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Early adaptive chromatin remodeling events precede pathologic 
phenotypes and are reinforced in the failing heart

Douglas J. Chapskia, Maximilian Cabaja, Marco Morsellid, Rosibel J. Masona, Elizabeth 
Soehalima, Shuxun Rena, Matteo Pellegrinid, Yibin Wanga,b,c, Thomas M. Vondriskaa,b,c, 
Manuel Rosa-Garridoa,*

aDepartment of Anesthesiology & Perioperative Medicine, David Geffen School of Medicine at 
UCLA, United States of America

bDepartment of Medicine, David Geffen School of Medicine at UCLA, United States of America

cDepartment of Physiology, David Geffen School of Medicine at UCLA, United States of America

dDepartment of Molecular, Cellular & Developmental Biology, David Geffen School of Medicine at 
UCLA, United States of America

Abstract

The temporal nature of chromatin structural changes underpinning pathologic transcription are 

poorly understood. We measured chromatin accessibility and DNA methylation to study the 

contribution of chromatin remodeling at different stages of cardiac hypertrophy and failure. 

ATAC-seq and reduced representation bisulfite sequencing were performed in cardiac myocytes 

after transverse aortic constriction (TAC) or depletion of the chromatin structural protein 

CTCF. Early compensation to pressure overload showed changes in chromatin accessibility and 

DNA methylation preferentially localized to intergenic and intronic regions. Most methylation 

and accessibility changes observed in enhancers and promoters at the late phase (3 weeks 

after TAC) were established at an earlier time point (3 days after TAC), before heart failure 

manifests. Enhancers were paired with genes based on chromatin conformation capture data: 

while enhancer accessibility generally correlated with changes in gene expression, this feature, 

nor DNA methylation, was alone sufficient to predict transcription of all enhancer interacting 

genes. Enrichment of transcription factors and active histone marks at these regions suggests 

that enhancer activity coordinates with other epigenetic factors to determine gene transcription. 

In support of this hypothesis, ChIP-qPCR demonstrated increased enhancer and promoter 

occupancy of GATA4 and NKX2.5 at Itga9 and Nppa, respectively, concomitant with increased 
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transcription of these genes in the diseased heart. Lastly, we demonstrate that accessibility 

and DNA methylation are imperfect predictors of chromatin structure at the scale of A/B 

compartmentalization—rather, accessibility, DNA methylation, transcription factors and other 

histone marks work within these domains to determine gene expression. These studies establish 

that chromatin reorganization during early compensation after pathologic stimuli is maintained 

into the later decompensatory phases of heart failure. The findings reveal the rules for how local 

chromatin features govern gene expression in the context of global genomic structure and identify 

chromatin remodeling events for therapeutic targeting in disease.
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1. Introduction

In developing human cardiac myocytes, chromatin compartments (as defined by genome 

wide chromatin conformation capture, Hi-C) are established prior to DNA methylation 

patterns and, in keeping with these regions’ richness in genes versus noncoding DNA, A 

compartments are sites of DNA methylation dynamism [1,2]. The compartments themselves 

change little with disease [3,4], although the relationship with DNA methylation and general 

chromatin accessibility has not been explored in the diseased mammalian heart. Multiple 

studies have demonstrated that genetic or pharmacologic manipulation of chromatin 

modifying enzymes can derail normal development [5]—which itself is accompanied 

by orderly transitions in histone modifications as part of lineage commitment [6,7]—

whereas cardiac disease phenotypes are likewise induced by targeted perturbation of histone 

modifying enzymes [8–10] and cardiovascular pathology is accompanied by genome-wide 

changes in histone modifications [11]. How the totality of chromatin marks is integrated to 

control local accessibility and global structure, and the rules for how this integration leads to 

the right transcriptome at the right time, are unknown.

It is a reasonable and convenient but perhaps unhelpful—at least in terms of gene 

expression and chromatin remodeling—simplification to think of disease as a recapitulation 

of development. It is true that expression of many genes in the diseased adult heart mimics 

that in the fetus [12], but this is not true for all gene expression changes, notably noncoding 

RNAs [13]. In the case of DNA methylation, disease-associated changes coordinate with 

other, protein level (i.e. histone modifications) chromatin modifications to target a subset 

of genes that drive cardiac pathology [14,15]—but these genes are different than the ones 

involved in development and the protein level changes in histone marks are more widespread 

than the changes in DNA methylation [14,15]. Missing from many of the prior analyses, 

however, is a chromatin level molecular readout for the actions of these histone and DNA 

methylation changes, that is, a direct measurement of chromatin accessibility. In the present 

study, we aimed to connect the different levels of chromatin regulation—DNA methylation, 

histone modifications and transcription factor localization—with chromatin structure using 

a readout not only of gene expression, but of chromatin accessibility, as measured by 

ATAC-sequencing [16]. The model system we employed is the mouse model of pressure 
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overload, well suited to address the involvement of chromatin remodeling in disease because 

it recapitulates aspects of cardiac remodeling and heart failure. In addition, it is ideal for 

the study of temporal features of chromatin structure and transcription because pressure 

overload is a progressive pathology with clearly distinguishable stages of compensation and 

decompensation, each phenotypically resolvable by echocardiography and transcriptionally 

distinct. We also examine myocyte chromatin in the context of cell type specific knockout 

of the chromatin structural protein CTCF, which has been demonstrated to be crucial 

for maintaining chromatin architecture in the heart [3,4]. With this approach we ask the 

questions: What is the relationship between gene expression and chromatin accessibility? 

How do DNA methylation, histone modifications and transcription factors together influence 

chromatin accessibility and does this always lead to changes in transcript abundance? 

And, are distinct rules employed for regulation of genes, promoters, enhancers and other 

noncoding regions?

2. Material and methods

2.1. Transverse aortic constriction and echocardiographic measurements

All animal surgery, echocardiography and euthanasia procedures were approved by the 

UCLA Animal Research Committee in compliance with the National Institutes of Health 

Guide for the Care and Use of Laboratory Animals. Transverse aortic constriction was 

performed as described [3,17]. Briefly, C57BL/6J (8 weeks) animals were anesthetized, 

intubated, and ventilated with 2% isoflurane in 98% O2, 2% CO2 during surgery. After 

shaving hair, the chest was entered from the left side via the third intercostal space, 

the aorta identified at the T8 region and a venous vascular clamp (Fine Science Tools), 

which is outfitted with a band of silastic tubing at its distal edge, was placed around 

the vessel. The internal diameter of the resulting modified clamp was that of a 27-gauge 

needle. The chest was then closed using 6–0 prolene sutures, and negative pressure in 

the thorax was returned via removal of air by a PE 50 chest tube attached to a syringe. 

Mouse chest was then closed, and the animals extubated. Post-operatively, animals were 

administered analgesics (buprenorphine, subcutaneously, 0.05–0.1 mg/kg) if they exhibit 

signs of distress (vocalizing, failure to groom, immobility) until the animal improves or 

is euthanized. After the TAC procedure, mice were monitored by echocardiography under 

anesthesia (2% isoflurane in 98% O2, 2% CO2 using an anesthesia chamber for initial 

sedation and a nosecone to maintain delivery of anesthetic throughout the course of the 

procedure) every 3 days and considered to be in compensatory hypertrophy when the EF 

was increased significantly above the mean of the SHAM group, and in heart failure when 

the EF was statistically depressed below the mean of the SHAM group. After diagnosis, the 

mice were sacrificed by a lethal dose of sodium pentobarbital (80–100 mg/kg) administered 

intraperitoneally, a method approved by the UCLA Animal Research Committee.

2.2. Inducible cardiac-specific CTCF knockout model

Adult (8 weeks) cardiac-specific Ctcfflox/flox-αMHCMerCreMer+/− mice [3] were fed a diet 

containing 0.4 mg tamoxifen citrate per gram of diet (Tekland) for five weeks to deplete 

CTCF followed by one week on normal chow prior to experimentation.
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2.3. Cardiomyocyte isolation

The isolation of left ventricle cardiomyocytes from adult mice was performed as described 

in our previous work [15]. Briefly, adult mice were treated with heparin (100 USP units) for 

20 min to prevent blood coagulation and then anesthetized with sodium pentobarbital (100 

μl of 50 mg/ml dilution, intra-peritoneal). Upon loss of rearfoot reflex, the heart was excised, 

instantaneously arrested in ice-cold phosphate buffered saline (PBS), and mounted on a 

modified Langendorff apparatus. After 5 min of perfusion with Tyrode’s solution (130 mM 

NaCl, 5.4 mM KCl, 1 mM MgCl2, 0.6 mM Na2HPO4, 10 mM glucose, and 10 mM HEPES, 

pH 7.37, oxygenated with 95% (v/v) O2-5% (v/v) CO2) at 37° C, the heart was perfused 

for 15–30 min with 30 ml Tyrode’s containing 20 mg collagenase type-II and 3 mg protease 

type-XIV and then washed for an additional 10 min with Krebs buffer (KB) (25 mM KCl, 

10 mM KH2PO4, 2 mM MgSO4, 20 mM glucose, 20 mM taurine, 5 mM creatine, 100 

mM potassium glutamate, 10 mM aspartic acid, 0.5 mM EGTA, 5 mM HEPES, pH 7.18) 

oxygenated with 95% O2-5% (v/v) CO2. Cardiomyocytes were dissociated in KB solution, 

filtered (100 μm strainer), and centrifuged 2 min at 1000 ×g for further usage.

2.4. Cell culture

Neonatal rat ventricular myocytes (NRVM) were isolated using enzymatic digestion as 

in [18], collected and plated with DMEM supplemented with 17% M199, 1× Penicillin-

Streptomycin-Glutamine (Gibco), 10% Horse Serum (Gibco) and 5% Newborn Calf Serum 

(Gibco). After 24 h plating, media was switched to serum-free (1% Penicillin/Streptomycin 

[Gibco] and 1:1000 ITS [BD] in DMEM). The next day cells were treated with 10 μM 

phenylephrine for 48 h to induce hypertrophy.

2.5. siRNA analysis

To silence Cebpd expression, NRVMs were transfected using Lipofectamine RNAiMAX 

(Thermo Fisher) following the manufacturers’ protocols. Briefly, 500 μl of Opti MEM 

Reduced Serum Media (Thermo Fisher) containing 50 nM of a mix of three Thermo 

Fisher’s siRNA targeting Cebpd transcripts (catalog numbers: 197886, 46610, 46706) or 

Dharmacom’s siRNA negative control (D-001206-14) were mixed with 500 μl of the same 

media containing 20 μl of Lipofectamine RNAiMAX. After 10 min at 25°C, the solution 

was added to the cells and slightly agitated to mix. After 24 h at 37°C, the solution 

was replaced with 37°C medium containing 10% FBS. 48 h after transfection, cells RNA 

was isolated using phenol/chloroform extraction, cDNA generated using the iScript cDNA 

synthesis kit (BioRad) and CEBPD levels measured by qPCR using BioRad commercial 

CEBPD, Rat primers (qRnoCED0004314).

2.6. Cell size measurements

NRVMs were fixed with formalin and then washed with PBS and permeabilized with 0.1% 

Triton X-100/PBS. Cells were then stained with Phalloidin/DAPI/PBS, washed with PBS 

and mounted using Prolong Gold. Area and circularity measurements were performed using 

FIJI/ImageJ [19] and statistical analyses were performed using a Wilcoxon rank-sum test in 

R.

Chapski et al. Page 4

J Mol Cell Cardiol. Author manuscript; available in PMC 2022 June 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



2.7. Reduced representation bisulfite sequence (RRBS) procedure and data analysis

RRBS was performed as described in our previous work [15] with some modifications. DNA 

from left ventricular isolated adult cardiomyocytes was isolated using the QIAshredder kit 

(Qiagen). Initial digestion into CpG rich regions was done by the Msp1 enzyme (NEB). 

The 3′ → 5′ Klenow exonuclease was used to repair sticky ends and promote poly-A 

tail synthesis. To facilitate multiplexing, individual TruSeq Illumina adapters were ligated 

to samples using the QIAseq Methyl Library Kit (Qiagen). Samples were then filtered to 

enrich for DNA fragments within the desired size range using magnetic AMPure XP beads 

(Beckman). Bisulfite conversion was performed using the Zymo EZ DNA Methylation-

Lightning kit (Zymo). This reaction distinguishes methylated from unmethylated CpGs by 

converting unmethylated cytosines to uracil. After the final amplification of DNA fragments, 

sequencing was performed by the Broad Stem Cell Research Center High Throughput 

Sequencing Core (UCLA) using an Illumina HiSeq 3000 or NovaSeq 6000 sequencer and 

resulting in 40 million reads per sample.

Data analysis with a minimum of three samples per condition were performed in our lab 

using custom pipelines. Single-end 100 bp reads were demultiplexed into sample-specific 

*.fastq files using custom scripts and then aligned to the mouse genome using the BSseeker2 

v2.0.10 [20]. Briefly, we built an mm10-based reference index—simply 40—400 bp MspI 

restriction fragments digested in silico and consistent with our enriched fragment size—

using the bs_seeker2-build.py script. We then aligned single-end reads to the reference 

index with bs_seeker2-align.py, using the 40–400 bp fragment size range and -r flag to 

indicate RRBS libraries, and allowing up to 5 mismatches. We selected Bowtie2 [21] as the 

aligner within BSseeker2 for this step. Samtools [22] was used to sort the resulting .bam 

files, and methylation was called using bs_seeker2-call_methylation.py, using a 10 read 

coverage minimum for any given cytosine, and removing all reads that did not undergo 

full bisulfite conversion. The resulting .CGmap files were reformatted for use with the 

methylKit [23] package in R, and once the data for each sample were loaded into memory, 

we retained cytosines that exist within a CpG (cytosine followed by guanine) context 

and then used the methylKit function filterByCoverage() to remove cytosines with read 

coverage above the 99.9th percentile (likely PCR artifacts with abnormally high coverage). 

To determine differential methylation between control and diseased sample groups, we ran 

the calculateDiffMeth() function from methylKit to generate q-values (corrected p-values) 

for each cytosine measured in both sample sets. Significantly differentially methylated CpGs 

had q < 0.05 and average methylation difference > 10% between groups.

2.8. RNA-seq procedure and data analysis

RNA-seq was performed as described in our previous work [15] with some modifications. 

RNA from left ventricular isolated adult cardiomyocytes was isolated using the RNeasy 

Mini Kit (Qiagen). RNA quality was assessed using the Agilent 2100 Bioanalyzer. 

Ribosomal RNA was then removed using an Illumina Ribo-Zero rRNA Removal Kit and the 

RNA-seq libraries prepared by the Technology Center for Genomics & Bioinformatics Core 

(UCLA) following standard protocols. Libraries were sequenced in an Illumina NovaSeq 

6000 sequencer using as many lanes as are needed to ensure 40 million reads per sample.
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Data analysis with three samples per condition were performed in our lab using custom 

pipelines. Paired-end 150 bp reads were demultiplexed into sample-specific *_R1.fastq and 

*_R2.fastq files using custom scripts and then pseudoaligned to the mm10 genome using 

the ultra-fast pseudoalignment tool, Salmon [24]. Briefly, we ran salmon index to generate a 

mm10 (mouse) transcriptome index using the appropriate “known cDNA” FASTA file from 

Ensembl release 81 [25]. Corresponding read pairs were pseudoaligned to the appropriate 

transcriptome using salmon quant with mm10-specific index, *_R1.fastq and *_R2.fastq 

files as inputs. This ultra-fast process results in a transcript count for each known gene 

in the genome and facilitates downstream calculation of count-based statistics. Salmon 

transcript quantifications (*.sf files) for all samples were loaded into a single R object using 

the tximport package [26], and then differential expression analysis was performed using 

DESeq2 [27]: First, any genes with no transcript counts in any sample were excluded from 

the analysis because they registered 0 measurements in the entire RNA-seq experiment. 

Then, we converted loaded Salmon quantifications into a DESeqDataSet and filtered to keep 

genes that have at least 10 observed reads amongst the samples. Differential expression 

analysis was performed on the filtered DESeqDataSet using the DESeq() function with 

default parameters, providing p-values and adjusted p-values (adjusted using the Benjamini-

Hochberg method [28]) for each gene. Significantly differentially expressed genes were 

those with adjusted p-value <0.05. Heatmaps were generated using the heatmap.2() function 

within the gplots package in R (https://CRAN.R-project.org/package=gplots), with unbiased 

hierarchical clustering on the rows. Principal component analysis was performed using the 

DESeq2 package. Gene ontology analysis was performed using g:Profiler [29] with the 

default g:SCS multiple testing correction method.

For visualization purposes, we also ran alignments of raw RNA-seq data to mm10 using 

STAR [30] v. 2.5.4b on combined replicates for each group, using a reference genome 

based on Ensembl release 81 and generating sorted .bam files as output. We then generated 

bigWig browser tracks using the bamCoverage function of deeptools [31] v3.0.2, with the 

parameters –normalizeUsing RPGC and –effectiveGenomeSize 2652783500.

2.9. ATAC-seq procedure and data analysis

Tagmentation of nuclei isolated from adult cardiac myocytes was attempted several times in 

collaboration with Active Motif. The technical challenge of generating a complex library, 

probably due to the cell isolation buffer composition, led us to use frozen tissue. Flash 

frozen left ventricles from control, 3 days TAC, 3 weeks TAC, and CTCFKO animals (n = 3/

group) were sent to Active Motif for ATAC-seq library preparation and sequencing [16]. The 

tissue was manually disassociated, isolated nuclei were quantified using a hemocytometer, 

and 100,000 nuclei were tagmented as previously described [16], with some modifications 

based on [32] using the enzyme and buffer provided in the Nextera Library Prep Kit 

(Illumina). Tagmented DNA was then purified using the MinElute PCR purification kit 

(Qiagen), amplified with 10 cycles of PCR, and purified using Agencourt AMPure SPRI 

beads (Beckman Coulter). Resulting material was quantified using the KAPA Library 

Quantification Kit for Illumina platforms (KAPA Biosystems), and sequenced with paired-

end 42-bp sequencing on the NextSeq 500 sequencer (Illumina).

Chapski et al. Page 6

J Mol Cell Cardiol. Author manuscript; available in PMC 2022 June 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://cran.r-project.org/package=gplots


Paired-end 42 bp reads measured on an Illumina NextSeq 500 were demultiplexed and 

mapped to the mm10 genome using BWA [33] in mem mode with default parameters, 

allowing for 2 mismatches. Uniquely mapped reads from matched pairs were retained 

for further analysis, and PCR duplicates were removed before peak calling. Peaks were 

called using MACS [34] v2.1.0 at a cutoff of p-value 1e-7 on sorted. bam files from 

each sample, using the –nomodel parameter. Peaks that were on the ENCODE blacklist 

of known false ChIP-Seq peaks were removed. To calculate differential accessibility 

between biological groups, we used the R package DiffBind [35] from Bioconductor [36]. 

Briefly, quantified fragment counts within a consensus peak set that exists within 6/12 

samples from the experiment, using the dba.count() function with parameters minOverlap 
= 6, fragmentSize = 0, and score = DBA_SCORE_TMM_READS_EFFECTIVE. We then 

performed differential accessibility testing using the dba.analyze() function in DiffBind, 

with method = DBA_EDGER and bFullLibrarySize = F as parameters. Differentially 

accessible peaks were those that had FDR < 0.05 after this process. Principal component 

analysis was performed on the consensus peaks using the DiffBind library.

In addition to performing differential accessibility analysis on peaks from this experiment, 

we repeated this process on autosomal cardiac enhancers [37] (lifted over to mm10) and 

gene promoters (from the Bioconductor package EnsDb.Mmusculus.v79). Promoters were 

defined as −2000 to +200 bp from the TSS. We also performed this analysis on 5 kb 

bins that either change compartment (AtoB or BtoA) or remain in the same compartment 

(AtoA, BtoB) with 3 weeks TAC or CTCFKO, based on Hi-C data. Enhancers, promoters, 

or bins with FDR < 0.05 were defined as statistically differentially accessible. Heatmaps 

were generated using the heatmap.2() function within the gplots package in R (https://

CRAN.R-project.org/package=gplots), with unbiased hierarchical clustering on the rows. 

We generated bigWig visualizations by first combining all 3 replicate .bam files into a 

larger merged file for each condition, and then using that as input for the bamCoverage 

function of deepTools [31] v3.0.2, with the parameters –normalizeUsing RPGC and –

effectiveGenomeSize 2652783500.

2.10. ChIP-qPCR

Chromatin immunoprecipitation was performed using the ChIP-IT High Sensitivity Kit 

(Active Motif) on 10 million cardiomyocytes isolated from the left ventricle of control, 

3 weeks TAC, and CTCFKO mice. Briefly, cells were fixed, lysed and sonicated using 

a Covaris E220 sonicator to generate fragments between 500 and 1000 bp. DNA-bound 

protein was immunoprecipitated using anti-H3K27ac (ab4729), anti-GATA (sc1237), anti-

Nkx2.5 (ab35842) or IgG (sc2027). ChIP-qPCR values were expressed as fold-enrichment 

over IgG. Average of three independent experiments is shown. See Supplemental Table 1 for 

primer sequences.

2.11. ChIP-seq data analysis

To visualize H3K27ac signal as a bigWig track within Integrated Genome Browser [38], we 

performed alignments on previously published raw H3K27ac ChIP-seq data from isolated 

cardiac myocytes from SHAM hearts [4], using Bowtie2 [21] v. 2.3.4.1 with an mm10 

Bowtie2 index based on Ensembl version 81 (downloaded from Illumina iGenomes). The 
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resulting .sam file was sorted and indexed using samtools [22] v. 1.7 and then used as 

input for the bamCoverage function of deepTools, using the parameters described above, to 

generate a browser track.

Published mm10 ChIP-seq peak sets were downloaded from the ENCODE Project 

[39], using file accession numbers ENCFF616HYA, ENCFF383PSV, ENCFF733HUI, 

ENCFF887SZF, ENCFF950UIP, ENCFF481GRM, ENCFF599BFW, ENCFF206SZJ, and 

ENCFF454UOO. We also downloaded adult cardiac transcription factor bioChIP-seq 

peak coordinates [40], corresponding to GATA4, MEF2A, NKX2.5, SRF, TBX5, and 

TEAD1 biochip experiments, and lifted the coordinates over to mm10 in R. To determine 

significance of transcription factor or histone mark overlap with specific subsets of 

enhancers, we performed hypergeometric significance tests in R. For each factor, we 

calculated a cumulative probability of k or more successes (that is, the probability of 

observing k or more enhancers overlapping with a given factor) given our enhancer subset 

and our global list of autosomal enhancers. This resulted in a metric that described whether 

a given transcription factor or histone mark was overrepresented within our subset of 

enhancers.

2.12. Hi-C analysis

Hi-C data from our published work [3] was used for this study (GSE96692). For each group, 

paired-end reads (*_R1 and *_R2 fastqs) from all biological replicates were combined and 

run through the HiC-Pro [41] v2.10.0 pipeline with default parameters and an MboI in silico 

digested genome file to perform alignments to the mm10 reference, generate 5 kb resolution 

contact matrices, and carry out iterative correction and eigenvector decomposition-based 

normalization of matrices. To call significant interactions from our Hi-C data, we first ran 

our original 5 kb contact matrices and ICE bias files through the hicpro2fithic.py script 

that comes with HiC-Pro and retained only autosomal data. Using the resulting properly 

formatted tables, we ran Fit-Hi-C [42] version 2.0.6 without lower or upper distance 

limits and under the following parameters: -b 200 -r 5000 -p 2. From these results, we 

filtered to keep bin pairs with q value <0.01 and interaction count of at least 10, and then 

retained only interactions more than 5 kb apart to avoid examining adjacent 5 kb bins. A/B 

compartmentalization was calculated as described [3]. The significant Fit-Hi-C interactions 

and bin compartment statuses from each biological group were then loaded into R for 

custom analyses and visualizations.

3. Results

3.1. Examination of chromatin accessibility, DNA methylation and gene expression in 
early and late phase disease

To investigate the dynamics of chromatin accessibility in cardiac myocytes during the 

different phases of pressure overload, we performed ATAC-seq at 3 days and 3 weeks 

after TAC surgery when the animals have begun compensatory hypertrophic growth 

with sustained EF and when the pathologic growth has further advanced to ventricular 

dilation and impaired EF, respectively (these physiological parameters were characterized by 

echocardiography and post-mortem histological and gene expression analyses, Supplemental 
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Fig. 1). We [3] and others [4] have previously shown that depletion of the chromatin 

structural protein CTCF induces a heart failure phenotype that shares some but not all 

gene expression, chromatin structural, and histopathological features with the TAC model: 

ergo, we sought to compare chromatin accessibility changes between these two models. The 

initial phase (day 3) of the syndrome was associated with widespread change in chromatin 

accessibility, with a tendency toward decreased accessibility (5372 less accessible versus 

4128 more accessible regions), some of which persisted into the later phase at week 3 (973 

less accessible versus 2391 more accessible regions; Fig. 1A; see Supplemental Fig. 2A 

for PCA). The 3 week time point was also associated with novel accessibility changes not 

observed at 3 days (2891 less accessible versus 3895 more accessible regions; Fig. 1A, 

fourth panel) and CTCF depleted chromatin—examined here after CTCF depletion for 5 

weeks and 1 additional week on regular chow—also showed a slight trend toward decreased 

accessibility (2129 less accessible versus 1349 more accessible regions) reflecting the 

role of CTCF to stabilize heterochromatin [43,44]. Interestingly, 3 weeks of TAC induced 

increased accessibility compared to the basal condition (Fig. 1A, second panel) suggesting 

that chromatin opens during progression of pressure overload-induced disease.

When DNA methylation was examined in these same animals, the early and late stage 

disease (and CTCF knockout) showed a trend toward demethylation, whereas the transition 

from early to late stage did not (Fig. 1B). In contrast to accessibility, DNA methylation 

changes were smaller in number early after injury (5646 differentially methylated CpGs 

after 3 days TAC versus 27,275 and 13,224 after 3 weeks TAC and CTCF depletion, 

respectively). When we compared early and late stage pressure overload, we detected that 

65% of the differentially methylated CpGs were shared between conditions (Supplemental 

Fig. 3A), suggesting that changes in DNA methylation are established early in disease and 

preserved during chronic pathology. Comparison between 3 weeks TAC and CTCF KO 

(both late phase disease conditions) demonstrated that 56% of differentially methylated 

CpGs change with both pathological stimuli (Supplemental Fig. 3B), showing similarities in 

methylome remodeling mediated by TAC and CTCF depletion. Strikingly, nearly all shared 

DNA methylation changes (~99% in both cases; Supplemental Fig. 3A and B) that changed 

at 3 weeks and 3 days when compared to control, or with 3 weeks TAC and CTCFKO 

compared to control, did so in the same direction.

Changes in accessibility and CpG methylation were associated with gene expression 

changes (Fig. 1C; see also Supplemental Fig. 2B for PCA and 2C and D for overlap of 

differentially expressed genes): the relationship between these phenomena are explored in 

greater detail for the remainder of the manuscript.

An interesting pattern was unearthed when examining the location of regions with altered 

accessibility or DNA methylation: the changes preferentially localized to intergenic and 

intronic regions (Fig. 1D). This observation was true for all comparisons. The fact that 

reduced representation bisulfite sequencing (RRBS) selects for CpG islands (which are 

enriched in promoters and TSSs) further suggests that the preponderance of change in non-

coding regions was worthy of further investigation. Gene ontology analyses of the ATAC 

peaks or differentially methylated CpGs that were in or near genes revealed enrichment 

in similar subsets of terms (Fig. 1E; as did CTCF knockout cells, Supplemental Fig. 4A) 
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including general cellular processes, heart function, neurogenesis and neuron differentiation, 

suggesting a role of the nervous system in cardiac compensation to pressure overload. The 

left panel of Fig. 1F shows that increased accessibility at a locus is associated with increased 

RNA transcription in cardiac cells after pressure overload (~60% of the loci show correlation 

between gene expression and chromatin accessibility), but only slightly, with many loci 

exhibiting the antithetical behavior. The same was true for DNA methylation and expression 

after pressure overload (Fig. 1F, right panel) and in CTCF depleted hearts (Supplemental 

Fig. 4B). Remodeling of accessibility at individual loci known to be involved in cardiac 

pathology is shown in granular detail in Fig. 1G.

3.2. DNA methylation at enhancers plays a role in gene transcription

The observation that intergenic and intronic regions were differentially methylated led us 

to hypothesize that enhancer elements may be subject to altered DNA methylation as 

a mechanism to regulate gene expression. To test this hypothesis, we selected a set of 

enhancers discovered in the mouse heart [37] via H3K27ac ChIP-seq and used chromatin 

architectural data from Hi-C experiments [3] to determine the genes these enhancers interact 

with in the myocyte nucleus. Changes in DNA methylation at these enhancers trended 

toward demethylation (Supplemental Fig. 5A) but did not predict gene expression behavior 

at either time point after pressure overload or following CTCF depletion (Fig. 2A; see 

also Supplemental Fig. 6), leading us to hypothesize several scenarios by which DNA 

methylation may interact with other factors at the TSS or enhancer to regulate transcription 

(Supplemental Fig. 7A). An exemplar of one of these models is shown in Supplemental 

Fig. 7B, wherein the gene Rtn4rl1 is up regulated in response to enhancer methylation. 

To determine the mechanism by which differential methylation is read to influence 

transcription, we performed a motif discovery analysis (Hypergeometric Optimization of 

Motif Enrichment, or HOMER [45]) on those enhancers with significant change in DNA 

methylation at 3 weeks after TAC or CTCF depletion. This study discovered motifs for 

several cardiac regulators (Supplemental Fig. 7C). We then used published ChIP-seq data to 

confirm these findings (Fig. 2B), focusing on occupancy of cardiac transcription factors 

in adult hearts [40], including GATA4, TEAD1, TBX5, SRF, NKX2.5, and MEF2A, 

which have multiple binding sites around genes undergoing altered expression in TAC 

(Supplemental Fig. 7B is an example), as well as histone marks and other factors from 

ENCODE, including: H3K27ac (active), H3K27me3 (repressed), H3K36me3 (gene body), 

H3K4me1 (enhancer), H3K4me3 (active), H3K79me2 (active), H3K9ac (active), p300 and 

CTCF. When the aforementioned subset of enhancers is examined (i.e. those enhancers 

making long range contacts with differentially expressed genes in either TAC or CTCF 

depletion) we observe a striking enrichment of colocalization of GATA4, TBX5, TEAD1 

and p300 (MEF2A, NKX2.5, SRF and CTCF are also enriched but to a lesser degree) in the 

subset of these enhancers that are differentially methylated in TAC, and to a lesser degree 

in the subset of these enhancers differentially methylated after CTCF depletion (Fig. 2B; 

see also Supplemental Fig. 7D). These enhancers also seem to be preferentially targeted by 

acetylation marks (H3K27ac and H3K9ac; Fig. 2B), implying coordination between DNA 

methylation, transcription factors and histone marks to determine the transcriptional activity 

of enhancer interacting genes. To validate H3K27ac, GATA4 and NKX2.5 occupancy at 

candidate promoters and enhancers, we performed ChIP-qPCR for these factors around 
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the Itga9, Nppa, and Mtss1 loci (Fig. 2C). The Itga9 enhancer and promoter exhibited an 

increase in H3K27ac and GATA4; the Nppa enhancer and promoter exhibited an increase 

in H3K27ac and NKX2.5; and the Mtss1 enhancer and promoter exhibited a decrease in 

H3K27ac occupancy with TAC 3 weeks and CTCFO. The differential occupancy detected 

by ChIP-qPCR is consistent with increased transcription of Itga9 and Nppa observed with 

3 weeks TAC or CTCFKO as well as with decreased transcription in the case of Mtss1, 

however all three promoter and enhancer pairs examined by ChIP-qPCR undergo increased 

DNA methylation with pressure overload and CTCFKO. This suggests the effect of DNA 

methylation is complemented by nuclear effectors such as transcription factor and histone 

mark occupancy in regulation of important cardiac genes during disease.

In addition to known cardiac transcription factor motifs, investigation of motifs within 

differentially accessible enhancers with 3 weeks TAC or CTCFKO revealed enrichment of 

CCAAT/Enhancer-binding protein (C/EBP) family (Supplemental Fig. 7C). Notably, Cebpd, 

the only differentially expressed C/EBP family gene at early and late phase disease, was 

upregulated with TAC (3 days and 3 weeks) and CTCFKO (Supplemental Fig. 8A). To test 

whether Cebpd function is important for cardiomyocyte response to hypertrophic stimulus, 

we transfected isolated neonatal rat ventricular myocytes with either siRNA negative control 

or siRNA against Cebpd transcripts and found a 78% decrease in Cebpd mRNA levels 

(Supplemental Fig. 8B) and marked abrogation of phenylephrine-induced hypertrophic 

phenotype upon Cebpd knockdown (70% of the average cell area in the phenylephrine-

treated condition) (Supplemental Fig. 8C), suggesting that this gene is necessary for the 

hypertrophic response to phenylephrine.

3.3. Changes in chromatin accessibility and transcription are established in early disease

Most of the measured changes in chromatin accessibility at peaks were similar between 

TAC and CTCF depletion (late phase disease samples), with the changes beginning early (3 

days) after pressure overload and progressing along with pathology (Fig. 3A). The majority 

of these changes in chromatin accessibility in the early phase are not yet significant, but 

the direction of change is determined by this time and continues into late pathology. This 

result is supported by comparing only the peaks with significant change in accessibility 

at early and at late phase TAC: 28% of those regions were shared in both conditions 

(Supplemental Fig. 3C), yet 99% of the shared differentially accessible peaks changed in 

the same direction, suggesting a time dependent shift in chromatin accessibility with chronic 

pressure overload. Comparison between the two late disease conditions (3 weeks TAC and 

CTCF KO) showed 50% shared peaks (Supplemental Fig. 3D), providing evidence for 

more common regions of differential chromatin accessibility between the two late stage 

pathologies (Supplemental Fig. 3D) than between early and late stage disease (Fig. 3A, right 

column; Supplemental Fig. 3C). Similar to what was detected with methylation, ~99% of all 

shared accessibility changes switched in the same direction (Supplemental Fig. 3C and D).

The same behavior was observed at the transcriptional level when we compared early and 

late phase disease (Fig. 3B, right column). The majority of changes in expression detected 

at the decompensated stage (3 weeks TAC and CTCF KO) were already appearing by the 

compensatory phase (3 days) and progressed toward the decompensatory phase (3 weeks), 
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indicating that most of the transcriptome remodeling occurs prior to decompensatory 

changes in the phenotype.

A similar observation was found when we focused our analyses on promoters: late changes 

to promoter accessibility were established early after insult and continued down a path 

toward the late pathological state (with the late stage disease resembling the CTCF depleted 

scenario, where the animals are in heart failure; Fig. 4A). Accessibility of promoters 

(64.4%) was positively correlated with gene expression in a greater percentage of cases (Fig. 

4B) than when the entire peak set was considered (Fig. 1F), and the genes whose promoters 

were rendered more accessible during heart failure were associated cardiac development and 

contraction, glucose metabolism, cytoskeletal organization and general processes like cell 

motility (Fig. 4C). Example changes in promoter accessibility for differentially expressed 

genes are shown in Fig. 4D.

Enhancer accessibility obeyed the same logic: directions of common late changes in 

accessibility were observed in early stage disease, progressing between early and late 

pathology, and late stage TAC resembled CTCF depletion (Fig. 5A). During individual 

comparisons, a slight trend was seen toward decreased accessibility between 3 days and 

3 weeks TAC and between control and CTCF knockout, but this trend was smaller when 

comparing control and 3 days TAC and was slightly reversed between control and 3 weeks 

TAC (Supplemental Fig. 5B). As with the promoters, a subset of those enhancers (65.5%) 

with differential accessibility was physically associated in 3D with genes whose expression 

increased, and vice versa (Fig. 5B), with cardiac terms again enriched in the gene ontology 

analyses (Fig. 5C). Interestingly, transcription factors and histone marks showed differential 

association with this subset of enhancer loci exhibiting differential accessibility (Fig. 5D; 

see also Supplemental Fig. 7D), although the enrichment pattern was quite distinct from 

the comparison between these marks and DNA methylation (Fig. 2D). Fig. 5E shows an 

example locus surrounding Nppa, the gene that encodes atrial natriuretic factor, which is 

upregulated in heart disease.

3.4. Chromatin accessibility and DNA methylation are poor predictors of genomic 
compartmentalization

To integrate these observations, we examined the totality of regions undergoing altered 

accessibility and DNA methylation, quantifying each of the four possible behaviors 

(increased/decreased accessibility, increased/decreased methylation). As shown in Fig. 6A, 

promoters had overall greater levels of change in each quadrant (owing to the larger 

number of promoters queried in the study) compared to enhancers (5188 regions in 

promoters compared to the 1333 detected in enhancers), yet both regulatory regions had 

all four accessibility-methylation behaviors represented. Some very intriguing differences 

were revealed: while the late stage of disease (3 weeks TAC and CTCF knockout) is 

associated with a greater concordance between hypomethylation and decreased accessibility 

at promoters, this stage of disease was accompanied by hypermethylation and decreased 

accessibility at enhancers (Fig. 6A, right panel). The physiological importance of this 

distinct temporal behavior between early and late stage disease was determined by analyzing 

gene expression: at the early time point, accessibility and DNA methylation at promoters are 
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imperfect predictors of gene expression, however as the disease progresses, the relationship 

gets much stronger (compare TAC 3 days to TAC 3 weeks; Fig. 6B; the comparable analysis 

for enhancers resulted in only two genes with altered expression) These findings suggest that 

DNA methylation and accessibility preserve chromatin landscaping, thereby entrenching 

diseased gene expression. At promoters with hypermethylated CpGs and decrease in 

chromatin accessibility, the discordance between behaviors in the either 3 day or 3 week 

TAC condition with the CTCF knockout heart exemplifies this as a distinct model of heart 

failure resulting from direct disruption of chromatin (rather than through pressure overload; 

right panels in Fig. 6A and B).

Lastly, we sought to further explore the role of DNA methylation and accessibility changes 

in specifying, or responding to, chromatin compartmentalization changes. Chromatin 

compartmentalization is determined from the eigenvector of the contact matrix and is 

a method to segment the genome into active (A) and inactive (B) regions [46]. We 

classified dynamic regions of chromatin compartmentalization (which were ~4–7% of the 

total genome [3]) according to their direction of change (A to B or B to A), examining 

regions that did not change compartment as a control, and plotted the change in DNA 

methylation (Fig. 7A). Fig. 7B demonstrates that regions moving to, or remaining in, a given 

compartment showed varying accessibility changes that do not follow a specific logic. Fig. 

7C shows a global analysis integrating all three datasets (ATAC-seq, RRBS, and Hi-C) for 

accessibility, methylation, and structure/compartmentalization, similar to Fig. 6A. Taken 

together, these integrative analyses of DNA methylation and/or chromatin accessibility 

changes with compartment dynamics reveal that while accessibility and DNA methylation 

play a powerful role in gene expression, they are poor predictors of changes in chromatin 

compartmentalization, consistent with previous observations [2]. These data suggest that 

while A/B compartmentalization correlates with gene expression at the genome-wide level, 

local DNA methylation and chromatin accessibility mediate exceptions to this relationship.

4. Discussion

The role of chromatin modifying enzymes in controlling cardiac phenotype has received 

substantial attention in the last few years [47]. At the same time, the long-standing 

recognition that transcription factors can exert powerful effects on cell fate and disease 

pathogenesis has gained precise genomic context with the deployment of sequencing 

technologies to map transcription factor binding and histone occupancy [40], as well as 

chromatin accessibility [48]. We undertook the present study to address several issues that 

remained unknown: How are the actions of histone modifiers and transcription factors 

integrated at distinct loci, and what are the effects on chromatin accessibility? And, how 

do epigenomic signals change over time in vivo during the progression of disease? These 

questions must be answered if epigenomic medicine is to be operationalized: we need to 

know which proteins to target, which loci they modulate (and how to select for specific loci 

in the targeting regime) and at what point in disease. Heart failure, as with most chronic 

diseases, has distinct phases of compensation and decompensation and the involvement of 

epigenomic reprogramming at different phases is presumably distinct. The pressure overload 

mouse model of cardiac hypertrophy and failure recapitulates many features of heart failure 

in humans. The CTCF knockout mouse enables direct interrogation of the role chromatin 
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structure plays in maintaining gene expression and cardiac phenotype. The tools of bisulfite 

sequencing and ATAC-seq allow us to examine how the totality of modifications confers 

alterations in chromatin accessibility—a cumulative readout of the actions of all epigenomic 

cues leveled by the cell at a given locus.

We find that while accessibility (defined by increased ATAC-seq signal) generally correlates 

positively with transcription, there are many exceptions to this rule. Likewise with DNA 

methylation: the overall trend is that increased methylation at regulatory regions corresponds 

to less gene expression, but when enhancers or promoters are examined, all possible 

distinct behaviors are observed (increase/decreased methylation and increased/decreased 

expression). Some loci have altered accessibility or methylation and no changes in 

expression. Graded DNA methylation change was observed in differentially methylated 

enhancers that physically interact with differentially expressed genes after 3 weeks TAC, 

but not after CTCFKO (Fig. 2A), suggesting that CTCF tightly regulates methylation at 

regulatory elements. A second key observation in this study is that accessibility changes

—whether observed across the genome (Fig. 3), or focused at promoters (Fig. 4) or 

enhancers (Fig. 5)—are established early during the heart’s compensatory response to 

pressure overload: the trend at 3 days is, for nearly all loci, the same as that seen at 3 weeks. 

This observation also suggests that much of the epigenomic reorganization associated with 

fulminant disease occurs before the heart is in failure, with implications for biomarker 

development or epigenomic therapy.

Previous examination of H3K27ac by ChIP-seq revealed the landscape of putative enhancers 

in the cardiac myocyte [37]. We interrogated these reference enhancers in the present 

study, bringing to bear Hi-C data (to link them with genes), accessibility data and DNA 

methylation to examine their regulation. It is important to note that other histone marks 

(including H3K4me1) are known to contribute to enhancer function and may regulate 

gene expression in cardiac myocytes through mechanisms not measured in our study. 

The availability of high-resolution chromatin structure data from myocytes allows these 

regulatory elements to examined in the context of their structural orientation in the nucleus

—rather than just examining them in the context of the nearest gene on a chromosome. Such 

analyses reveal precise regions where distal enhancers are brought into close proximity of 

gene promoters, and altered methylation, accessibility, and binding of transcription factors 

and histone modifications facilitate silencing or activation. Importantly, the combinatorial 

logic for how binding of cardiac transcription factors like GATA4, TEAD1, TBX5, 

SRF, NKX2.5, and MEF2A, along with histone marks including H3K27ac, H3K27me3, 

H3K36me3, H3K4me1, H3K4me3, H3K79me2, and H3K9ac is distinct for enhancers, 

genes and promoter regions, implying that evolution has used the same raw materials to 

fashion different regulatory mechanisms for different coding, noncoding and regulatory 

regions of the genome (we identify and validate by ChIP-qPCR three example enhancer 

and promoter loci showing the regulatory interplay between DNA methylation, transcription 

factor binding and histone mark deposition in these regions; Fig. 2C). We interrogated 

Cebpd, an upregulated gene after 3 weeks TAC or CTCFKO, and found that this gene’s 

transcription is necessary for the phenylephrine-induced hypertrophic phenotype in isolated 

myocytes (Supplemental Fig. 8). This observation is consistent with a previous study 
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indicating that inhibition of C/EBP proteins provides cardioprotection against ischemia-

reperfusion injury in mice [49].

Our integration of DNA methylation and accessibility with chromatin compartmentalization 

data advances previous work in this area [2], and indicates that chromatin structure at 

the level of compartmentalization (i.e. A versus B compartmentalization, a metric driven 

primarily by gene expression and DNA sequence which is not itself a structural feature 

[actual structural features are influenced by other DNA binding proteins and can be studied 

with greater 3D precision using modeling techniques that incorporate Hi-C with orthogonal 

epigenomic and non-epigenomic methods such as microscopy [50,51]]) is exclusively 

determined by neither DNA methylation nor accessibility, but is rather an emergent property 

of both these features along with histone marks and other chromatin binding proteins. 

Because of technical limitations with the procedure in isolated myocytes, ATAC-seq 

was performed on ventricular tissue. Future studies with single cell approaches will be 

required to deconvolve cell type-specific changes in accessibility across the heterogeneous 

populations of cells in the mammalian heart following pressure overload. Future experiments 

will also need to examine the extent to which local and long range chromatin structural 

features participate in gene regulation of other cell types such as fibroblasts, which are 

known to deposit scar tissue after injury [52].

In the present study, we used a combination of male and female mice but did not design 

the study to examine sex as a biological variable. Biological sex is known to contribute to 

heart disease susceptibility [53] and chromatin features may be differentially regulated in 

males versus females, contributing to altered gene expression in disease [54]. Thus, future 

studies will be needed to determine whether the differences in chromatin accessibility and 

DNA methylation observed in this study are sex-dependent and if so, how these differences 

contribute to heart failure progression.

Heart failure is a progressive syndrome, affecting millions of people worldwide and in 

need of novel therapies, especially given the spectrum of phenotypes exhibited clinically 

across diverse patient populations [55,56]. For example, many patients have high blood 

pressure, are obese/overweight, and experience ischemic episodes and arrhythmias (heart 

failure patients present with a spectrum of systolic and diastolic dysfunction) yet no single 

combination of these factors defines the syndrome. While animal models are by definition 

imperfect, the insights from the pressure overload model in this study have important 

implications: changes in chromatin accessibility and DNA methylation mobilized early in 

the compensatory phase after TAC usually persist and often amplify. These findings support 

a model in which epigenetic mechanisms that promote and sustain cardiac pathology are 

established at an early stage of the disease. This observation has two implications: 1) 

Detection of specific chromatin changes in early disease may guide discovery of potential 

markers for prediction of cardiac pathology, and 2) Early epigenetic reversion of chromatin 

remodeling may constitute a valid strategy to prevent subsequent structural pathology and 

abrogate disease progression. The extent of regions with alteration in global accessibility 

(Fig. 3), promoter accessibility (Fig. 4) or enhancer accessibility (Fig. 5), observed in 

both CTCFKO and 3 week TAC model suggest a common landscape of disease-associated 

chromatin remodeling arising from distinct perturbations. In other words, CTCFKO and 
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pressure overload cause heart failure by different mechanisms, but those mechanisms 

converge on many shared chromatin remodeling events. Aggressive modification of risk 

factors for heart failure, which can improve the symptoms of the disease in many patients, 

may reduce the parameter space of epigenomic targets that must be modified by new drugs 

to treat pathology. In other words, rigorous control of blood pressure may pave the way 

for adjuvant therapies targeting those chromatin regions identified in this study as newly 

altered (as small subset of the total altered loci) as the heart progresses from compensation 

(3 days in this study) to decompensation (3 weeks). An open question is the extent to which 

the early compensatory changes in accessibility and DNA methylation are reversed if the 

pressure overload is released and how the systemic effects of high blood pressure act in a 

non-cell autonomous manner to regulate the cardiac epigenome.
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Fig. 1. 
Chromatin accessibility, DNA methylation, and gene expression dynamics during heart 

failure. (A) Chromatin accessibility (ATAC-seq) MA plots comparing CTRL with 3 days 

TAC, 3 weeks TAC, and CTCFKO, (n = 3 animals per biological condition). The difference 

between 3 days and 3 weeks TAC is also shown. Pink dots indicate peaks with significant 

change in accessibility (FDR < 0.05). (B) DNA methylation (RRBS) volcano plots showing 

differentially methylated CpG sites (red, average DNA methylation difference > 10% and 

q-value <0.05) between conditions, (n = 3 animals per biological condition). (C) Gene 
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expression (RNA-seq) MA plots for the same comparisons as in (A), (n = 3 animals 

per biological condition). Each dot represents an annotated transcript. Grey dots reflect 

no significant change. Red dots represent transcripts with adjusted p-value <0.05 (D) 

Differentially accessible peaks and differentially methylated CpGs occur preferentially in 

intergenic and intronic regions (top 4 pie charts) as judged by comparison to the total 

set of measured peaks and CpGs in our datasets (bottom pie charts). Promoter/exon/intron/

intergenic distribution of differentially accessible ATAC-seq peaks (left) after 3 days TAC, 3 

weeks TAC, and CTCFKO, in addition to the comparison between 3 days and 3 weeks TAC. 

Dark and light coloring indicates less and more accessibility, respectively. Right, Pie charts 

showing distribution of hypo- and hypermethylated CpGs in darker and lighter shading, 

respectively. Promoter regions were defined as −2000 to +200 bp from the transcription 

start site. (E) Gene ontology analysis of genes plus promoters (genes+2000 bp) that 

overlapping differentially accessible peaks (left) and differentially methylated CpGs (right) 
between 3 days and 3 weeks TAC. Terms associated with cardiovascular processes such 

as heart development, cytoskeletal and neuronal organization were significantly enriched 

when we study changes in chromatin accessibility (left) and DNA methylation (right). The 

x-axis indicates −logl0(adjusted p-value) for the analysis. (F) Charts indicating significant 

expression change (padj <0.05) for genes undergoing differential chromatin accessibility 

(left, FDR < 0.05) or DNA methylation (right, methylation difference > 10% and q-

value <0.05). Left, Blue and yellow coloring indicate decrease and increase in chromatin 

accessibility between 3 days and 3 weeks TAC, respectively. Right, green and purple colour 

indicate hypo- and hypermethylation, respectively. For both stacked bar charts, shading 

indicates up- (lighter) or downregulation (darker) at the transcript level, respectively. (G) 

Browser tracks of genes that have change in chromatin accessibility between 3 days and 3 

weeks TAC. Each track contains a combined signal from 3 replicates for each condition. 

Example loci showing increase in chromatin accessibility and transcription (Edn3, encoding 

Endothelin-3, a member of the endothelin family implicated in cardiovascular disease 

[57], left), and decrease in accessibility and transcription (Kcnd2, encoding Potassium 

voltagegated channel subfamily D member 2 which is associated with sudden cardiac death 

[58], right). (For interpretation of the references to colour in this figure legend, the reader is 

referred to the web version of this article.)
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Fig. 2. 
Enhancer methylation plays a role in the transcriptional regulation of subsets of cardiac 

genes. (A) Analysis of enhancers containing differentially methylated CpGs. Bar charts 

indicating percent of significantly hyper- (purple) or hypomethylated (green) CpGs in 

enhancers after 3 weeks TAC (left) or with CTCFKO (right). Of these, all enhancers 

that interact with differentially expressed (padj <0.05) genes based on our significant 

Fit-Hi-C interaction data are shown. Green and red text indicate up- and downregulation 

of transcript levels, respectively. (B) Heatmap showing -log10(p-value) (calculated as 

cumulative hypergeometric probabilities) as a metric to summarize overrepresentation of 

transcription factor binding or histone mark deposition (rows of heatmap) at the subset of 

enhancers that undergoes significant (average methylation difference > 10% and q-value 

<0.05) change in DNA methylation in 3 weeks TAC or with CTCFKO (left and right 

columns, respectively) when compared to control, and whose 3D interacting genes undergo 

significant (padj <0.05) transcriptional change. These data suggest that active histone marks 

from ENCODE and cardiac transcription factor peaks are statistically overrepresented at 

this subset of enhancers, while inactive marks such as H3K27me3 and H3K79me2 are 

not. (C) ChIP-qPCR experiments showing enrichment of the active mark H3K27ac and the 

cardiac transcription factors GATA4 or Nkx2.5 at the methylated promoters and respective 

enhancers of the Itga9 and Nppa loci during heart failure (3 weeks TAC and CTCFKO). 

Loss of H3K27ac was detected at both the promoter and interacting enhancer of the Mtss1 
gene after TAC 3wks and CTCFKO. These experiments confirm that DNA methylation 

at the enhancer level influences pathological gene expression by participating with other 

epigenetic factors that can reinforce (e.g., Mtss1 locus) or prevent (e.g., Itga9 and Nppa loci) 

gene repression. Data show the average ± SD of three independent experiments; ChIP-qPCR 

values were expressed as fold-enrichment over IgG. Two-tailed Student’s t-test assessed 
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statistical significance: *p < 0.05. (For interpretation of the references to colour in this figure 

legend, the reader is referred to the web version of this article.)
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Fig. 3. 
Transcription and accessibility change with chronic pathology are preceded by subtle 

architectural and transcriptional changes during acute perturbation. (A) Heatmap showing 

log2(Fold Change) of ATAC-seq peaks with significant change in chromatin accessibility 

(FDR < 0.05) at 3 weeks TAC and with CTCFKO. Accessibility changes occurring in 

late stage disease are preceded by minor changes during early pathology (1st column) that 

progress toward late stage disease (4th column shows continuation from 3 days to 3 weeks 

TAC). Red and blue coloring denote increase and decrease in accessibility, respectively. 

(B) Heatmap of log2(Fold Change) in transcription of differentially expressed genes (padj 

<0.05) at 3 weeks TAC and with CTCFKO when compared to Control. Green colour denotes 

upregulation of transcripts in treatment while blue denotes downregulation of mRNA levels. 

As in (A) changes that occur in later stages of pathology are not fully established by 3 

days TAC (1st column), yet they progress from early to late pathology (4th column shows 

progression from 3 days to 3 weeks TAC), suggesting a time dependent shift in transcription 

with chronic pressure overload or CTCFKO. Panels (A) and (B) highlight progressive 

changes that result in significantly differential accessibility and transcription at late-stage 

pathology. (For interpretation of the references to colour in this figure legend, the reader is 

referred to the web version of this article.)
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Fig. 4. 
Promoter accessibility dynamics with pressure overload and CTCFKO. (A) Heatmap 

showing promoters with significant change (FDR < 0.05) in chromatin accessibility after 3 

weeks TAC and with CTCFKO when compared to Control. Promoter accessibility dynamics 

with chronic pressure overload and long-term CTCF depletion are preceded by subtler 

changes during early/acute pathology (1st column) that progress into late pathology (further 

progression shown in 4th column, resulting in the sustained differences observed in 2nd 

and 3rd columns). Red and blue coloring denote gain and loss of accessibility, respectively. 

This panel highlights the gradual promoter accessibility changes at 3 days TAC that become 

significant at 3 weeks. (B) Pie chart summarizing the subset of promoters from (A) with 

significant (FDR < 0.05) change in chromatin accessibility and in transcription (padj <0.05) 

in both 3 weeks TAC and with CTCFKO. (C) Gene ontology analysis showing significant 

terms related to promoters with differential accessibility (FDR < 0.05) in 3 weeks TAC 

and with CTCFKO. The x-axis indicates -log10(adjusted p-value) for the analysis. (D) 

Chromatin accessibility tracks showing decreases in accessibility between control (blue), 3 

days TAC (green), 3 weeks TAC (red) and CTCF depletion (purple) at the Atp2a2, Hdac4 
and Mef2a loci (expression of all three genes are downregulated at early and late stage 

disease). Each track contains a combined signal from 3 replicates for each condition. (For 

interpretation of the references to colour in this figure legend, the reader is referred to the 

web version of this article.)
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Fig. 5. 
Enhancer accessibility dynamics with pressure overload and CTCFKO. (A) Heatmap 

showing enhancers with significant change (FDR < 0.05) in chromatin accessibility after 3 

weeks TAC and with CTCFKO when compared to Control. Enhancer accessibility dynamics 

with chronic pressure overload and long-term CTCF depletion are preceded by subtler 

changes during early/acute pathology (1st column) that progress into late pathology (4th 

column shows progression to late-stage heart failure in 2nd and 3rd columns). Red and blue 

coloring denote gain and loss of accessibility, respectively. This panel highlights the gradual 

enhancer accessibility changes at 3 days TAC that become significant at 3 weeks. (B) Pie 

chart summarizing the subset of enhancers from (A) with significant (FDR < 0.05) change 

in chromatin accessibility, and that have significant Fit-Hi-C interactions (from Hi-C data) 

with differentially expressed (padj <0.05) genes. (C) Gene ontology analysis of the genes 

summarized in (B). The x-axis indicates -log10(adjusted p-value) for the indicated terms. 

(D) Heatmap showing -log10(p-value) of hypergeometric tests as a metric to summarize 

overrepresentation of transcription factor binding at the subset of enhancers that undergoes 

significant (FDR < 0.05) change in chromatin accessibility in 3 weeks TAC and with 

CTCFKO when compared to Control, and whose 3D interacting genes undergo significant 

(padj <0.05) transcriptional change. These data suggest that active histone marks from 

ENCODE and cardiac transcription factor peaks from [40] are overrepresented at this subset 

of enhancers, while inactive marks such as H3K27me3 and H3K79me2 are not. (E) Example 

locus where an enhancer with decreased accessibility interacts with a nearby gene, Ift81, 
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also exhibiting decreased accessibility and decreased expression. This gene, also known as 

carnitine deficiency associated gene expressed in ventricle 1 (Cdv1), has been implicated 

in cardiac hypertrophy associated with carnitine deficiency [59]. (For interpretation of the 

references to colour in this figure legend, the reader is referred to the web version of this 

article.)
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Fig. 6. 
Integration of DNA methylation and chromatin accessibility data at promoters and 

enhancers. (A) DNA methylation and ATAC-seq integration charts, showing percent change 

in DNA methylation (y-axis) and log2(Fold Change) of chromatin accessibility (x-axis) 

of CpGs in promoters (top), and enhancers (bottom). Changes with 3 days TAC (left), 3 

weeks TAC (center), and CTCFKO (right) are shown. Numbers within the charts indicate 

percentage of significantly differentially methylated CpGs (red points, average methylation 

difference > 10% and q-value <0.05) within each quadrant that overlap with regions of 

significant change in chromatin accessibility (FDR < 0.05). These findings demonstrate 

that the relationship between accessibility and DNA methylation varies between different 

regulatory elements (enhancers and promoters), suggesting the involvement of distinct 

epigenetic mechanisms at these different regulatory elements to determine their involvement 

in transcription. (B) Percent of up- and downregulated genes detected in the promoter 

analysis in (A). Top, hypothesis diagram showing a more accessible, hypomethylated 

promoter, and higher downstream transcription, or less accessible, hypermethylated 

promoter with no transcription. Bottom, summary charts indicating percent up- (lighter) 

and downregulated (darker shading) genes whose promoters underwent accessibility and 

methylation changes shown in top diagram. (For interpretation of the references to colour in 

this figure legend, the reader is referred to the web version of this article.)
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Fig. 7. 
Integration of DNA methylation and chromatin accessibility data in regions that change 

compartmentalization with disease. (A) Percent methylation differences of differentially 

methylated CpGs after 3 days TAC (green), 3 weeks TAC (red) or CTCFKO (purple), when 

compared to control, that remain in the same compartment (A only, B only) and that change 

compartments (A to B, B to A) reveal no relationship between DNA methylation changes 

and compartment dynamics after cardiac stimulus. (B) Log2(fold change) in chromatin 

accessibility for differentially accessible (FDR < 0.05) ATAC-seq peaks after 3 days TAC, 

3 weeks TAC or CTCFKO (when compared to control), for peaks changing or remaining 

in the same compartment, reveals no relationship between chromatin accessibility changes 

and compartment dynamics after cardiac stimulus. (C) Data integration chart with each point 

representing percent methylation change of CpGs that lie within 5 kb bins remaining in the 

same compartment (A or B), or changing compartmentalization (A to B or B to A) with 

disease along the y-axis (significant changes indicating average methylation difference of 

>10% and q < 0.05 shown in red). The x-axis indicates log2(Fold Change) of chromatin 

accessibility of the 5 kb bins corresponding to these CpGs. Percentages within the charts 

indicate proportion of significantly differentially methylated CpGs (red points, average 

methylation difference > 10% and q-value <0.05) within each quadrant that overlap with 

regions undergoing significant changes in chromatin accessibility (FDR < 0.05). These data 

demonstrate that local accessibility and DNA methylation cues are not deterministic of 

global chromatin structure (and vice versa) and that these features do not predict changes in 

compartmentalization with heart failure. As an example, the expected decrease in chromatin 

accessibility and DNA methylation was not prominent in regions that changed from active 

(A) to inactive (B) compartmentalization with cardiac stress (instead, all possible behaviors 

were detected without any leading trend). (For interpretation of the references to colour in 

this figure legend, the reader is referred to the web version of this article.)
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