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Distinct Epigenomic Features in End-Stage Failing Human
Hearts
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Department of Medical Genetics (C.P., I.S.), University of Cambridge; and Department of
Histopathology, Papworth Hospital, Papworth Everard, Cambridge, UK (M.G.).

Abstract
Background—The epigenome refers to marks on the genome, including DNA methylation and
histone modifications, that regulate the expression of underlying genes. A consistent profile of
gene expression changes in end-stage cardiomyopathy led us to hypothesize that distinct global
patterns of the epigenome may also exist.

Methods and Results—We constructed genome-wide maps of DNA methylation and histone-3
lysine-36 trimethylation (H3K36me3) enrichment for cardiomyopathic and normal human hearts.
More than 506 Mb sequences per library were generated by high-throughput sequencing, allowing
us to assign methylation scores to ≈28 million CG dinucleotides in the human genome. DNA
methylation was significantly different in promoter CpG islands, intragenic CpG islands, gene
bodies, and H3K36me3-enriched regions of the genome. DNA methylation differences were
present in promoters of upregulated genes but not downregulated genes. H3K36me3 enrichment
itself was also significantly different in coding regions of the genome. Specifically, abundance of
RNA transcripts encoded by the DUX4 locus correlated to differential DNA methylation and
H3K36me3 enrichment. In vitro, Dux gene expression was responsive to a specific inhibitor of
DNA methyltransferase, and Dux siRNA knockdown led to reduced cell viability.

Conclusions—Distinct epigenomic patterns exist in important DNA elements of the cardiac
genome in human end-stage cardiomyopathy. The epigenome may control the expression of local
or distal genes with critical functions in myocardial stress response. If epigenomic patterns track
with disease progression, assays for the epigenome may be useful for assessing prognosis in heart
failure. Further studies are needed to determine whether and how the epigenome contributes to the
development of cardiomyopathy.
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Altered gene expression is a characteristic hallmark of heart failure.1–4 Moreover, analysis
of the transcriptome in human cardiomyopathy shows that altered gene expression may be
used to predict disease severity.5 Although gene expression changes can be explained by
pathways that link to the assembly of cardiac transcription factors at gene promoters during
myocardial stress,6 our better understanding of epigenomics7 now allows us to determine
whether epigenomic changes also occur in heart failure.

The epigenome refers to marks on the genome, including DNA methylation and histone
modification. These marks do not change the underlying genetic sequence but regulate how
underlying genes are expressed.7 Unlike the genome, which is largely stable, the epigenome
is dynamic and allows organisms to respond and adapt to environmental cues. The
environment therefore promotes epigenomic changes with consequent plasticity in gene
expression and phenotype.8

Strong evidence indicates that drifts in DNA methylation occur with increasing age.9,10 In
addition, the recent discovery of active DNA demethylation in postmitotic cells11 and rapid
and dynamic DNA methylation/demethylation in vivo12,13 further challenges the
conventional view that DNA methylation is a stable epigenetic mark. Dynamic changes in
DNA methylation may therefore link the environment to disease pathogenesis.8 The role of
DNA methylation has been proven in cancer14 and implicated in other complex diseases,
including psychosis,15 type II diabetes mellitus,16 and atherosclerosis,17,18 but its role in
heart failure is unknown.

DNA methylation occurs on cytosine nucleotides in the mammalian epigenome. Methylated
cytosines usually precede guanines as CpG dinucleotides, and clusters of CpG-rich regions
in the genome are called CpG islands (CGIs). We have previously reported that a large
population of CGIs and gene promoters are more significantly hypomethylated in end-stage
cardiomyopathic (EsCM) hearts.19 Here, we sought to extend our study to examine DNA
methylation profiles in EsCM across the whole cardiac genome. Although myocardial gene
expression may differ according to the type of heart failure and other confounding variables,
etiology-linked gene expression changes are relevant in early heart failure when gene
expression patterns segregate, for example between ischemic and idiopathic
cardiomyopathy. In contrast, gene expression in end-stage heart failure follows a generic
and convergent “final common pathway” that disregards the initial cause.4,20 The final
common pathway pattern of gene expression concurs with generic final pathway processes
such as apoptosis, fibrosis, altered contractility, and altered energetics that are found in all
forms of end-stage heart failure, regardless of the initial cause. To determine whether
generic final pathway changes also occur in the epigenomes of heart failure, we compared
the composite DNA methylation and histone-3 lysine-36 trimethylation (H3K36me3)
enrichment profiles of both ischemic and idiopathic EsCM hearts with that of age- and sex-
matched normal controls.

Methods
Ethics Statement

Human left ventricular (LV) tissue was collected with a protocol approved by the Papworth
(Cambridge) Hospital Tissue Bank Review Board and the Cambridgeshire Research Ethics
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Committee (UK). Written consent was obtained from every individual according to the
Papworth Tissue Bank protocol.

Human LV
LV tissues were from patients undergoing cardiac transplantation for EsCM, including both
ischemic and idiopathic cardiomyopathy. Normal LV tissues were from healthy male
individuals (UK Human Tissue Bank, de Montfort University, UK). At the time of
transplantation or donor harvest, whole hearts were removed after preservation and
transported as previously described.19,21 After analysis by a cardiovascular pathologist
(M.G.), the LV segments were cut and immediately stored in RNAlater (Ambion, Applied
Biosystems, Warrington, UK). Individual patient details are listed in Table I in the online-
only Data Supplement.

Methylated DNA Immunoprecipitation Sequencing
Genomic DNA from LV tissues was isolated with the Qiagen Genomic Tip-500/G anionic
columns (catalog No. 10262) and the Genomic DNA Buffer Set (catalog No. 19060) as
described by the manufacturer with minor adjustments. Briefly, ≈200 mg tissue was
homogenized in G2 lysis buffer containing 80 μg/mL of RNase A with a handheld
homogenizer (Polytron), and proteinase K was added to a final concentration of 1 mg/mL
and incubated at 50°C for at least 2 hours while rotating until all the tissue was fully
digested. Samples were subsequently centrifuged at 5000g for 10 minutes, and genomic
DNA was isolated from the supernatant with the Genomic Tip-500/G anionic columns.
Subsequently, at least 6 μg of gDNAs from the control and EsCM samples was sheared 3
times for 10 minutes each time with a Bioruptor probe (Diagenode, Belgium) on ice at high
setting (30 seconds on, 30 seconds off) and then passed through Qiagen QIAPrep Spin
columns (catalog No. 27104) to clean up the samples (and to dispose of fragments <100 bp
in size). The extent of shearing was confirmed by running 300 ng of samples on 1.5%
agarose gel. All samples were sheared to a similar extent, ranging from 100 to 500 bp, with
the majority of fragments at ≈150 to 200 bp.

With the use of the Illumina DNA Sample Prep kit (FC-102–1001-1), 5 μg of each of the
sheared gDNAs was end repaired, adenosines bases were added to the blunt 3′ ends, and
respective adaptors were added to the DNA fragments, exactly as recommended by the
manufacturer. After each step, samples were cleaned up with QIAquick Spin columns
(catalog No. 28104). Subsequently, samples were heated at 95°C for 10 minutes and
immediately cooled on ice for 10 minutes. Then, 2.2 μg of single-stranded gDNA was used
for methylated DNA immunoprecipitation (MeDIP), and the rest was stored at −20°C as
input.

MeDIP was performed with 7.5 μg of the 5′-methyl cytosine antibody (catalog No.
MAb-5MECYT-500, Diagenode) in 500 μL of immunoprecipitation buffer (10 mmol/L
sodium phosphate, pH 7.0, 140 mmol/L NaCl, 0.05% Triton X-100) and incubated for 2.5
hours at 4°C while rotating. Next, 40 μL of 50% protein A agarose slurry (Santa Cruz,
sc-2001) in immunoprecipitation buffer was added and incubated for another 2.5 hours
while rotating at 4°C. Protein A agarose beads were subsequently spun down and washed 3
times, 10 minutes each time, with immunoprecipitation buffer before eluting with 250 μL of
digestion buffer and rotating at 55°C for another 2.5 hours. Finally, the enriched methylated
gDNA was purified with ×2 phenol:chloroform isolation and chloroform wash and
precipitated with sodium chloride. After another wash with 70% ethanol, samples were
quantified on a Nanodrop, and enrichment was performed using a polymerase chain reaction
(PCR) step with Illumina primers 1.1 and 1.2. After 14 cycles of nonsaturating PCR
(conditions as recommended by Illumina), samples were cleaned up with the QIAquick Spin
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columns and quantified on a Nanodrop. We used 20 ng of each sample to confirm
enrichment of methylated loci (OXT) and a concomitant depletion of unmethylated loci
(UBE2B) versus the input by quantitative PCR.19 Finally, MeDIP samples were loaded on a
2% agarose gel, 150- to 250-bp bands were cut, and DNA was eluted with the Qiagen gel
extraction kit and quantified with the Bioanalyser. Considering that we used Solexa Library
Single End Primers 1 (92 bp long), this short library is expected to contain insert sizes
ranging from 50 to 150 bp long. We sequenced each of the short libraries on 2 lanes of the
Illumina GAII machine. More than 14 million reads of 36-bp length were generated for each
MeDIP-seq library.

H3K36me3 Chromatin Immunoprecipitation Sequencing
About 200 mg LV tissue was cut into small pieces and homogenized in 4 mL of ice-cold
PBS on ice. Cell dispersion was verified under the microscope with Trypan blue. The
homogenate was centrifuged at 5100g for 5 minutes at 4°C, and the first cross-linking step
was performed by resuspending cell pellets in 4 mL of 2 mmol/L diglutarate (Sigma, 80–
424)/PBS fixative plus protease inhibitor (PI; Calbiochem, 539131) and rotating for 45
minutes at room temperature. The second cross-linking step was performed after
centrifugation at 5100g for 5 minutes at 4°C and resuspending the pellet in 10 mL of 1%
formaldehyde/PBS+PI and rotating at room temperature for 10 minutes only. Then, 1.1 mL
of 1.375 mol/L (10×) glycine was added directly to each tube to stop-fix. Cell pellets were
centrifuged at 5100g for 5 minutes at 4°C again, and each pellet was washed in 10 mL ice-
cold PBS+PI. Intact nuclei were released from the cell pellets by resuspension in 600 μL
lysis buffer (50 mmol/L Tris-HCl, pH 8.1, 10 mmol/L EDTA, 1% SDS)+PI and sonication
in the Bioruptor (5 cycles of 30 minutes on, 30 minutes off). This sonication setting
disrupted nuclei and sheared gDNA to a range of 200 to 1000 bp. After centrifugation at 13
000g for 5 minutes at 4°C, a 50-μL aliquot of supernatant containing chromatin was kept
aside and reverse cross-linked to quantify the amount of DNA and to confirm the extent of
shearing by running on an agarose gel. The rest of the sample was frozen at −80°C for up to
1 month for chromatin immunoprecipitation.

Reverse cross-link was performed by addition of a final concentration of 200 mmol/L NaCl
and 20 μg proteinase K (Sigma, P2308) and incubating at 65°C for at least 4 hours while
gently rocking. Subsequently, 10 μg RNase A was added to each sample and incubated at
37°C for 15 minutes, and gDNA was immediately extracted using an equal volume of
phenol:chloroform. After another chloroform wash, gDNA was precipitated by incubating
overnight at −20°C with 300 nmol/L sodium acetate and 20 μg glycogen (Roche; catalog
No. 10 901 393 001) in 2.5 vol% ethanol. After centrifugation at 13 000g for 30 minutes at
4°C, the pellet was washed with 1 mL of ice-cold 70% ethanol, dissolved in 20 μL of
elution buffer (10 mmol/L Tris-HCl, pH 7.6), and quantified with a Nanodrop. A volume of
chromatin corresponding to at least 5 μg gDNA is typically used per chromatin
immunoprecipitation (ChIP).

For each ChIP, 1.5 mg protein-G Dyna magnetic beads (Invitrogen catalog No. 100.04D)
was prepared by washing at least 5 times with 5 mg/mL BSA/PBS while rotating. Next,
beads were conjugated to 12 μg H3K36me3 monoclonal antibody (ab9050, Abcam) in 1.5
mL of 5 mg/mL BSA/PBS+PI by rotating at 4°C for at least 6 hours. Antibody-conjugated
beads were made to a final volume of 1.5 mL of ChIP dilution buffer (20 mmol/L Tris-HCl,
pH 8.1, 2 mmol/L EDTA, 1% Triton, 150 mmol/L NaCl)+PI containing the volume of
chromatin equivalent to 5 μg gDNA (as predetermined by reverse cross-linking the input).
ChIP was carried out by rotating overnight at 4°C. Dyna magnetic beads were captured with
a magnetic rack, and beads were washed at least 6 times with 1.5 mL of
radioimmunoprecipitation assay buffer (50 mmol/L HEPES, pH 7.6, 1 mmol/L EDTA, 1%
NP40, 0.7% deoxycholate, 500 mmol/L LiCl)+PI for at least 10 minutes each time and once
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with 1.5 mL of Tris-EDTA buffer (10 mmol/L Tris, 1 mmol/L EDTA, pH 8.0)+PI. gDNA
was eluted twice by adding 200 μL ChIP elution buffer (1% SDS, 100 mmol/L NaHCO3) to
the beads while shaking vigorously for 15 minutes at room temperature. ChIP gDNA
isolated as described above.

Two Illumina single-end read libraries were constructed by pooling ChIP gDNA from 4
control hearts and 3 cardiomyopathic hearts (Table I in the online-only Data Supplement)
for control and EsCM, respectively. The sizes of these libraries were confirmed with the
Bioanalyser to range between 200 and 400 bp. Each library was sequenced in 2 lanes of the
Illumina GAII yielding >50 million reads of 36-bp reads (>506 Mb) per sequencing library.
These data will be deposited on GEO.

Bioinformatics
Reads from high-throughput sequencing for MeDIP were aligned to the human reference
genome with MAQ (http://maq.sourceforge.net/maq-man.shtml) with up to 90% alignment
success, generating at least 14 million aligned 36-bp reads (504 Mb) per sequencing library.
Aligned MeDIP-seq data were analyzed with a bayesian deconvolution strategy,
BATMAN.22 Methylation/BATMAN scores from 4 normal hearts and 4 EsCM hearts were
averaged, and methylation densities were generated from previously described
algorithms.23,24 Error bars in the density plots represent bayesian credible intervals. This
method of MeDIP-seq provided wide coverage across the genome, covering ≈24 million of
the 28 million CG dinucleotides in the entire genome, except for regions with high repeat
density where analysis was technically not reliable. Annotation for protein-coding genes in
the human genome (hg18) was obtained from the UCSC Genome Browser. Annotation for
CGIs and subclasses of CGIs were as described in Maunakea et al.25 Annotation for CGIs
also corresponded to the UCSC Genome Browser.

Reads from high-throughput sequencing for H3K36me3 ChIP were aligned by the use of
BWA (http://bio-bwa.sourceforge.net/bwa.shtml) with up to 90% alignment success.
Control and EsCM libraries were each constructed by pooling H3K36me3 ChIP from 4
normal and 3 EsCM hearts, respectively. More than 50 million aligned 36-bp reads (1800
Mb) were generated per sequencing library. Enrichment scores were determined by
sequence tag counts at 500-bp intervals using BEDTools (http://sourceforge.net/projects/
bedtools/webcite). Intersections between all data sets were computed with the Table
Browser in UCSC Genome Browser or BEDTools. The data set for both MeDIP-seq and
H3K36me3 Chromatin immunoprecipitation sequencing will be deposited on GEO.

HL1 Mouse Cardiac Cell Culture and siRNA Knockdown
The HL1 mouse atrial cardiomyocyte cell line was cultured as described elsewhere.26,27

HL1 cells were cultured in Claycomb culture media with or without the rationally designed
specific inhibitor of DNA methyltransferase (RG108, 100 μmol/L)28 for 48 hours before
RNA extraction. Transient transfection (48 hours) of siRNA duplexes (Dharmacon, Denver,
CO), siGENOME nontargeting siRNA (D-001210–01) and siGENOME SMART pool
siDux (M-167163–00), was performed by electroporation with Amaxa Nucleofection
according to manufacturer’s instructions (Lonza Ltd, Basel, Switzerland).
Methylthiazolyldiphenyl–tetrazolium bromide (MTT) cell viability assay was performed
according to manufacturer’s instructions (RND Systems, Abingdon, Oxon, UK).

RNA Preparation
RNA was extracted from LV tissue by homogenizing at least 30 mg of frozen tissue in 0.5
mL of TRIreagent (Sigma-Aldrich, St. Louis, MO) with a handheld homogenizer (Polytron).
RNA was extracted from the HL1 mouse cardiac muscle cell line by scrapping adherent
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cells in TRIreagent. Homogenates were centrifuged at 3000 rpm for 3 minutes; supernatant
was transferred to a clean Eppendorf; and RNA extraction was performed according to the
manufacturer’s protocol with the following modification. After chloroform extraction,
ethanol was added to samples to a final concentration of 35%, and samples were loaded onto
PureLink RNA columns (Invitrogen, 12183–018A). On-column DNase treatment was
carried out with elution of the RNA. Integrity of all RNA samples was checked with the
2100 Bioanalyser (Agilent Technologies).

Whole-Genome cDNA-Mediated Annealing, Section, Extension, and Ligation Expression
Array

The whole-genome cDNA-mediated annealing, section, extension, and ligation (DASL,
Illumina) assay analyzes >29 000 human genes by using unique PCR and labeling steps of
the GoldenGate Assay. It is particularly suitable even for partially degraded RNA because
probe groups in the assay span only about 50 bases (http://www.illumina.com/technology/
dasl_assay.ilmn). The DASL assay was performed by Cambridge Genomics Services (http://
www.cgs.path.cam.ac.uk/) according to Illumina protocols. We used DNase-treated RNA
samples isolated from 8 normal and 16 EsCM hearts. The quality control report generated
with the arrayQualityMetrics R package showed that none of the samples failed or was an
outlier to their replicates. NPPA and NPPB were the 2 most differentially expressed genes
(>9-fold upregulated in EsCM; Figure IA in the online-only Data Supplement); 2266 and
1919 genes were found to be >1.2-fold upregulated and downregulated, respectively
(adjusted P<0.05; data to be deposited in GEO). Four genes were selected for validation by
quantitative PCR (Figure IB in the online-only Data Supplement).

Quantitative Real-Time PCR
cDNA (20 μL) was synthesized from 1 mg total RNA using a mixture of both oligo-dT and
random hexamers and the Superscript-III first-strand cDNA synthesis kit (Invitrogen,
Paisley, UK). Quantitative real-time PCR for housekeeping genes (RPLPO and TBP) was
performed with 4 μL of 1:20 prediluted cDNA in a 20 μL reaction and Taqman Gene
Expression Assays (see Table II in the online-only Data Supplement for primer sequences).
Quantitative PCR was performed for target genes using validated Taqman Gene Expression
Assay primers (Applied Biosystems, Foster City, CA) and normalized by a normalization
factor obtained for each sample with geNorm (http://medgen.ugent.be/≈jvdesomp/genorm/)
and the expression of both housekeeping genes. All quantitative PCRs were performed at
least in triplicate and on the same diluted cDNA samples.

Statistics
We adapted the statistical analysis of Stegle et al29 to test whether there is a significant
difference in the methylation pattern of genomic regions in cardiomyopathy. We used a
bayesian model selection to compare a model in which both methylation patterns are draws
from the same Gaussian process30 with a model in which each pattern is a draw from its
own Gaussian process. A positive log Bayes factor for this analysis represents a significant
difference. Comparisons that gave a positive log Bayes factor (ie, presence of a significant
difference between the methylation patterns of control and EsCM) were further analyzed to
determine specifically where differential methylation was in each comparison. We
calculated how different the signal was at each position using the symmetrical Kullback-
Lieber divergence (a measure of how different 2 distributions are). Symmetrical Kulback-
Lieber distances are charted above each methylation density plot with a positive log Bayes
factor. Student t test was performed for the analysis of quantitative PCR.
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Results
Genome-Wide DNA Methylation Profiles

We generated genome-wide profiles of DNA methylation in human hearts by using genomic
DNA from LVs and immunoprecipitation with a validated antimethylated cytosine antibody
(MeDIP).22,31 Successful immunoprecipitation was confirmed by quantitative PCR for
genomic regions, including a positive control methylated region (OXT) and negative control
unmethylated region (UBE2B; data not shown).19 High-throughput sequencing was
performed and generated >504 Mb of aligned sequences for each of 8 MeDIP libraries
constructed from 4 control and 4 cardiomyopathic LVs. Details on patient ages, cause of
death, and medication at the time of death are given in Table I in the online-only Data
Supplement. Sequences were aligned to the human reference genome (hg18), and DNA
methylation/BATMAN scores were assigned at 100-bp windows across the genome for each
MeDIP library.22 Average BATMAN scores were obtained for cardiomyopathic (EsCM)
and control hearts, covering ≈28 million of the CG dinucleotides in the human genome.
DNA methylation profiles across all chromosomes were remarkably similar between EsCM
and control (Figure 1A and B). In contrast, marked differences were observed at the level of
individual gene loci (example shown in Figure 1C).

DNA Methylation Profiles in CGIs and Shores
In cancer, differential DNA methylation has been recognized in CGIs32 and “CGI shores.”33

We therefore examined these genomic regions in our DNA methylation maps. An aggregate
pattern of hypomethylation was found centered on all CGIs (n=27 639; Figure 2A) in both
EsCM and control. Methylation in the center of CGIs was significantly reduced compared
with higher methylation scores at CGI shores. To determine whether DNA methylation
profiles for all 27 639 CGIs were significantly different between EsCM and control, we
compared the 2 averaged curves by using a Gaussian process 2-sample test.29 The log Bayes
factor for these curves was 15.9, a positive value indicating a significant difference. To show
positions of differential methylation across the x axis, the symmetrical Kulback-Lieber
divergence (a measure of how different 2 distributions are) was calculated for each position,
and symmetrical Kulback-Lieber distances were charted above the methylation density plot.
Positions of higher values in symmetrical Kulback-Lieber distance indicate that the
methylation profiles differed both at the center of CGIs and at CGI shores, similar to the
finding in some cancers.33

Methylation profiles in subclasses of CGIs were previously analyzed according to their
location in relation to annotated genes.25,34 We found that the methylation profile of EsCM
differed significantly from control in CGIs at gene promoters (promoter CGIs; Figure 2B;
n=11 967; Bayes factor=533.0) and CGIs within bodies of genes (intragenic CGIs; Figure
2C; n=8092; Bayes factor=59.8) but not intergenic CGIs (Figure 2D; n=7068; Bayes factor=
−71.7) and CGIs in 3′ untranslated region of genes (Figure 2E; n=512; Bayes factor=−63.8),
as summarized in the Table. In EsCM, promoter CGIs were more hypomethylated and
intragenic CGIs were more hypermethylated. Symmetrical Kulback-Lieber distance scores
for each set of plots showed that methylation in these subgroups differed in CGIs and but
not in CGI shores. Moreover, the methylation score for EsCM was decreased in promoter
CGIs to the same extent as methylation was increased in intragenic CGIs. Methylation
scores for control and EsCM at promoter CGIs and intragenic CGIs are listed in the online-
only Data Supplement.

DNA Methylation Profiles in Promoters of Upregulated and Downregulated Genes
Next, we determined whether DNA methylation changes in gene promoters correlated with
genes that were upregulated or downregulated in cardiomyopathy. Previous studies have
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shown that there is a consistent profile of gene expression changes in EsCM hearts.3,35,36

Hence, we performed gene expression profiling using the whole-genome DASL Illumina
assay for our series of hearts consisting of 16 EsCM (6 ischemic, 10 idiopathic) and 8
control hearts and generated a list of statistically significant >1.2-fold upregulated (n=2266)
and >1.2-fold downregulated (n=1919) genes (adjusted P<0.05; Figure IA in the online-only
Data Supplement). A selection of genes from this was validated by standard quantitative
PCR (Figure IB in the online-only Data Supplement). Methylation in the promoters of
upregulated genes was significantly reduced in EsCM versus control (Figure 3A; n=2266;
Bayes factor=12.6) but unchanged in the promoters of downregulated genes (Figure 3B)
(n=1919; Bayes factor=−48.3). The former is consistent with the predicted correlation
between reduced DNA methylation in the promoters of genes that are more highly
expressed. Conversely, downregulated genes in cardiomyopathy were independent of
changes in gene promoter methylation.

DNA Methylation Profiles in Actively Transcribed Regions of the Genome
DNA methylation differences in intragenic CGIs (Figure 2C) led us to consider whether
altered methylation also exists in actively transcribed regions of the cardiac genome. In
general, evidence suggests that highly expressed genes have more densely methylated gene
bodies.37 In addition, the Encyclopedia of DNA Elements (ENCODE) Consortium and
others have shown that the human genome undergoes pervasive transcription.34,38 Thus,
although protein-coding genes account for only a small proportion of the genome, the rest of
the genome also undergoes active transcription to form non–protein-coding RNA. The
functional role for each of these newly discovered noncoding RNA species remains to be
elucidated, but H3K36me3 marks actively transcribed regions of the genome.39 We
therefore performed high-throughput sequencing for H3K36me3 ChIP and generated maps
of actively transcribed regions of the cardiac genome for both control and EsCM (Figure II
in the online-only Data Supplement). Consistent with the finding of more DNA
hypermethylation in intragenic CGIs in EsCM, we also found increased DNA methylation in
regions of active transcription in EsCM (Figure 4A; n=7546; Bayes factor=53.4). In
contrast, DNA methylation profiles did not differ between EsCM and control in cardiac
enhancers, as mapped by p300 binding sites in the heart40 (Figure 4B; n=3291; Bayes
factor=−58.8).

Genome-Wide H3K36me3 Landscape in Human Hearts
The H3K36me3 enrichment maps were generated for control and EsCM by scoring
sequence tag counts per 500-bp window, normalized to 1 million reads per sequencing
library (Figure II in the online-only Data Supplement). We assessed regions of all Reference
Sequence (RefSeq) genes (n=36 931) in these maps and found a distinct pattern of
enrichment in EsCM (Figure 5). This pattern of difference was consistent for both
upregulated and downregulated genes (Figure III in the online-only Data Supplement).
Enrichment scores for control and EsCM at each RefSeq locus are listed in the online-only
Data Supplement.

Next, we examined the top 4 regions of H3K36me3 enrichment that did not fall within
annotated protein-coding genes (Figure IVA and IVB in the online-only Data Supplement).
Because H3K36me3 marks active transcription, these genomic regions are predicted to form
noncoding RNA in the heart. We therefore performed quantitative PCR with DNase-treated
RNA from our series of LV samples (16 cardiomyopathic and 8 control hearts) and
discovered first that RNA transcripts were present from these regions even though they have
not previously been annotated to represent any known genes. The absence of PCR products
from no reverse transcriptase controls in these reactions excluded the likelihood of genomic
DNA amplification. Moreover, we found that the abundance of RNA transcripts from these
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regions correlated to the level of H3K36me3 enrichment. For region of interest 1, higher
H3K36me3 enrichment in control correlated with a higher abundance of noncoding RNA in
control hearts (Figure IV in the online-only Data Supplement). Conversely, for region of
interest 2, region of interest 3, and region of interest 4, higher H3K36me3 enrichment in
cardiomyopathy correlated with higher abundance of noncoding RNA in cardiomyopathic
hearts. Similarly, mRNA abundance of protein-coding genes (from the DASL expression
array) also correlated to the level of H3K36me3 enrichment (Figure VA in the online-only
Data Supplement). Finally, H3K36me3 enrichment within all protein-coding genes also
correlated to the level of DNA methylation within the bodies of the same genes (Figure VB
in the online-only Data Supplement).

Differential Methylation and Expression of the DUX4 Locus
To investigate the physiological relevance of altered DNA methylation in the heart, we
chose to examine the CGIs (chr4:191223376–191247590, 4q35.2) with the highest level of
MeDIP enrichment associated with an annotated gene locus (DUX4). Methylation of this
CGI was higher in EsCM hearts compared with control (see the online-only Data
Supplement). Numerous properties of this locus have in fact been reported before because of
its association to the hereditary myopathic disorder facioscapulohumeral muscular
dystrophy.41 The DUX4 open reading frame is intronless but unusual because it lies within
the subtelomeric array of D4Z4 macrosatellite repeat units (4q35.2; Figure 6A). Hence,
although it was classified as a retrotransposed gene, DUX4 was eventually shown to code
for a double homeobox transcription factor (DUX4),42 and more recent evidence shows that
this locus also gives rise to spliced isoforms43 and bidirectional (sense and antisense) non–
protein-coding RNA transcripts.44 Moreover, differential DNA methylation and histone
modification at this locus have also been reported.45,46 Patients with facioscapulohumeral
muscular dystrophy have a contracted number of D4Z4 repeats but can also present with
upregulation of DUX4 protein, altered DNA methylation of DUX4, or altered expression of
the noncoding RNA transcripts arising from this locus.41

Using our panel of human LV samples, we tested the abundance of RNA transcripts from
the DUX4 locus and found that, corresponding to hypermethylation in EsCM, expression of
DUX4 was significantly reduced in EsCM hearts compared with control (Figure 6B).
Notably, this also corresponded to reduced H3K36me3 enrichment in EsCM hearts at this
locus (see the online-only Data Supplement).

Analyzing sequence data from primates, rodents, afrotherian, and other species, Clapp et
al47 concluded that the D4Z4-like repeat family is evolutionally conserved and the mouse
representative Dux is embedded within repeat units on chromosome 10. We therefore used
the mouse HL1 cardiac cell line and assayed for the abundance of Dux RNA transcripts.
Treatment of HL1 cells with the rationally designed specific inhibitor of DNA
methyltransferase (RG108)28 for 48 hours resulted in upregulation of Dux compared with
unchanged levels of the housekeeping gene Gapdh (Figure 6C), indicating that Dux
expression, but not Gapdh, was responsive to inhibition of DNA methylation. Bosnakovski
et al48 previously demonstrated the biphasic myopathic phenotype of mouse Dux in which
high Dux expression led to myoblast death and low Dux levels blocked myogenic
differentiation. Similarly, different isoforms of noncoding RNA from the Dux locus affected
myogenic differentiation and myosin heavy chain synthesis.44 In HL1 cells, we found that
Dux knockdown by siRNA resulted in a corresponding decrease in cell viability as measured
by the MTT assay (Figure 6D and 6E).
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Discussion
This study is the first to demonstrate global epigenomic profiles in human cardiomyopathy.
We have generated DNA methylation and H3K36me3 maps from human hearts,
characterized the profiles of them, and uncovered distinct differences in important elements
of the cardiac genome.

We found that DNA methylation differs between EsCM and control human hearts in CGIs
globally within gene promoters and gene bodies but not in intergenic CGIs and in 3′
untranslated region CGIs. A significant decrease in global gene promoter methylation also
correlated with genes that were upregulated in cardiomyopathy but not with genes that were
downregulated. The former is consistent with the paradigm that promoter demethylation
leads to increased expression of the corresponding gene, whereas the latter suggests that
downregulation of genes in cardiomyopathy occurs independently of promoter methylation.
This study is also consistent with our previous report in which we used a different series of
hearts and a different assay and found that large numbers of CGIs and gene promoters were
significantly more hypomethylated in human cardiomyopathy.19 Several animal models
have demonstrated the link between altered DNA methylation, gene expression changes, and
consequent changes in phenotype.49–53 Although the cause or consequence effect of our
observations remains to be proven in similar animal models, the finding of DNA
methylation differences in specific elements of the cardiac genome opens up important new
horizons for research. For example, our finding that Dux RNA transcript abundance was
upregulated by inhibition of DNA methylation in vitro corresponds to the correlation
between DUX4 hypermethylation and downregulated DUX4 expression in EsCM hearts.
This implicates a mechanism by which DNA methylation changes may be functionally
relevant to gene expression changes found in heart failure.

Although the role of DUX4 in facioscapulohumeral muscular dystrophy is increasingly
understood,41 its function in myocardial disease has never been examined. The presence of
RNA transcripts from these DUX4 repeat units and the other non–protein-coding loci that
we have examined and the observation that these RNA transcripts are regulated in EsCM
hearts certainly highlight the likelihood that many functionally relevant noncoding RNA in
the heart remain to be identified.

We have listed sites of specific differential methylation and tabulated them with their
adjacent annotated genes. However, sites of differential DNA methylation are also known to
control the expression of remote genes up to 20 kb away.54 This is especially so when
considering intrachromosomal and interchromosomal interactions55 that may be brought
together by transcription factors such as CTCF,56 the binding of which to its cognate motif
is dependent on DNA methylation of the locus.57 However, it is not yet possible to link
specific sites of differential DNA methylation to distal or remote genes.

As a practical tool, however, we have identified epigenomic differences in DNA
methylation in promoter CGIs, DNA methylation in intragenic CGIs, and DNA methylation
and H3K36me3 enrichment in gene bodies or actively transcribed regions of the genome.
Subsequent studies are needed to determine whether these features, like profiles of gene
expression, predict disease severity or normalize with recovery of LV function.

The genome-wide map of H3K36me3 has also allowed us to identify loci of active
transcription in the cardiac genome. We validated that these corresponded to protein-coding
genes in our DASL microarray, 4 novel noncoding RNA, and DUX4. This demonstrates the
means by which the H3K36me3 map may be used to identify other noncoding RNA
transcripts in the heart.38
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The prohibitive cost of high-throughput sequencing currently limits our ability to screen
large numbers of hearts to identify specific loci of differential methylation or genes that may
be specifically controlled by DNA methylation or histone modification in cardiomyopathy.
The use of human cardiac samples also limits our ability to develop these descriptive
findings beyond an association between epigenomic differences and disease. However, our
approach of a meta-analysis using large numbers of global DNA elements and composite
epigenomic maps revealed the presence of distinct differences in important elements of the
cardiac genome. If DNA methylation or H3K36me3 is a driver of disease development or
progression, these may be new means of screening or predicting heart failure. Although
quantification of mRNA transcripts is useful for assessing prognosis in heart failure,5 assays
for epigenomic profiles will be less complex because of the stability of DNA compared with
RNA. Further studies are necessary to determine whether these profiles track with disease
progression and indeed whether pathways that lead to these epigenomic changes may also be
novel targets for heart failure therapy.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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CLINICAL PERSPECTIVE

Molecular research in heart failure points to the hypothesis that a generic cardiac
genomic response is activated in the failing myocardium regardless of the original
inciting cause. This cardiac genomic stress response is typified by the re-expression of
fetal genes, upregulation of fibrosis-related genes, and others. It may also reflect unifying
features of a failed myocardium such as fibrosis, altered energy use, vascular rarefaction,
cell death, and altered contractility, all of which are features found in the failing
myocardium again regardless of the inciting cause. The epigenome refers to “marks” on
the genome, including DNA methylation and histone modification. The epigenome
regulates the expression of underlying genes, and recent evidence suggests that part of
the epigenome may be altered by diet and the environment. In our research, we have
examined the genome-wide landscape of the epigenome of healthy and end-stage
cardiomyopathic human hearts. We have determined that distinct epigenomic patterns
exist in important DNA elements of the human cardiac genome in the failing
myocardium. Individually, sites of differential epigenomic patterns may control the
expression of specific genes with critical functions in the progression of heart failure.
However whether the altered epigenome is simply a consequence in end-stage disease or
actually contributes to disease progression remains to be determined. This work now
opens an important new avenue of research because the epigenome may represent a drug
discovery target for novel heart failure therapy.
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Figure 1.
DNA methylation profiles between control (CTR) and end-stage cardiomyopathic (EsCM)
hearts are similar at low resolution (A and B), but distinct differences are found at the level
of individual genes (C) and at specific CpG islands (An example is shown with the arrow in
C). Averaged DNA methylation profiles were generated for control and EsCM from 8
sequencing libraries comprising 4 normal and 4 EsCM hearts and scored at 100-bp
resolution genome wide. Analysis was technically not possible in some gene-poor regions
where a high density of repetitive elements was present (asterisk in A).

Movassagh et al. Page 16

Circulation. Author manuscript; available in PMC 2013 April 24.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



Figure 2.
DNA methylation density plots for all CpG islands (CGIs; A) and subclasses of CGIs (B
through E). A, DNA methylation scores (BATMAN) for 27 639 CGIs and CGI shores (3 kb
upstream and downstream of CGIs) were plotted for control (CTR; blue) and end-stage
cardiomyopathic (EsCM; red; light blue and light red error bars represent bayesian credible
intervals for CTR and EsCM, respectively). A Gaussian process 2-sample test returned a log
Bayes factor of 15.9 (A positive log Bayes factor implies that the difference between control
and EsCM was statistically significant). The symmetrical Kulback-Lieber (KL) divergence
was calculated for each position across the x axis and charted above the methylation density
plots as symmetrical KL distance and indicates that the methylation profiles differed both at
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the center of CGIs and at CGI shores. Significant differences in methylation profiles were
also found in (B) promoter CGIs and (C) intragenic CGIs but not in (D) intergenic CGIs and
(E) 3′ untranslated region (UTR) CGIs. However in the first 2 subclasses, methylation
profiles were significantly different at CGIs but not CGI shores.
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Figure 3.
DNA methylation was significantly different in promoters of (A) upregulated genes but not
(B) downregulated genes.
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Figure 4.
DNA methylation was significantly different in (A) actively transcribed regions of the
cardiac genome but not (B) cardiac enhancers. Regions of active transcription in the cardiac
genome were determined by H3K36me3 chromatin immunoprecipitation sequencing (ChIP-
seq), and regions of cardiac enhancers were obtained from a previous p300 ChIP-seq.40
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Figure 5.
H3K36me3 enrichment profiles within regions of annotated Reference Sequence (RefSeq)
genes were significantly different between control (CTR) and end-stage cardiomyopathy
(EsCM). Composite H3K36me3 enrichment profiles were generated for control (blue) and
EsCM (red) from 2 pooled sequencing libraries comprising 4 normal and 3 EsCM hearts,
respectively (see Table I in the online-only Data Supplement for details of samples).
Enrichment scores were determined as tag counts per 500 bp per 1 million reads for each
sequencing library and analyzed for all 36 109 RefSeq genes (as annotated on the UCSC
Genome Browser) and 3 kb upstream and downstream of these regions.
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Figure 6.
Differential DNA methylation and expression of DUX4 in human hearts and Dux in the
mouse HL1 cardiac cell line. A, The intronless DUX4 open reading frame is embedded
within the subtelomeric array of D4Z4 repeat units. The CpG island (CGI) in this locus is
hypermethylated in end-stage cardiomyopathy (EsCM) hearts but not in control (CTR). B,
The abundance of DUX4 RNA transcripts was quantified with DNase-treated RNA from a
panel of left ventricular tissue (8 control and 16 EsCM; Table I in the online-only Data
Supplement) and normalized by geNorm that was generated with 2 housekeeping genes,
RPLPO and TBP. Absent polymerase chain reaction (PCR) products in “no reverse
transcriptase (RT) ” controls excluded the likelihood of genomic DNA amplification.
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*P<0.05. C, The mouse HL1 cardiac cell line was cultured with or without the specific
inhibitor of DNA methyltransferase RG108 for 48 hours, and Dux RNA abundance was
quantified with DNase-treated RNA and normalized to the housekeeping gene Gapdh (n=3;
**P<0.01). D, HL1 cardiac cells were transfected for 48 hours with either control
nontargeting siRNA (siNT) or siRNA targeting mouse Dux (siDux). Dux abundance was
quantified as in C (n=3; *P<0.05). E, Methylthiazolyldiphenyl–tetrazolium bromide (MTT)
assay was performed as described in Methods and represents survival of HL1 cells 48 hours
after transfection with either siNT or siDux (n=3; **P<0.01). Statistical analyses for
quantitative PCR (qPCR) and the MTT assay were by the Student t test, and all error bars
represent the SEM.
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Table
Summary of Regions in the Cardiac Genome in Which Epigenomic Profiles Were
Significantly Different Between Control and End-Stage Cardiomyopathy

Sample
Size, n

Bayes
Factor Significance*

All CGIs 27 639 15.9 +

Promoter CGIs 11 967 533.0 +

Intragenic CGIs 8092 59.8 +

3′ UTR CGIs 7068 −71.7 x

Intergenic CGIs 512 −68.8 x

Promoters of upregulated genes 2266 12.6 +

Promoters of downregulated genes 1919 −48.3 x

Active transcribed regions 7546 53.4 +

Cardiac enhancers 3291 −58.8 x

CGI indicates CpG island; UTR untranslated region; +, statistical significance; x, statistical nonsignificance.

*
Significant difference between the methylation profiles for normal and cardiomyopathy.
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