 
functional identities of atrial cardiomyocytes in health and disease. Biochim 
Biophys Acta. 2016;1863:1882–1893. doi: 10.1016/j.bbamcr.2015.11.025

 22. Shimura D, Nakai G, Jiao Q, Osanai K, Kashikura K, Endo K, Soga T,  
Goda N, Minamisawa S. Metabolomic profiling analysis reveals chamber-
dependent metabolite patterns in the mouse heart. Am J Physiol Heart Circ 
Physiol. 2013;305:H494–H505. doi: 10.1152/ajpheart.00867.2012

D
ow

nloaded from
 http://ahajournals.org by on January 31, 2023



ORIGINAL RESEARCH 
ARTICLE

Circulation. 2023;147:00–00. DOI: 10.1161/CIRCULATIONAHA.122.061955 xxx xxx, 2023 15

Cao et al Regulation of Chamber-Selective Enhancers

 23. Walden AP, Dibb KM, Trafford AW. Differences in intracellular calcium 
homeostasis between atrial and ventricular myocytes. J Mol Cell Cardiol. 
2009;46:463–473. doi: 10.1016/j.yjmcc.2008.11.003

 24. Doll S, Dreßen M, Geyer PE, Itzhak DN, Braun C, Doppler SA, Meier F, 
Deutsch M-A, Lahm H, Lange R, et al. Region and cell-type resolved quan-
titative proteomic map of the human heart. Nat Commun. 2017;8:1469. doi: 
10.1038/s41467-017-01747-2

 25. He A, Gu F, Hu Y, Ma Q, Ye LY, Akiyama JA, Visel A, Pennacchio LA, Pu 
WT. Dynamic GATA4 enhancers shape the chromatin landscape cen-
tral to heart development and disease. Nat Commun. 2014;5:4907. doi: 
10.1038/ncomms5907

 26. Postma AV, van de Meerakker JBA, Mathijssen IB, Barnett P, Christoffels 
VM, Ilgun A, Lam J, Wilde AAM, Lekanne Deprez RH, Moorman AFM. A 
gain-of-function TBX5 mutation is associated with atypical Holt–Oram syn-
drome and paroxysmal atrial fibrillation. Circ Res. 2008;102:1433–1442. 
doi: 10.1161/CIRCRESAHA.107.168294

 27. Guo D-F, Li R-G, Yuan F, Shi H-Y, Hou X-M, Qu X-K, Xu Y-J, Zhang M, Liu X, 
Jiang J-Q, et al. TBX5 loss-of-function mutation contributes to atrial fibrilla-
tion and atypical Holt-Oram syndrome. Mol Med Rep. 2016;13:4349–4356. 
doi: 10.3892/mmr.2016.5043

 28. Bouilloux F, Thireau J, Ventéo S, Farah C, Karam S, Dauvilliers Y, Valmier 
J, Copeland NG, Jenkins NA, Richard S, et al. Loss of the transcription 
factor Meis1 prevents sympathetic neurons target-field innervation and in-
creases susceptibility to sudden cardiac death. Elife. 2016;5:e11627. doi: 
10.7554/eLife.11627

 29. Zhang M, Hill MC, Kadow ZA, Suh JH, Tucker NR, Hall AW, Tran TT, Swinton 
PS, Leach JP, Margulies KB, et al. Long-range Pitx2c enhancer-promoter 
interactions prevent predisposition to atrial fibrillation. Proc Natl Acad Sci 
U S A. 2019;116:22692–22698. doi: 10.1073/pnas.1907418116

 30. Sakamoto T, Matsuura TR, Wan S, Ryba DM, Kim JU, Won KJ, Lai L, Petucci 
C, Petrenko N, Musunuru K, et al. A critical role for estrogen-related recep-
tor signaling in cardiac maturation. Circ Res. 2020;126:1685–1702. doi: 
10.1161/circresaha.119.316100

 31. Vega RB, Kelly DP. Cardiac nuclear receptors: architects of mitochon-
drial structure and function. J Clin Invest. 2017;127:1155–1164. doi: 
10.1172/jci88888

 32. Wu X, Lu M, Yun D, Gao S, Chen S, Hu L, Wu Y, Wang X, Duan E, Cheng CY, 
et al. Single-cell ATAC-Seq reveals cell type-specific transcriptional regula-
tion and unique chromatin accessibility in human spermatogenesis. Hum 
Mol Genet. 2022;31:321–333. doi: 10.1093/hmg/ddab006

 33. Lettice LA, Heaney SJH, Purdie LA, Li L, de Beer P, Oostra BA, Goode D, 
Elgar G, Hill RE, de Graaff E. A long-range Shh enhancer regulates expres-
sion in the developing limb and fin and is associated with preaxial polydac-
tyly. Hum Mol Genet. 2003;12:1725–1735. doi: 10.1093/hmg/ddg180

 34. Man JCK, van Duijvenboden K, Krijger PHL, Hooijkaas IB, van der Made 
I, de Gier-de Vries C, Wakker V, Creemers EE, de Laat W, Boukens 
BJ, et al. Genetic dissection of a super enhancer controlling the Np-
pa-Nppb cluster in the heart. Circ Res. 2021;128:115–129. doi: 
10.1161/CIRCRESAHA.120.317045

 35. Mumbach MR, Rubin AJ, Flynn RA, Dai C, Khavari PA, Greenleaf WJ, Chang 
HY. HiChIP: efficient and sensitive analysis of protein-directed genome ar-
chitecture. Nat Methods. 2016;13:919–922. doi: 10.1038/nmeth.3999

 36. Larupa Santos J, Rodríguez I, Olesen M S, Hjorth Bentzen B, Schmitt 
N. Investigating gene-microRNA networks in atrial fibrillation patients 
with mitral valve regurgitation. PLoS One. 2020;15:e0232719. doi: 
10.1371/journal.pone.0232719

 37. Wang T, McDonald C, Petrenko NB, Leblanc M, Wang T, Giguere V, Evans 
RM, Patel VV, Pei L. Estrogen-related receptor α (ERRα) and ERRγ are 
essential coordinators of cardiac metabolism and function. Mol Cell Biol. 
2015;35:1281–1298. doi: 10.1128/MCB.01156-14

 38. Subramanian A, Tamayo P, Mootha VK, Mukherjee S, Ebert BL, Gillette MA, 
Paulovich A, Pomeroy SL, Golub TR, Lander ES, et al. Gene set enrichment 
analysis: a knowledge-based approach for interpreting genome-wide ex-
pression profiles. Proc Natl Acad Sci U S A. 2005;102:15545–15550. doi: 
10.1073/pnas.0506580102

 39. Rath S, Sharma R, Gupta R, Ast T, Chan C, Durham TJ, Goodman RP,  
Grabarek Z, Haas ME, Hung WHW, et al. MitoCarta3.0: an updated mitochon-
drial proteome now with sub-organelle localization and pathway annotations. 
Nucleic Acids Res. 2021;49:D1541–D1547. doi: 10.1093/nar/gkaa1011

 40. Sakamoto T, Batmanov K, Wan S, Guo Y, Lai L, Vega RB, Kelly DP. The 
nuclear receptor ERR cooperates with the cardiogenic factor GATA4 to or-
chestrate cardiomyocyte maturation. Nat Commun. 2022;13:1991.

 41. VanDusen NJ, Lee JY, Gu W, Butler CE, Sethi I, Zheng Y, King JS, Zhou 
P, Suo S, Guo Y, et al. Massively parallel in vivo CRISPR screening identi-

fies RNF20/40 as epigenetic regulators of cardiomyocyte maturation. Nat 
Commun. 2021;12:4442.

 42. Targoff KL, Colombo S, George V, Schell T, Kim S-H, Solnica-Krezel L, Yelon 
D. Nkx genes are essential for maintenance of ventricular identity. Develop-
ment. 2013;140:4203–4213. doi: 10.1242/dev.095562

 43. Lin Q, Schwarz J, Bucana C, Olson EN. Control of mouse cardiac mor-
phogenesis and myogenesis by transcription factor MEF2C. Science. 
1997;276:1404–1407. doi: 10.1126/science.276.5317.1404

 44. Bruneau BG, Bao ZZ, Fatkin D, Xavier-Neto J, Georgakopoulos D, 
Maguire CT, Berul CI, Kass DA, Kuroski-de Bold ML, de Bold AJ, et 
al. Cardiomyopathy in Irx4-deficient mice is preceded by abnormal 
ventricular gene expression. Mol Cell Biol. 2001;21:1730–1736. doi: 
10.1128/MCB.21.5.1730-1736.2001

 45. Bruneau BG, Nemer G, Schmitt JP, Charron F, Robitaille L, Caron S, 
Conner DA, Gessler M, Nemer M, Seidman CE, et al. A murine model 
of Holt-Oram syndrome defines roles of the T-box transcription fac-
tor Tbx5 in cardiogenesis and disease. Cell. 2001;106:709–721. doi: 
10.1016/s0092-8674(01)00493-7

 46. Wu S-P, Cheng C-M, Lanz RB, Wang T, Respress JL, Ather S, Chen W, 
Tsai S-J, Wehrens XHT, Tsai M-J, et al. Atrial identity is determined by 
a COUP-TFII regulatory network. Dev Cell. 2013;25:417–426. doi: 
10.1016/j.devcel.2013.04.017

 47. Nadadur RD, Broman MT, Boukens B, Mazurek SR, Yang X, van den Boogaard 
M, Bekeny J, Gadek M, Ward T, Zhang M, et al. Pitx2 modulates a Tbx5-de-
pendent gene regulatory network to maintain atrial rhythm. Sci Transl Med. 
2016;8:354ra35115.

 48. Naya FJ, Black BL, Wu H, Bassel-Duby R, Richardson JA, Hill JA, Olson 
EN. Mitochondrial deficiency and cardiac sudden death in mice lack-
ing the MEF2A transcription factor. Nat Med. 2002;8:1303–1309. doi: 
10.1038/nm789

 49. Waldron L, Steimle JD, Greco TM, Gomez NC, Dorr KM, Kweon J, Temple 
B, Yang XH, Wilczewski CM, Davis IJ, et al. The cardiac TBX5 interactome 
reveals a chromatin remodeling network essential for cardiac septation. Dev 
Cell. 2016;36:262–275. doi: 10.1016/j.devcel.2016.01.009

 50. LaBarge S, McDonald M, Smith-Powell L, Auwerx J, Huss JM. Estrogen-
related receptor-α (ERRα) deficiency in skeletal muscle impairs re-
generation in response to injury. FASEB J. 2014;28:1082–1097. doi: 
10.1096/fj.13-229211

 51. Murray J, Auwerx J, Huss JM. Impaired myogenesis in estrogen-related re-
ceptor γ (ERRγ)-deficient skeletal myocytes due to oxidative stress. FASEB 
J. 2013;27:135–150. doi: 10.1096/fj.12-212290

 52. Guo Y, Cao Y, Jardin BD, Sethi I, Ma Q, Moghadaszadeh B, Troiano 
EC, Mazumdar N, Trembley MA, Small EM, et al. Sarcomeres regu-
late murine cardiomyocyte maturation through MRTF-SRF sig-
naling. Proc Natl Acad Sci U S A. 2021;118;e2008861118. doi: 
10.1073/pnas.2008861118

 53. Bolger AM, Lohse M, Usadel B. Trimmomatic: a flexible trimmer for Il-
lumina sequence data. Bioinformatics. 2014;30:2114–2120. doi: 
10.1093/bioinformatics/btu170

 54. Kim D, Paggi JM, Park C, Bennett C, Salzberg SL. Graph-based genome 
alignment and genotyping with HISAT2 and HISAT-genotype. Nat Biotech-
nol. 2019;37:907–915. doi: 10.1038/s41587-019-0201-4

 55. Liao Y, Smyth GK, Shi W. featureCounts: an efficient general purpose pro-
gram for assigning sequence reads to genomic features. Bioinformatics. 
2014;30:923–930. doi: 10.1093/bioinformatics/btt656

 56. Love MI, Huber W, Anders S. Moderated estimation of fold change and dis-
persion for RNA-seq data with DESeq2. Genome Biol. 2014;15:550.

 57. Montefiori LE, Sobreira DR, Sakabe NJ, Aneas I, Joslin AC, Hansen GT, 
Bozek G, Moskowitz IP, McNally EM, Nóbrega MA. A promoter interac-
tion map for cardiovascular disease genetics. Elife. 2018;7:e35788. doi: 
10.7554/eLife.35788

 58. Quinlan AR, Hall IM. BEDTools: a flexible suite of utilities for com-
paring genomic features. Bioinformatics. 2010;26:841–842. doi: 
10.1093/bioinformatics/btq033

 59. Langmead B, Trapnell C, Pop M, Salzberg SL. Ultrafast and memory-effi-
cient alignment of short DNA sequences to the human genome. Genome 
Biol. 2009;10:R25. doi: 10.1186/gb-2009-10-3-r25

 60. O’Leary NA, Wright MW, Brister JR, Ciufo S, Haddad D, McVeigh R, 
Rajput B, Robbertse B, Smith-White B, Ako-Adjei D, et al. Reference se-
quence (RefSeq) database at NCBI: current status, taxonomic expansion, 
and functional annotation. Nucleic Acids Res. 2016;44:D733–D745. doi: 
10.1093/nar/gkv1189

 61. Chen K, Chen Z, Wu D, Zhang L, Lin X, Su J, Rodriguez B, Xi Y, Xia Z, 
Chen X, et al. Broad H3K4me3 is associated with increased transcription 

D
ow

nloaded from
 http://ahajournals.org by on January 31, 2023



OR
IG

IN
AL

 R
ES

EA
RC

H 
AR

TI
CL

E

xxx xxx, 2023 Circulation. 2023;147:00–00. DOI: 10.1161/CIRCULATIONAHA.122.06195516

Cao et al Regulation of Chamber-Selective Enhancers

elongation and enhancer activity at tumor-suppressor genes. Nat Genet. 
2015;47:1149–1157. doi: 10.1038/ng.3385

 62. Zhang Y, Liu T, Meyer CA, Eeckhoute J, Johnson DS, Bernstein BE, 
Nusbaum C, Myers RM, Brown M, Li W, et al. Model-based analysis of ChIP-
Seq (MACS). Genome Biol. 2008;9:R137.

 63. Ramírez F, Dündar F, Diehl S, Grüning BA, deepTools MT. a flexible platform 
for exploring deep-sequencing data. Nucleic Acids Res. 2014;42:W187–
W191. doi: 10.1093/nar/gku365

 64. Heinz S, Benner C, Spann N, Bertolino E, Lin YC, Laslo P, Cheng JX, 
Murre C, Singh H, Glass CK. Simple combinations of lineage-deter-
mining transcription factors prime cis-regulatory elements required 
for macrophage and B cell identities. Mol Cell. 2010;38:576–589. doi: 
10.1016/j.molcel.2010.05.004

 65. Li Q, Brown JB, Huang H, Bickel PJ. Measuring reproducibility of high-
throughput experiments. Ann Appl Stat. 2011;5:1752–1779.

 66. Martin M. Cutadapt removes adapter sequences from high-throughput se-
quencing reads. EMBnet.j. 2011;17:10–12. doi: 10.14806/ej.17.1.200

 67. Haynes W. Benjamini–Hochberg method. In: Dubitzky W, Wolkenhauer O, 
Cho K-H, Yokota H, eds. Encyclopedia of Systems Biology. Springer New 
York; 2013:78–78.

 68. Castro-Mondragon JA, Riudavets-Puig R, Rauluseviciute I, Lemma RB, 
Turchi L, Blanc-Mathieu R, Lucas J, Boddie P, Khan A, Manosalva Pérez N, 
et al. JASPAR 2022: the 9th release of the open-access database of tran-

scription factor binding profiles. Nucleic Acids Res. 2022;50:D165–D173. 
doi: 10.1093/nar/gkab1113

 69. Grant CE, Bailey TL, Noble WS. FIMO: scanning for occurrenc-
es of a given motif. Bioinformatics. 2011;27:1017–1018. doi: 
10.1093/bioinformatics/btr064

 70. Vierstra J, Lazar J, Sandstrom R, Halow J, Lee K, Bates D, Diegel 
M, Dunn D, Neri F, Haugen E, et al. Global reference mapping of hu-
man transcription factor footprints. Nature. 2020;583:729–736. doi: 
10.1038/s41586-020-2528-x

 71. Servant N, Varoquaux N, Lajoie BR, Viara E, Chen C-J, Vert J-P, Heard E, 
Dekker J, Barillot E. HiC-Pro: an optimized and flexible pipeline for Hi-C data 
processing. Genome Biol. 2015;16:259. doi: 10.1186/s13059-015-0831-x

 72. Lareau CA, Aryee MJ. hichipper: a preprocessing pipeline for call-
ing DNA loops from HiChIP data. Nat Methods. 2018;15:155–156. doi: 
10.1038/nmeth.4583

 73. Lareau CA, Aryee MJ. diffloop: a computational framework for identifying 
and analyzing differential DNA loops from sequencing data. Bioinformatics. 
2018;34:672–674. doi: 10.1093/bioinformatics/btx623

 74. Lawrence M, Huber W, Pagès H, Aboyoun P, Carlson M, Gentleman R, Morgan 
MT, Carey VJ. Software for computing and annotating genomic ranges. PLoS 
Comput Biol. 2013;9:e1003118. doi: 10.1371/journal.pcbi.1003118

 75. Kohl M. MKinfer: Inferential statistics. CRAN; 2019. Accessed September 
29, 2022.]; https://cran.r-project.org/web/packages/MKinfer/index.html

D
ow

nloaded from
 http://ahajournals.org by on January 31, 2023


