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Epigenetic Reader BRD4 (Bromodomain-
Containing Protein 4) Governs Nucleus-
Encoded Mitochondrial Transcriptome to

Regulate Cardiac Function

BACKGROUND: BET (bromodomain and extraterminal) epigenetic reader
proteins, in particular BRD4 (bromodomain-containing protein 4), have
emerged as potential therapeutic targets in a number of pathological
conditions, including cancer and cardiovascular disease. Small-molecule
BET protein inhibitors such as JQ1 have demonstrated efficacy in reversing
cardiac hypertrophy and heart failure in preclinical models. Yet, genetic
studies elucidating the biology of BET proteins in the heart have not been
conducted to validate pharmacological findings and to unveil potential
pharmacological side effects.

METHODS: By engineering a cardiomyocyte-specific BRD4 knockout
mouse, we investigated the role of BRD4 in cardiac pathophysiology.
We performed functional, transcriptomic, and mitochondrial analyses to
evaluate BRD4 function in developing and mature hearts.

RESULTS: Unlike pharmacological inhibition, loss of BRD4 protein
triggered progressive declines in myocardial function, culminating in
dilated cardiomyopathy. Transcriptome analysis of BRD4 knockout mouse
heart tissue identified early and specific disruption of genes essential to
mitochondrial energy production and homeostasis. Functional analysis of
isolated mitochondria from these hearts confirmed that BRD4 ablation
triggered significant changes in mitochondrial electron transport chain
protein expression and activity. Computational analysis identified
candidate transcription factors participating in the BRD4-regulated
transcriptome. In particular, estrogen-related receptor a, a key nuclear
receptor in metabolic gene regulation, was enriched in promoters of
BRD4-regulated mitochondrial genes.

CONCLUSIONS: In aggregate, we describe a previously unrecognized
role for BRD4 in regulating cardiomyocyte mitochondrial homeostasis,
observing that its function is indispensable to the maintenance of normal
cardiac function.
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Clinical Perspective
What Is New?

e Cardiomyocyte-specific BRD4 (bromodomain-con-
taining protein 4) silencing in developing and adult
hearts results in progressive deterioration in car-
diac contractile function that culminates in dilated
cardiomyopathy.

® BRD4 is essential to maintenance of mitochondrial
electron transport chain function via transcrip-
tional regulation of a nuclear mitochondrial gene
network.

e BRD4 heterozygous deletion resulted in delayed
heart failure and pharmacological BRD4 inhibition
with JQ1 induced modest changes in mitochondrial
genes, suggesting potential cardiac toxicity in tar-
geting BRD4 at baseline.

What Are the Clinical Implications?

e As more potent and specific inhibitors are devel-
oped targeting BRD4 for clinical settings in oncol-
ogy and other diseases, we must carefully monitor
basal cardiac performance for functional and mito-
chondrial deterioration.

densed (inactive) versus open (active) state is con-

trolled through posttranslational modifications of
core histone proteins. Governance of chromatin struc-
ture through these modifications has emerged as a key
driver of transcriptional responses in diverse cell types.’
Regulation of chromatin by reversible incorporation of
acetyl groups within histone tails is among the best
understood. The protein machinery that adds (histone
acetyltransferase), removes (histone deacetylase), or
recognizes (bromodomain; BRD) the acetyl groups has
emerged as a central target of therapeutics for a vari-
ety of diseases ranging from cancer to heart disease. In
the cardiovascular field, molecules that target histone
deacetylases and BET (bromodomain and extraterminal)
bromodomain adapters (BRD) have been highlighted
for their efficacy in a variety of preclinical models of
heart failure and for their existing clinical endorsements
in oncology applications.’

Histone deacetylase inhibitors have been studied for
nearly 3 decades, and the biology of different histone
deacetylase classes has been extensively characterized
in the heart.?? In contrast, small-molecule BET protein
inhibitors are new to the cardiovascular field, emerg-
ing with studies reporting that the pan-BET inhibitor
JQ1 is effective in experimental heart failure.*> The BET
family of proteins includes BRD2, BRD3, BRD4, and
BRDT. These proteins bind acetyl-lysine in histone tails
via tandem bromodomains (BD1 and BD2) and nonhis-
tone proteins via protein-interaction domains.® These

Regulation of chromatin architecture in a con-
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proteins function primarily in the nucleus to recruit and
modulate transcriptional machinery at acetylated loci;
BET inhibitors target the acetyl-lysine binding pockets
of BRDs to displace them from chromatin.”

Since the initial reports, researchers have corrobo-
rated the efficacy of BET protein inhibitors in multiple
preclinical disease models, identifying the double bro-
modomain-containing chromatin adaptor BRD4 as a
major participant in pathological cardiac remodeling.
Not only did JQ1 blunt the development of pressure
overload-induced cardiac hypertrophy in mice, but
siRNA knockdown of BRD4 in neonatal cardiac myo-
cytes in culture inhibited the hypertrophic response
triggered by extracellular growth cues.** In addition to
these direct effects on cardiomyocytes, recent transcrip-
tomics studies suggest that inhibition of BET proteins
affects nonmyocyte pathways such as fibrosis and in-
flammation in preclinical heart failure models.® Despite
the confirmed therapeutic potential, the precise biology
of BET proteins in the heart, including the role of BRD4
in normal cardiac physiology, is unknown.

To support unremitting contractile activity, cardio-
myocytes harbor extensive networks of mitochondria,
accounting for more than a third of cell volume® and
generating 90% of the ATP in the heart.'® Indeed, car-
diomyocytes are uniquely mitochondrion dependent
given the requirement of continuous energy supply to
support costly myocardial function. Recent studies in
the oncology field identified a key role of BET proteins,
in particular BRD4, in controlling mitochondrial mor-
phology and function, but with conflicting results: One
study suggested BRD4 is a repressor of nucleus-encod-
ed mitochondrial genes," whereas another proposed
that BRD4 drives mitochondrial gene expression and fis-
sion.’'? Considering the importance of mitochondrial
energetics in myocardial function, we set out to unveil
how BRD proteins regulate mitochondrial function in
the cardiomyocyte.

To date, all studies conducted in the heart targeted
BRD proteins using pharmacological inhibitors, includ-
ing pan-BET protein inhibitors; no genetic intervention
targeting specific BRD proteins has been reported. In
the present report, we directly investigated the role
of BRD4, a suspected regulator of adverse cardiac re-
modeling, in cardiac physiology and pathophysiology
by engineering a cardiomyocyte-specific BRD4-dele-
tion model. Our findings provide insight into the nor-
mal physiological role of myocardial BRD4 and bring
to light potential adverse side effects of BRD targeting
in the heart.

METHODS

Detailed methods are described in Materials and Methods in
the Data Supplement. Below is a brief summary of the most
relevant methods. The authors will make the original data,
methods used in analysis, and materials used to conduct the
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research available to investigators for purposes of reproduc-
ing the results or replicating the procedures.

Animal Studies

The BRD4 exon 5 floxed allele was engineered at the
Institute of Model Animal, Wuhan University, by CRISPR-
mediated homologous recombination. All animal studies
were conducted according to ethics guidelines provided
by the Institutional Animal Care and Use Committee at UT
Southwestern. The BRD4 floxed line was bred with aMHC-Cre
and aMHC-MerCreMer (MCM) lines to generate cardiomyo-
cyte-specific BRD4 knockout models. To induce MCM activity,
tamoxifen dissolved in corn oil was administered intraperito-
neally (20 mg/kg per day for 5 days). Wild-type (WT) animals
used in the aMHC-Cre study were mixed cohorts of BRD4"
Cre— and WT aMHC-Cre+ littermates. WT animals used in
the aMHC-MCM study were mixed cohorts of BRD4" Cre—
and WT aMHC-MCM+ littermates, all of which were treated
with the same tamoxifen regimen as the experimental group.
Transverse aortic constriction (TAC) surgery was conducted as
previously described.™ Transthoracic echocardiography was
performed on conscious mice and analyzed in blinded fashion
using a Vevo2100 system with MS400 transducer.

RNA-Sequencing and Analysis

BRD4" aMHC-MCM animals were injected with tamoxifen,
and left ventricles (LVs) were collected 2 weeks after induc-
tion. JQ1 stock was freshly diluted in 10% 2-hydroxypropyl-
B-cyclodextrin and injected intraperitoneally daily for 2 weeks
at 50 mg/kg; LVs were collected within 8 hours of the last
injection. Snap-frozen LVs were processed for RNA extrac-
tion. Samples with RNA Integrity Number >8 were submit-
ted for library preparation and next-generation sequencing
at Novogene Inc (Santa Clara, CA). Briefly, cDNA libraries
were prepared using a NEB library kit with poly-A enrichment.
Purified cDNA libraries were sequenced by NovaSeq6000
with >30 million raw reads (150 bp, pair ended) per sample.
RNA-sequencing (RNA-seq) data sets were analyzed for dif-
ferential expression, Gene Ontology, Gene Set Enrichment
Analysis, gene modules, and candidate transcription factors
(TFs). Data are accessible at National Center for Biotechnology
Information, BioProject PRINA672136.

Mitochondrial Enzyme Activity

Mitochondrial enzyme assays were performed with freshly iso-
lated ventricular mitochondria from mouse ventricles collected
at zeitgeber time 2. Subsarcolemmal mitochondria were iso-
lated by ultracentrifugation in ice-cold isolation buffer as previ-
ously described.™ Either intact or sonicated mitochondria were
used for enzyme assays at room temperature using a cuvette
spectrophotometer in kinetic mode (Agilent). NAD-linked
electron transport chain (ETC) complexes were assayed with
previously described methods.'>® Briefly, mitochondrial NADH
oxidase activity (coupled activity of complexes |, lll, IV) was
measured as the rate of NADH oxidation in intact mitochon-
dria. With sonicated mitochondria, specific activities of com-
plexes I, lll, and IV were measured. Specificity of each assay
was verified with complex-specific inhibitors. Tricarboxylic acid
(TCA) cycle enzyme activities were measured in mitochondria
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disrupted with 0.01% TritonX-100. Specific activities of
Malate Dehydrogenase, Citrate Synthase, Alpha-ketoglutarate
Dehydrogenase, Succinate Dehydrogenase were measured. All
enzyme activities were substrate dependent and measured in
the linear range. All measurements were performed in dupli-
cates and normalized to protein content.

Mitochondrial Respiration Assay
Mitochondrial respiration was measured at 37 °C with freshly
isolated mitochondria according to previously described meth-
ods."'® Oxygen consumption rate was monitored with a fluo-
rescence-based oxygen sensor (Ocean Optics, Neofox HIOXY
oxygen probe). Mitochondria (0.25 mg/mL) were loaded
into an airtight chamber in oxidative phosphorylation buffer
(210 mmol/L MOPS (4-Morpholinepropanesulfonic acid), 70
mmol/L mannitol, 10 mmol/L sucrose, 5 mmol/L KH,PO,, pH
7.4) with the following substrates: (1) malate (1 mmol/L) and
pyruvate (0.1 mmol/L) or (2) malate (1 mmol/L) and palmitoyl-
L-carnitine (25 pmol/L) in buffer supplemented with 0.05%
fatty acid—free BSA. Mitochondrial respiratory state Il was
measured as the basal oxygen consumption rate; state Ill was
measured as the maximal oxygen consumption rate on ADP
supplementation; and state IV was measured as the ADP-
independent oxygen consumption rate after ADP exhaustion.
Each sample was assayed 3 times with each substrate.

Statistical Analysis

Data are expressed mean+SEM. Statistical difference was
assessed by 2-tailed, unpaired Student t tests for experiments
with 2 groups and 1-way or 2-way ANOVA with Tukey post
hoc analysis for multiple comparisons as appropriate in exper-
iments with >3 groups. A value of P<0.05 was considered sta-
tistically significant. Statistical analyses were conducted with
GraphPad Prism software 8.0.

RESULTS

Cardiomyocyte-Restricted BRD4 Ablation
Results in Contractile Dysfunction and
Dilated Cardiomyopathy

To evaluate the role of BRD4 in cardiac physiology and
disease, we engineered mice with cardiomyocyte-spe-
cific BRD4 deletion by targeting the critical exon 5 (Fig-
ure 1A). With a Cre-loxP system, aMHC-Cre—mediated
targeting yielded efficient and specific decreases in BRD4
protein levels in the myocardium (Figure 1B and Figure
IA and IB in the Data Supplement), specifically from the
nucleus of cardiomyocytes (Figure IC and IB in the Data
Supplement). Deletion of cardiomyocyte BRD4 during
late cardiogenesis (embryonic day 11.5-12.5 by aMHC)
did not affect gross cardiac morphology at birth or al-
ter animal growth (Figure ID and IE in the Data Supple-
ment). However, mice with cardiomyocyte BRD4 knock-
out (cKO) manifested progressive contractile dysfunction
with age. Fractional shortening, a measure of ventricular
contractility, manifested a slight decrease in cKO mice
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Figure 1. Cardiomyocyte-specific silencing of BRD4 (bromodomain-containing protein 4) in developing heart results in postnatal dilated cardio-
myopathy.

A, Schematic of BRD4 conditional allele. B, Representative immunoblot of BRD4 in wild-type (WT) vs knockout (KO) left ventricular (LV) lysates at 4 weeks of age.
C, Representative echo image at 4 weeks of age, B-mode and M-mode. D, Echocardiographic analysis of WT and BRD4 cardiomyocyte-specific KO (cKO) at 2, 4,
and 6 to 8 weeks of age (n=3-5 per group). **P<0.01, ***P<0.005, ****P<0.001 vs age-matched WT. E, Survival curve of BRD4 cardiomyocyte deletion mouse
(n=11-12 per group). ****P<0.001 vs WT. F, Lung congestion measured by wet lung weight normalized to tibia length over at 2, 4, and 6 to 8 weeks of age
(n=3-5 per group). ****P<0.001 vs WT. G, LV mass measured by echo at 2, 4, and 6 to 8 weeks (n=3-5 per group). *P<0.05 vs WT. H, Representative 4-chamber
cross section at 4 and 6 weeks of age, trichrome stained. Scale bar=20 mm. I and J, Representative images and quantification of cardiac fibrosis by trichrome
staining at 4 to 8 weeks of age (n=5-8 per group); scale bar, 100 pm. FS indicates fractional shortening. ***P<0.005 vs WT and cardiac fiber size by wheat germ

agglutinin staining at 6 to 8 weeks of age (n=5-8 per group); scale bar, 25 ym.

at the earliest time points tested (2 weeks), with pro-
gressive declines over time (Figure 1C and 1D and Table
| in the Data Supplement). These mice also manifested
pulmonary edema, a sign of heart failure, and increased
mortality: 50% mortality at 6 weeks and nearly 100%
mortality by 10 weeks of age (Figure 1E and 1F). His-
tological analysis of LV tissue revealed significant thin-
ning of the ventricles and interstitial fibrosis (Figure 1H
and 11). Whereas measurements of LV mass and heart

Circulation. 2020;142:2356—2370. DOI: 10.1161/CIRCULATIONAHA.120.047239

weight/tibia length revealed significant increases at late
time points (6-8 weeks) compared with age-matched
WT mice (Figure 1G and Table | in the Data Supplement),
measurements of cross-sectional area did not reveal evi-
dence of an increase, suggesting a lack of concentric
hypertrophic growth (Figure 1J). The cKO hearts exhib-
ited eccentric remodeling (elevated LV mass and relative
wall thickness <0.42; Table | in the Data Supplement).
In summary, genetic disruption of BRD4 selectively in
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cardiomyocytes triggered an unexpected and progressive
pathological remodeling response, culminating in dilated
cardiomyopathy (DCM) and early mortality.

BRD4 Deletion in Adult Heart Provokes
Contractile Dysfunction and Heart Failure

Next, we tested the role of BRD4 in mature adult
hearts by engineering an inducible cKO model using
an aMHC-MCM driver. The adult cKO cohorts were
injected with tamoxifen at 8 weeks of age, and a va-
riety of cardiac parameters were monitored over time
(Figure IF in the Data Supplement). The inducible cKO
line manifested tamoxifen- and Cre-specific deletion of
BRD4 protein from the adult myocardium by 2 weeks
after tamoxifen injection (Figure 2A and Figure IG and

Epigenetic Reader BRD4 and Cardiac Mitochondria

IH in the Data Supplement). Adult BRD4-null hearts
maintained normal contractile function until 3 weeks
after injection and then developed progressive sys-
tolic dysfunction and chamber dilation, coupled with
signs of heart failure and increased mortality, similar
to aMHC-Cre cKO mice (Figure 2B—2E and Table Il in
the Data Supplement). In contrast to the aMHC-Cre
cKO, adult-onset BRD4-null hearts did not develop sig-
nificant fibrosis but did manifest tissue hypertrophy as
evidenced by elevated cross-sectional area of LV fibers
and LV mass (Figure 2F and 2G and Table Il in the Data
Supplement). Appropriate control groups for tamoxifen
injections and aMHC-MCM transgene were tested (Fig-
ure Il in the Data Supplement).

Together, findings from the 2 BRD4 cKO models in-
dicate that BRD4 is required to maintain contractile
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Figure 2. Cardiomyocyte (CM)-specific deletion of BRD4 (bromodomain-containing protein 4) in adult heart results in heart failure.

A, Representative immunoblot for BRD4 in wild-type (WT) vs knockout (KO) left ventricular (LV) lysates at 2 weeks after tamoxifen (Tam) injection (arrow indicates
the BRD4-FL band). B, Representative echo image at 5 weeks after Tam, B-mode and M-mode. C, Echocardiographic analysis of WT and BRD4 CM-specific KO
(cKO) at 2, 3, 5, and 7 weeks after Tam (n=3-7 per group). ****P<0.001 vs WT. D, Survival curve of BRD4 CM-deletion mouse (n=10-14 per group). **P<0.01 vs
WT. E, Lung congestion measured by wet lung weight (LW) normalized to tibia length (TL) at 5 and 7 weeks after Tam (n=6-8 per group). ***P<0.005 vs WT. F,
Representative images and quantification of cardiac fiber size by wheat germ agglutinin stain (n=6-8 per group); scale bar, 25 um. *P<0.05, **P<0.01 vs WT. G,
Representative 2-chamber cross section, trichrome-stained at 5 and 7 weeks after Tam, and quantifications of tissue fibrosis (n=6-8 per group).
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function of the myocardium in postnatal stages and
in adulthood. These genetic BRD4 disruption studies
are in marked contrast to pharmacological inhibition
studies that reported stable baseline function (up to 4
weeks reported).* In addition, we observed that hap-
loinsufficiency of BRD4 (BRD4"- aMHC-Cre line) re-
sulted in a decrease in BRD4 protein levels and devel-
opment of heart failure by 6 months of age, followed
by premature mortality by 12 months (Figure IIIA-IIID
in the Data Supplement). In aggregate, these findings
strongly suggest the existence of a dose-dependent
requirement for BRD4 protein to maintain myocardial
functional homeostasis.

Transcriptomic Profiling Reveals Shared
and Distinct Profiles

To identify mechanisms leading to myocardial dysfunc-
tion after BRD4 silencing in cardiomyocytes, we con-
ducted a comprehensive RNA-seq analysis of early tran-
scriptomic changes in BRD4-null hearts. To minimize the
contribution of secondary changes occurring as a result
of a heart failure phenotype, we studied adult inducible
BRD4 cKO animals before the emergence of an overt
cardiac phenotype. To query mechanisms underlying the
phenotypic differences between genetic BRD4 ablation
and pharmacological BRD4 inhibition, we studied JQ1-
treated hearts as a comparison group (Figure 3A). At
the time of tissue collection, all groups exhibited normal
contractile function with unaltered hypertrophy mark-
ers except for a slight elevation of ANP (atrial natriuretic
peptide) in the cKO group (Figure IVA-IVC in the Data
Supplement). BET protein inhibitor response genes were
altered in JQ1-treated hearts as previously reported.

The poly A—enriched transcriptome was evaluated
from whole LV of WT, cKO, and JQ1-treated mice. The
resulting data set manifested distinct segregation across
the 3 groups (Figure IVD in the Data Supplement), with
>3000 differentially expressed genes (Figure 3B). Com-
parative analysis of cKO and JQ1 groups revealed shared
and disparate gene sets (Figure 3C). A quarter of the
JQ1-induced transcriptome changes overlapped with
the cKO gene set, suggesting cardiomyocyte BRD4-
specific targets. The JQ1-unique gene set, which rep-
resents BRD4-independent changes in cardiomyocytes
plus BET inhibition-regulated transcripts in noncardio-
myocytes, was enriched in cell adhesion, cell growth,
and autophagy pathways (Figure 3D).

Whereas the JQ1-unique group involved a larger
number of altered genes, the enriched pathways dis-
played relatively higher adjusted P values, suggesting
overall broad and scattered alterations. In contrast, the
cardiomyocyte BRD4-specific gene sets, both shared
and cKO unique, were enriched in mitochondrial me-
tabolism and ETC pathways with significantly smaller
adjusted P values (Figure 3D). Half of the genes altered
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in cKO were not shared with JQ1; a cKO-unique gene
set suggests existence of bromodomain-independent
transcriptional control by BRD4 or a large efficacy gap
between JQ1-mediated inhibition and the complete si-
lencing of BRD4.

We dissected differential gene expression further by
conducting module analysis to identify gene subsets
(Figure 3E and 3F). A total of 16 gene modules were
identified with the top 5 showing significant enrich-
ment scores. The first ranked module (M1), encom-
passing genes uniquely downregulated by JQ1, was en-
riched in cell growth and mobility pathways, whereas
modules uniquely downregulated in the cKO data set
(M2) were enriched in mitochondrial protein complex IV
genes. Genes downregulated in both the cKO and JQ1
data sets (but with greater enrichment in cKO) strongly
conformed to mitochondrial energetic pathways (M3).
Genes downregulated in both (but to a greater degree
in JQ1; M4) or uniquely upregulated in JQ1 (M5) are
involved in fatty acid and lipid metabolism. For each
module, gene hub analysis was performed to identify
potential signaling nodes by assessing known interac-
tions and coexpression patterns between genes (Figure
V and Table lll in the Data Supplement). Many of the
identified gene hubs in top modules included highly
muscle-enriched molecules, whereas gene hubs in low-
er-ranking modules were ubiquitously expressed.

Altogether, the RNA-seq findings provide a detailed
transcriptomic comparison between pharmacological
BET protein inhibition and genetic ablation of BRDA4.
BET protein inhibition results in broad changes in car-
diac transcript abundance, whereas BRD4-specific dis-
ruption, both deletion and inhibition, results in early
and significant changes in nucleus-encoded mito-
chondrial genes.

Cardiomyocyte BRD4 Regulates Nucleus-
Encoded Mitochondrial Gene Expression

To further dissect BRD4-dependent regulation of mi-
tochondria, we isolated cKO-specific gene sets for
in depth analysis, finding that there are 2-fold more
downregulated genes than upregulated genes in cKO
compared with WT (Figure 4A). As in the previous anal-
ysis, the most significant pathways altered in cKO were
mitochondrial ETC genes regulating ATP synthesis and
oxidative phosphorylation; in addition, we identified
significant downregulation of calcium handling/excita-
tion-contraction coupling pathways and upregulation
of myocardial remodeling genes (Figure 4B and 4C).
RNA-seg-identified transcript changes were validated
by quantitative polymerase chain reaction (qPCR) in
both LV and isolated adult mouse ventricular myocyte
samples, at both early and late stages, and in both Cre
lines (Figure 4E and Figure IVE in the Data Supplement).
Furthermore, the validated mitochondrial genes were
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Figure 3. BRD4 (bromodomain-containing protein 4) deletion vs inhibition reveals shared and unique transcriptomic profiles.

A, Schematic for RNA-sequencing sample collection with 3 groups: wild-type (WT), cardiomyocyte-specific knockout (cKO) at 2 weeks after induction, and JQ1
after 2 weeks of treatment (n=4 per group). B, Heat map of differentially expressed genes between all groups (adjusted P<0.05). C and D, Venn diagram between
cKO vs WT and JQ1 vs WT groups and top 3 Gene Ontology (GO) terms for each compartment (adjusted P<0.05). E, Heat map of the module analysis for dif-
ferentially expressed genes between all groups (fold change>1.5, P<0.05) with total number of genes per module. F, Significant GO terms for top 5 gene modules.

not altered in conventional pressure overload—induced
heart failure samples (Figure IVF in the Data Supple-
ment), suggesting BRD4-specific regulation rather than
heart failure—driven changes. Metabolite network anal-
ysis of downregulated genes in cKO tightly conformed
to NADH, oxygen, and redox-sensitive metabolites (Fig-
ure 4D), corroborating the finding that cardiomyocyte
BRD4 is specifically involved in driving genes involved in
the mitochondrial ETC.

BRD4 Controls Mitochondrial
Homeostasis in the Myocardium by
Driving ETC Protein Expression

To test whether BRD4-driven changes in transcrip-
tion result in functional changes in cardiac ETC ca-
pacity, we conducted enzyme activity assays for each

2362 December 15, 2020

mitochondrial ETC complex. On the basis of RNA-seq
trends, complexes |, lll, and IV, as well as TCA cycle en-
zymes, were expected to be altered (Figure 5A). Mito-
chondria were isolated from WT and cKO ventricles at
the onset of cardiac dysfunction (Figure 5B); sham and
TAC hearts with comparable myocardial function were
used as controls to distinguish BRD4-driven changes
from heart failure—driven changes (Figure 5C and Figure
VIA and VIB in the Data Supplement).

Mitochondria from BRD4 KO myocardium displayed
marked deterioration in ETC activity per mitochondri-
on. Overall proton pump capacity (complexes |, lll, IV),
measured by maximal NADH oxidation rate, was sig-
nificantly decreased in both the constitutive and induc-
ible cKOs (Figure 5D and Figure VIC in the Data Supple-
ment). Each complex measured in isolation (complexes
I, I, IV) corroborated reduced ETC activity (Figure 5E). In

Circulation. 2020;142:2356—2370. DOI: 10.1161/CIRCULATIONAHA.120.047239
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Figure 4. Transcriptome analysis of BRD4 (bromodomain-containing protein 4)-null heart reveals early and significant changes in nucleus-encoded
mitochondrial gene network involved in the electron transport chain (ETC).

A, Volcano plot of differentially expressed coding and noncoding genes between wild-type (WT,

) and cardiomyocyte-specific knockout (cKO) groups (fold change [FC]>1.5,

adjusted P<0.05). B, Top 3 Gene Ontology (GO) terms, upregulated or downregulated in cKO vs WT (FC>1.5, adjusted P<0.05). C, Top enriched gene set from Gene Set
Enrichment Analysis for cKO vs WT against Hallmark gene sets. Adjusted P<0.05 represents statistical significance. D, Metabolic network analysis of the altered genes in
cKO vs WT (FC>1.5, adjusted P<0.05). Nodes labeled by top ontology terms from the Human Metabolome Database. E, Quantitative polymerase chain reaction validation

of RNA-sequencing—identified cKO-specific downregulated and upregulated genes

in aMHC-Cre lines at 4 weeks of age and aMHC-MerCreMer at 5 weeks after tamoxi-

fen Tam (n=4-5 per group); all shown genes are significantly altered compared with WT (P<0.05 by 2-way ANOVA). NES indicates Normalized Enrichment Score.

comparison, mitochondria isolated from TAC-induced
failing hearts exhibited intact ETC function per mito-
chondrion, suggesting that the diminished ETC activity

Circulation. 2020;142:2356—2370. DOI: 10.1161/CIRCULATIONAHA.120.047239

in cKO is a heart failure-independent phenotype. In ad-
dition to ETC complexes, TCA cycle enzymes downreg-
ulated in cKO (MDH, CS, SDH) manifested decreased
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Figure 5. BRD4 (bromodomain-containing protein 4) deletion in cardiomyocytes leads to mitochondrial electron transport chain (ETC) dysfunction.
A, Significant RNA-sequencing transcript changes of ETC and tricarboxylic acid (TCA) cycle genes in cardiomyocyte-specific knockout (cKO) vs wild-type (WT).
B, Schematic of mitochondrial ETC and animal models for ventricular mitochondria isolation: WT and aMHC cKO at 4 weeks of age and sham and TAC

5 weeks after surgery. C, Contractile function by echo of samples for mitochondrial enzyme activity assays, aMHC cKO, and TAC sets (n=5-8 per group).
*P<0.05, ***P<0.005, ****P<0.001 vs WT or sham. D, Maximal NADH oxidase activity measured by NADH consumption rate of isolated ventricular mitochon-
dria at room temperature (RT; n=5-8 per group). ***P<0.005, ****P<0.001 vs WT or BRD4 KO. E, Individual ETC complex maximal activity measurement of
isolated ventricular mitochondria at RT (n=8 per group). *P<0.05, **P<0.01, ***P<0.005 vs WT. F, TCA cycle enzyme maximal activity of isolated mitochondria
at RT (n=8 per group). *P<0.05, **P<0.01 vs WT. G, Immunoblot of mitochondrial proteins and enzymes in isolated ventricular mitochondria from aMHC cKO
and TAC sets. H, Oxygen consumption measurement of isolated mitochondria at 37 °C using different substrates, palmitoyl-carnitine and pyruvate (n=5 per
group). ****P<0.001 vs WT.
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Figure 6. Summary figure.
Cardiomyocyte BRD4 (bromodomain-containing

BRD4 WT BRD4 CKO protein 4) plays an indispensable role in
Facilitates nucleus-encoded driving cardiac gene expression, in particu-
itochondrial Loss of mitochondrial lar, nucleus-encoded mitochondrial respira-
mitochondrial gene enzymes tory enzymes. Without BRD4, cardiomyocyte

electron transport chain function deteriorates
owing to depletion of key enzymes, resulting in
depressed respiration and mitochondrial mem-
brane potential (AW, ). BRD4 cardiomyocyte
(CM)-specific knockout (cKO) hearts progress to
severe contractile dysfunction and heart failure.
TCA indicates tricarboxylic acid; TF, transcription
factor; and WT, wild-type.

activity per mitochondrion. In contrast, the activity of
oKGDH, the transcript of which was not altered by
BRD4 ablation, remained intact (Figure 5F). Immunob-
lot analysis of mitochondrial protein lysate loaded in
equal amounts revealed clear reductions in numerous
mitochondrial enzymes, including those in the ETC, as
well as in other metabolic processes, consistent with
alterations in their transcripts (Figure 5G).

To test whether changes in enzyme activities affect
mitochondrial oxidative phosphorylation capacity, we
measured mitochondrial O, consumption in the pres-
ence of different metabolic substrates (Figure 5H).
Mitochondria from BRD4-null myocardium exhibited
depressed capacity to utilize both fatty acid and py-
ruvate for energy production. To corroborate studies
conducted in isolated mitochondria, we imaged intact
mitochondria in isolated neonatal rat ventricular myo-
cytes subjected to transient, siRNA-driven BRD4 silenc-
ing (Figure VID-VIF in the Data Supplement). BRD4 si-
lencing diminished mitochondrial membrane potential
as measured by Mitotracker Red CMXRos staining.

In summary, these findings led us to conclude
that cardiomyocyte BRD4 transcriptionally regulates

Circulation. 2020;142:2356—2370. DOI: 10.1161/CIRCULATIONAHA.120.047239

expression of key mitochondrial ETC and TCA cycle en-
zymes to maintain myocardial energetic homeostasis.

BRD4 Links Key TFs Involved in Cellular
Energetics With Mitochondrial Gene
Transcription

To unveil a link between the epigenetic adapter BRD4
and transcriptional regulation of mitochondrial gene
networks, we explored candidate TFs. To identify pu-
tative TFs involved in BRD4-mediated cardiomyocyte
gene regulation, the cKO-regulated gene list was que-
ried against multiple TF databases based on chromatin
interaction or TF perturbation studies. Converging “top
hits” from 4 databases yielded a total of 13 TF groups
that appeared more than once across databases; only 1
TF family, estrogen-related receptors (ESRRs), appeared
across all databases (Figure VIIA and Table IV in the
Data Supplement). Individual TFs identified from the
analysis were then scored and ranked by a combined
enrichment score in each database and the number of
appearances across databases (Figure VIIB in the Data
Supplement). Top-ranking TF candidates with known
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expression in the heart included ESRRa, PPARa, NFE2L2
(or NRF2), and YY1; all 4 TFs have been shown to regu-
late cellular energetics in many organs, including the
heart. Of note, the top 4 candidate TFs along with 3 ad-
ditional TFs with significant presence—GATA4, ESRR,
and ESRRy—covered >60% of BRD4 cKO downregu-
lated genes (Table V in the Data Supplement).

We tested the top-ranking TF, ESRRa, for involve-
ment in BRD4-mediated mitochondrial gene regulation.
Indeed, we located ESRRa-binding motifs in promoter
regions of many cKO downregulated mitochondrial
genes, including Mcad and Sdhb, both of which were
confirmed with a decrease in message and protein
levels (Figure 5G). Chromatin immunoprecipitation
(ChIP)-gPCR analysis of Mcad and Sdhb promoters us-
ing cardiomyocyte chromatin was performed on 2 sites,
region A, a negative control region without estrogen
related receptor element (ERRE), and region B, an ERRE-
containing region within 1kb of the transcription start
site, against BRD4, ESRRa, and RNA Pol-Il (Figure VIIC
and VIID in the Data Supplement). ChIP-qPCR results re-
vealed that (1) BRD4 binds regions harboring an ERRE,
with clear displacement in BRD4 cKO, and (2) ESRRa
is displaced from the ERRE-containing regions of each
promoter in the absence of BRD4 (Figure VIIC and VIID
in the Data Supplement).

DISCUSSION

In this study, we uncovered an indispensable role for
BRD4 protein in preserving myocardial contractile func-
tion and mitochondrial homeostasis. Using a cardio-
myocyte-specific BRD4-deletion model, we found that
BRD4 regulates mitochondrial gene expression in the
myocardium. Loss of BRD4 protein leads to dramatic
downregulation of expression of key nucleus-encoded
mitochondrial genes, as well as genes involved in ex-
citation-contraction coupling. These changes lead to
cardiomyocytes depleted of critical enzymes involved in
the mitochondrial proton gradient (ETC) and metabolite
cycling (TCA cycle and lipid oxidation); the consequence
is progressive declines in ventricular contractile perfor-
mance, ventricular dilatation, and cardiomyopathy. In
the end, our findings demonstrate a physiological role
for BRD4 in maintaining normal cardiomyocyte biol-
ogy, in contrast to previous reports suggesting a role for
BRD4 in promoting pathological cardiac remodeling.

BRD4 and Transcriptional Control

BRD4 is known to play an integral role in the formation
of superenhancers, clusters of enhancers with dense
enrichment of transcriptional machinery and activ-
ity. A comprehensive characterization of superenhanc-
ers within multiple tissue types'® revealed that many
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superenhancers are located at genomic loci harboring
“cell identity” genes, genes that are highly expressed
to enable specialized tissue function. Considering this,
our findings that BRD4 is specifically enriched at mi-
tochondrial and calcium handling gene loci, both of
which are highly expressed and crucially important in
cardiac muscle, are perfectly in line with the known
biology. Surprisingly, whereas mitochondrial and ex-
citation-contraction coupling genes were disrupted in
BRD4 KO hearts, sarcomere genes, another set of high-
ly expressed, myocyte-specific genes suggested to be
regulated by superenhancers, were largely unaltered in
BRD4 cKO mice even at late stages after deletion (data
not shown). As expected in these failing hearts lacking
BRD4, some remodeling-associated cytoskeletal genes
were altered. Further analysis using chromatin-survey-
ing techniques such as assay for transposase-accessible
chromatin—-sequencing and Hi-C seq is required to as-
sess the impact of BRD4 disruption on chromatin topol-
ogy and accessibility of these genomic regions.

Gene Defects in DCM

Many genetic defects have been linked to nonischemic
DCM. Genetic disruptions of the sarcomere, excitation-
contraction coupling, mitochondria, nuclear integrity,
and cardiac TFs are major factors contributing to DCM
pathogenesis.?® The present study reveals the epigen-
etic linker BRD4 as a previously unrecognized, poten-
tial element in DCM. Mouse models targeting proteins
known to interact with BRD4 on chromatin—Mediator
components (eg, CDK8, MED1, MED12) and key car-
diac TFs (eg, GATA4, ESRRa/p)—exhibit a phenotype
similar to BRD4 cKO: development of systolic dysfunc-
tion at a young age that progresses to DCM-like pa-
thology.?'-?> The role of BRD4 in bridging TFs to tran-
scriptional machinery such as the Mediator complex on
chromatin, coupled with the converging phenotypes
of these mouse models, suggests that BRD4, Mediator,
and key cardiac TFs function together to maintain car-
diac muscle homeostasis, all taking place in addition to
the previously reported role of BRD4 in cardiac remod-
eling.#>®#26 A unique aspect for BRD4 among its tran-
scriptional partners is that it is a druggable target, with
BET BRD inhibitors being actively tested in both preclini-
cal and clinical studies in various applications, including
cancer. However, our study, revealing severe phenotypic
consequences of BRD4 disruption in the heart, even in
the setting of haploinsufficiency, raises concern about
potential cardiotoxic side effects of long-term BET in-
hibitor exposure.

BRD4 and Mitochondria

Genetic disruption of cardiomyocyte BRD4 either in
the developing heart (aMHC-Cre) or in the mature

Circulation. 2020;142:2356—2370. DOI: 10.1161/CIRCULATIONAHA.120.047239
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adult heart (inducible Cre) triggered systolic dys-
function. However, the developmental and inducible
deletion models differed in phenotype severity: Al-
though both resulted in severe systolic dysfunction,
aMHC-Cre cKO displayed DCM-like pathology with
dilated ventricles, whereas the adult cKO displayed
a heart failure phenotype with myocyte hypertrophy.
In the early postnatal phase of development, cardio-
myocyte mitochondrial biomass increases as myo-
cytes grow, and metabolism shifts toward fatty acid
oxidation. This burst of mitochondrial synthesis may
account for the increased sensitivity to loss of BRD4
observed in aMHC-Cre cKO hearts. In contrast, loss
of BRD4 in mature adult heart manifests a phenotype
later, potentially as the natural turnover of mitochon-
dria continues. In both models, BRD4 ablation led to
marked downregulation of nucleus-encoded mito-
chondrial and metabolic gene transcription before
any overt phenotypic manifestation. By the time a
cardiac phenotype manifests, mitochondrial ETC and
TCA cycle enzyme activities are impaired. In contrast,
pressure overload—induced cardiac remodeling, a
classic model of systolic HF, did not provoke changes
in the mitochondrial transcriptome or mitochondrial
function. The unique mitochondrial and metabolic
signature of BRD4 KO hearts suggests that BRD4 KO-
driven systolic dysfunction arises from inadequate
energy provision.

The role of BRD4 in cell cycle control and differenti-
ation has made it an attractive target for therapeutics
in the treatment of cancer. For example, many hema-
topoietic cancers depend on high levels of BRD4 activ-
ity for expression of Myc.?” A recent study'® suggested
that BRD4 may also govern mitochondrial fission in
malignant cells to promote metabolism, supporting
growth. In fact, many tumor cells are marked by el-
evated metabolic rates to meet, and even exceed, the
bioenergetic and biosynthetic demands of continuous
cell growth. Whereas cardiomyocytes are postmitotic,
they naturally have high bioenergetic demand to sup-
port mechanical contraction. This common feature of
high metabolic demand in tumors and the heart may
be a shared mechanism of susceptibility to BRD4 tar-
geting. On the other hand, a conflicting report sug-
gested that, in human hybrid cells harboring a specific
mitochondrial DNA mutation, BRD4 functioned as a
negative regulator of nuclear mitochondrial transcrip-
tion."” Our data suggest that BRD4 acts as a driver of
mitochondrial dynamics and function, which may be
linked to cardiomyocyte-specific superenhancer activi-
ty. A recent study® reported that potent BET inhibition
with a second-generation BET inhibitor (I-BET-151) in-
duced adverse cardiac side effects, including disrupted
mitochondria. This report is in line with our findings
that BRD4 activity is essential in driving mitochondrial
homeostasis in the heart.

Circulation. 2020;142:2356—2370. DOI: 10.1161/CIRCULATIONAHA.120.047239
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Comparisons With Pharmacological
Suppression

Genetic targeting of BRD4 in cardiomyocytes resulted
in an outcome distinct from effects observed with JQ1
inhibition. In previous studies, JQ1 administration in ani-
mals (once daily for 4 weeks) did not provoke baseline
cardiac dysfunction and was protective in the context of
pathological hypertrophy. In our study, we also did not
observe any effect of JQ1 on baseline cardiac function
in the period we monitored (once daily injection for 2
weeks), yet we did observe changes in nucleus-encoded
mitochondrial gene transcription in JQ1-treated hearts
(Figure 3). In particular, BRD4-specific changes (shared
gene set between JQ1 and cKO) were enriched in mi-
tochondrial respiration genes, even though decreases
observed in JQ1-treated hearts were blunted compared
with cKO hearts. This may be a reflection of the nature
of JQ1 as a competitive inhibitor that blocks the acetyla-
tion binding pocket in BRD4. It is possible that the mul-
tivalent contacts that occur among transcriptional com-
ponents in superenhancer regions may afford some level
of protection to this disruption. In addition, animals with
BRD4 heterozygous deletion developed delayed heart
failure (Figure Ill in the Data Supplement), suggesting
that a decreased level of BRD4 protein is also toxic to the
heart over an extended period of time. Considering the
suboptimal pharmacokinetic properties of JQ1 in vivo,
second-generation BET inhibitors with improved effi-
cacy and pharmacokinetics will need to be monitored
for changes in these gene products. Such studies will
help us determine whether enhanced efficacy of BRD4
inhibition has the potential to trigger deleterious effects
or point to a new possibility that BRD4 harbors critical
bromodomain-independent functions in the heart.

Mammalian BRD4 is known to have splice variants.
The long variant is the most extensively studied isoform
with a unique C-terminal domain that enables interac-
tions with transcriptional machinery, including pTEFB
and Mediator.2>3° The short variants lack this C-termi-
nal domain; they are less well characterized but have
been highlighted recently for their unique biology.3' In
the heart, nothing is known about BRD4 isoforms, yet
JQ1 targets a common feature of all BRD4 isoforms.
In addition to BRD4 isoforms, we must consider other
BRD proteins, BRD2 and BRD3, when interpreting phar-
macological effects because these proteins are also
inhibited by JQ1 and other BET inhibitors. In fact, our
RNA-seq data reveal that cardiomyocyte BRD4-specific
changes account for only a quarter of the JQ1-altered
transcriptome. Other BRD proteins have been identified
with different epigenetic interactomes in various tissue
contexts, but no work has been conducted to date in
the heart. The present report marks a step toward de-
lineating the precise roles of these epigenetic readers in
cardiac biology.
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TF Interactions

In addition to its role in enhancer regulation, BRD4
recruits and modifies transcriptional machinery at
gene promoters, for example, the RNA Pol-ll and
pTEFb complexes for transcriptional pause-release
and elongation.? In the present study, we uncovered
candidate TFs that may work with BRD4 in controlling
mitochondrial and calcium-handling gene transcrip-
tion in the myocardium. Most of the top candidates
identified—ESRR and PPAR nuclear receptors, NRF2
redox regulator, YY1, and GATA TFs—are known al-
ready to have important roles in cardiac development
and physiology.**=*¢ In validation of the top candidate
ESRRa, we located TF-binding motifs in the promot-
ers of cKO downregulated genes and showed with
ChIP-gPCR that BRD4 does indeed bind the ESRR
motif-containing regions on the target loci, and the
loss of BRD4 leads to loss of ESRRa and Pol-Il on the
ERRE-containing promoter region. These data sug-
gest that BRD4 directly affects TF binding, in addition
to the previously described control of transcriptional
pause-release.*

Conclusions and Study Limitations

Work reported here demonstrates that (1) BRD4 is a
novel epigenetic regulator of myocardial energetics and
DCM, (2) BRD4 governs nucleus-encoded mitochon-
drial transcription in cardiomyocytes, and (3) caution is
warranted with BET inhibitor-based therapeutics, high-
lighting the importance of monitoring cardiac function
in oncology trials using BRD4 inhibitors.

Our study has limitations. (1) Transcriptomic analysis
and ChIP-gPCR experiments do not delineate chang-
es in chromatin landscape. Chromatin landscaping
techniques such as assay for transposase-accessible
chromatin—sequencing or H3K27ac ChIP-Seq are re-
quired to test for alterations in promoter and enhancer
occupancy and to probe for potential transcriptional
partners of BRD4 in the heart. (2) Enzyme assays that
we used measure maximum capacity of each complex
rather than activity under physiological conditions.
Metabolite analysis or radioactive pulse-chase stud-
ies would complement our data to assess metabolic
changes in intact heart.

ARTICLE INFORMATION

Received March 29, 2020; accepted October 23, 2020.

The Data Supplement is available with this article at https://www.ahajournals.
org/doi/suppl/10.1161/circulationaha.120.047239.

This manuscript was sent to Prof Ju Chen, Guest Editor, for review by expert
referees, editorial decision, and final disposition.

Correspondence

Joseph A. Hill, MD, PhD, or Thomas Gillette, PhD, Division of Cardiology, Univer-
sity of Texas Southwestern Medical Center, 6000 Harry Hines Blvd, NB11.200,

2368 December 15, 2020

Epigenetic Reader BRD4 and Cardiac Mitochondria

Dallas, TX 75390-8573. Email joseph.hill@utsouthwestern.edu or thomas.gil-
lette@utsouthwestern.edu

Affiliations

Division of Cardiology, Department of Internal Medicine (S.Y.K., G.G.S., FA,,
K.M.E, NJ.,, PAS., HIM., XL, LIS, SL, T.G.G., JAH.), Department of
Molecular Biology (J.A.H.), and Department of Pathology (B.M.E.), University
of Texas Southwestern, Dallas. Institute of Model Animal, Wuhan University,
China (X.Z., H.L.). Department of Cardiovascular Sciences, Houston Method-
ist Research Institute, TX (FA.). Advanced Center for Chronic Disease, Faculty
of Chemical and Pharmaceutical Sciences & Faculty of Medicine, University of
Chile, Santiago (T.A.R.R., V.M.-C., S.L.). Bioinformatics Multidisciplinary En-
vironment, Digital Metropolis Institute, Federal University of Rio Grande do
Norte, Natal, Brazil (TA.R.R., V.M.-C.).

Acknowledgments

The authors thank Drs Cheng-Ming Chiang and Shwu-Yuan Wu (University of
Texas Southwestern Harold C. Simmons Cancer Center) for generously provid-
ing BRD4 C-terminal antibody and for technical advice on BRD4 biochemistry.
They thank the University of Texas Southwestern Histo-Pathology Core and Live
Cell Imaging Facility for experimental support. They thank Dr Thais Gaudencio
(Departmento de Informatica, Centro de Informatica, Federal University of Para-
iba, Brazil) for technical advice on bioinformatics analysis. S.Y.K. designed and
performed the experiments and analyses and drafted the manuscript. G.G.S.
performed and quantified echocardiography. F.A. isolated adult mouse ven-
tricular myocytes and contributed to experimental design. K.M.F. and B.M.E.
contributed to image acquisition and analysis. N.J. performed wheat germ ag-
glutinin staining and RNA isolation. H.I.M. performed the mouse surgeries. X.L.
isolated neonatal rat ventricular myocytes. X.Z. and H.L. generated the BRD4
floxed allele animal. TA.R.R. and V.M.-C. performed bioinformatics analysis.
PA.S. and L.I.S. contributed to mitochondrial enzyme assays. S.L. and T.G.G.
contributed to the experimental design and manuscript preparation. J.A.H.
conceived the project and contributed to manuscript preparation.

Sources of Funding

This work was supported by grants from National Institutes of Health: HL-
120732 (Dr Hill), HL-128215 (Dr Hill), HL-126012 (Dr Hill), HL-147933 (Dr
Hill), TROTHL138983 (Dr Szweda), F32HL136151 (Dr French); American Heart
Association (AHA): 14SFRN20510023 (Dr Hill), 14SFRN20670003 (Dr Hill),
AHA predoctoral fellowship 16PRE29660003 (Dr Kim), AHA and the Theo-
dore and Beulah Beasley Foundation 18POST34060230 (Dr Schiattarella),
AHA postdoctoral fellowship 16POST30680016 (Dr Altamirano), and AHA ca-
reer development grant 19CDA34680003 (Dr Altamirano); Fondation Leducq
TransAtlantic Network of Excellence 11CVD04 (Dr Szweda); University Fed-
erico Il of Naples and Compagnia di San Paolo STAR program (Dr Schiattarel-
la); Cancer Prevention and Research Institute of Texas RP110486P3 (Dr Hill);
Agencia Nacional de Investigacion y Desarrollo, Chile: FONDAP15130011 (Drs
Lavandero and Maracaja-Coutinho) and FONDECYT1200490 (Dr Lavandero);
and Coordenacao de Aperfeicoamento de Pessoal de Nivel Superior, Brazil:
PhD fellowship (Dr Ramos).

Disclosures

None.

Supplemental Materials

Supplemental Methods

Data Supplement Tables -V
Data Supplement Figures I-VII
References 37 to 50

REFERENCES

1. Gillette TG, Hill JA. Readers, writers, and erasers: chromatin as the white-
board of heart disease. Circ Res. 2015;116:1245-1253. doi: 10.1161/
CIRCRESAHA.116.303630

2. Kim SY, Morales CR, Gillette TG, Hill JA. Epigenetic regulation in heart
failure. Curr Opin Cardiol. 2016;31:255-265. doi: 10.1097/HCO.
0000000000000276

Circulation. 2020;142:2356—2370. DOI: 10.1161/CIRCULATIONAHA.120.047239


mailto:joseph.hill@utsouthwestern.edu
mailto:thomas.gillette@utsouthwestern.edu
mailto:thomas.gillette@utsouthwestern.edu

120z ‘Gz aunc uo Aq Blio'sfeuinofeye//:dny woly pepeojumod

Kim et al

20.

21.

22.

23.

. Backs J, Olson EN. Control of cardiac growth by histone acetyla-

tion/deacetylation. Circ Res. 2006;98:15-24. doi: 10.1161/01.RES.
0000197782.21444.8f

. Anand P, Brown JD, Lin CY, Qi J, Zhang R, Artero PC, Alaiti MA, Bullard J,

Alazem K, Margulies KB, et al. BET bromodomains mediate transcrip-
tional pause release in heart failure. Cell. 2013;154:569-582. doi:
10.1016/j.cell.2013.07.013

. Spiltoir JI, Stratton MS, Cavasin MA, Demos-Davies K, Reid BG, Qi J,

Bradner JE, McKinsey TA. BET acetyl-lysine binding proteins control patho-
logical cardiac hypertrophy. J Mol Cell Cardiol. 2013;63:175-179. doi:
10.1016/j.yjmcc.2013.07.017

. Wu SY, Chiang CM. The double bromodomain-containing chromatin adap-

tor Brd4 and transcriptional regulation. J Biol Chem. 2007;282:13141-
13145. doi: 10.1074/jbc.R700001200

. Filippakopoulos P, Qi J, Picaud S, Shen Y, Smith WB, Fedorov O, Morse EM,

Keates T, Hickman TT, Felletar I, et al. Selective inhibition of BET bromodo-
mains. Nature. 2010;468:1067-1073. doi: 10.1038/nature09504

. Duan Q, McMahon S, Anand P, Shah H, Thomas S, Salunga HT, Huang Y,

Zhang R, Sahadevan A, Lemieux ME, et al. BET bromodomain inhibition
suppresses innate inflammatory and profibrotic transcriptional networks
in heart failure. Sci Trans! Med. 2017;9:eaah5084.

. Dorn GW 2nd. Mitochondrial dynamics in heart disease. Biochim Biophys

Acta. 2013;1833:233-241. doi: 10.1016/j.bbamcr.2012.03.008

. Lesnefsky EJ, Chen Q, Hoppel CL. Mitochondrial metabolism in aging heart.

Circ Res. 2016;118:1593-1611. doi: 10.1161/CIRCRESAHA.116.307505

. BarrowJJ,BalsaE, VerdeguerF, TavaresCD, Soustek MS, Hollingsworth LR4th,

Jedrychowski M, Vogel R, Paulo JA, Smeitink J, et al. Bromodomain in-
hibitors correct bioenergetic deficiency caused by mitochondrial dis-
ease complex | mutations. Mol Cell. 2016;64:163-175. doi: 10.1016/j.
molcel.2016.08.023

. Gelato KA, Schéckel L, Klingbeil O, Ruckert T, Lesche R, Toedling J,

Kalfon E, Héroult M, Lejeune P, Monning U, et al. Super-enhancers define
a proliferative PGC-1a-expressing melanoma subgroup sensitive to BET
inhibition. Oncogene. 2018;37:512-521. doi: 10.1038/onc.2017.325

. Civenni G, Bosotti R, Timpanaro A, Vazquez R, Merulla J, Pandit S, Rossi S,

Albino D, Allegrini S, Mitra A, et al. Epigenetic control of mitochondrial fis-
sion enables self-renewal of stem-like tumor cells in human prostate can-
cer. Cell Metab. 2019;30:303-318.e6. doi: 10.1016/j.cmet.2019.05.004

. Hill JA, Rothermel B, Yoo KD, Cabuay B, Demetroulis E, Weiss RM,

Kutschke W, Bassel-Duby R, Williams RS. Targeted inhibition of calcineurin
in pressure-overload cardiac hypertrophy: preservation of systolic function.
J Biol Chem. 2002;277:10251-10255. doi: 10.1074/jbc.M110722200

. Nulton-Persson AC, Szweda LI. Modulation of mitochondrial func-

tion by hydrogen peroxide. J Biol Chem. 2001;276:23357-23361. doi:
10.1074/jbc.M100320200

. Luo C, Long J, Liu J. An improved spectrophotometric method for a more

specific and accurate assay of mitochondrial complex Ill activity. Clin Chim
Acta. 2008;395:38-41. doi: 10.1016/j.cca.2008.04.025

. Lundberg KC, Szweda LI. Preconditioning prevents loss in mitochon-

drial function and release of cytochrome c during prolonged cardiac
ischemia/reperfusion. Arch Biochem Biophys. 2006;453:130-134. doi:
10.1016/j.abb.2006.02.007

. Parra V, Altamirano F, Hernandez-Fuentes CP, Tong D, Kyrychenko

V, Rotter D, Pedrozo Z, Hill JA, Eisner V, Lavandero S, et al. Down
syndrome critical region 1 gene, Rcan1, helps maintain a more fused
mitochondrial network. Circ Res. 2018;122:e20-e33. doi: 10.1161/
CIRCRESAHA.117.311522

. Hnisz D, Abraham BJ, Lee TI, Lau A, Saint-André V, Sigova AA, Hoke HA,

Young RA. Super-enhancers in the control of cell identity and disease. Cell.
2013;155:934-947. doi: 10.1016/j.cell.2013.09.053

McNally EM, Mestroni L. Dilated cardiomyopathy: genetic determi-
nants and mechanisms. Circ Res. 2017;121:731-748. doi: 10.1161/
CIRCRESAHA.116.309396

Baskin KK, Makarewich CA, DeLeon SM, Ye W, Chen B, Beetz N, Schrewe H,
Bassel-Duby R, Olson EN. MED12 regulates a transcriptional network of
calcium-handling genes in the heart. JCI Insight. 2017;2:€91920. doi:
10.1172/ci.insight.91920

Hall DD, Ponce JM, Chen B, Spitler KM, Alexia A, Oudit GY, Song LS,
Grueter CE. Ectopic expression of Cdk8 induces eccentric hypertrophy and
heart failure. JCI Insight. 2017;2:€92476. doi: 10.1172/jci.insight.92476
Rowe GC, Asimaki A, Graham EL, Martin KD, Margulies KB, Das S, Saffitz J,
Arany Z. Development of dilated cardiomyopathy and impaired calcium
homeostasis with cardiac-specific deletion of ESRRB. Am J Physiol Heart
Circ Physiol. 2017;312:H662-H671. doi: 10.1152/ajpheart.00446.2016

Circulation. 2020;142:2356—2370. DOI: 10.1161/CIRCULATIONAHA.120.047239

24.

25.

26.

27.

28.

29.

30.

31.

32.

33

34.

35.

36.

37.

38.

39.

40.

41.

42.

Epigenetic Reader BRD4 and Cardiac Mitochondria

Oka T, Maillet M, Watt AJ, Schwartz RJ, Aronow BJ, Duncan SA,
Molkentin JD. Cardiac-specific deletion of Gata4 reveals its requirement for
hypertrophy, compensation, and myocyte viability. Circ Res. 2006;98:837—
845. doi: 10.1161/01.RES.0000215985.18538.c4

Jia Y, Chang HC, Schipma MJ, Liu J, Shete V, Liu N, Sato T, Thorp EB,
Barger PM, Zhu YJ, et al. Cardiomyocyte-specific ablation of Med1 sub-
unit of the mediator complex causes lethal dilated cardiomyopathy in
mice. PLoS One. 2016;11:e0160755. doi: 10.1371/journal.pone.0160755
Stratton MS, Lin CY, Anand P, Tatman PD, Ferguson BS, Wickers ST,
Ambardekar AV, Sucharov CC, Bradner JE, Haldar SM, et al. Signal-de-
pendent recruitment of BRD4 to cardiomyocyte super-enhancers is sup-
pressed by a microRNA. Cell Rep. 2016;16:1366-1378. doi: 10.1016/j.
celrep.2016.06.074

Delmore JE, Issa GC, Lemieux ME, Rahl PB, Shi J, Jacobs HM, Kastritis E,
Gilpatrick T, Paranal RM, Qi J, et al. BET bromodomain inhibition as a ther-
apeutic strategy to target c-Myc. Cell. 2011;146:904-917. doi: 10.1016/j.
cell.2011.08.017

Piquereau J, Boet A, Pechoux C, Antigny F, Lambert M, Gressette M,
Ranchoux B, Gambaryan N, Domergue V, Mumby S, et al. The BET bromo-
domain inhibitor I-BET-151 induces structural and functional alterations
of the heart mitochondria in healthy male mice and rats. Int J Mol Sci.
2019;20:1527. doi: 10.3390/ijms20071527

Schréder S, Cho S, Zeng L, Zhang Q, Kaehlcke K, Mak L, Lau J, Bisgrove D,
Schnélzer M, Verdin E, et al. Two-pronged binding with bromodomain-
containing protein 4 liberates positive transcription elongation factor b
from inactive ribonucleoprotein complexes. J Biol Chem. 2012;287:1090-
1099. doi: 10.1074/jbc.M111.282855

Sabari BR, Dall’Agnese A, Boija A, Klein IA, Coffey EL, Shrinivas K,
Abraham BJ, Hannett NM, Zamudio AV, Manteiga JC, et al. Coactivator
condensation at super-enhancers links phase separation and gene control.
Science. 2018;361:eaar3958. doi: 10.1126/science.aar3958

Conrad RJ, Fozouni P, Thomas S, Sy H, Zhang Q, Zhou MM, Ott M. The
short isoform of BRD4 promotes HIV-1 latency by engaging repressive
SWI/SNF  chromatin-remodeling complexes. Mol Cell. 2017;67:1001-
1012.e6. doi: 10.1016/j.molcel.2017.07.025

Kanno T, Kanno VY, LeRoy G, Campos E, Sun HW, Brooks SR, Vahedi G,
Heightman TD, Garcia BA, Reinberg D, et al. BRD4 assists elongation of
both coding and enhancer RNAs by interacting with acetylated histones.
Nat Struct Mol Biol. 2014;21:1047-1057. doi: 10.1038/nsmb.2912
Wang T, McDonald C, Petrenko NB, Leblanc M, Wang T, Giguere V,
Evans RM, Patel VV, Pei L. Estrogen-related receptor a (ERRa) and ERRy
are essential coordinators of cardiac metabolism and function. Mol Cell
Biol. 2015;35:1281-1298. doi: 10.1128/MCB.01156-14

Mahmoud AM, Alexander MY, Tutar Y, Wilkinson FL, Venditti A. Oxidative
stress in metabolic disorders and drug-induced injury: the potential role of
Nrf2 and PPARs activators. Oxid Med Cell Longev. 2017;2017:2508909.
doi: 10.1155/2017/2508909

Beketaev I, Zhang Y, Kim EY, Yu W, Qian L, Wang J. Critical role of
YY1 in cardiac morphogenesis. Dev Dyn. 2015;244:669-680. doi:
10.1002/dvdy.24263

Chen F, Zhou J, Li Y, Zhao Y, Yuan J, Cao Y, Wang L, Zhang Z, Zhang B,
Wang CC, et al. YY1 regulates skeletal muscle regeneration through con-
trolling metabolic reprogramming of satellite cells. EMBO J. 2019;38:
€99727. doi: 10.15252/embj.201899727

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

Zerbino DR, Achuthan P, Akanni W, Amode MR, Barrell D, Bhai J, Billis K,
Cummins C, Gall A, Girén CG, et al. Ensembl 2018. Nucleic Acids Res.
2018;46:D754-D761. doi: 10.1093/nar/gkx1098

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

Trapnell C, Hendrickson DG, Sauvageau M, Goff L, Rinn JL, Pachter L. Dif-
ferential analysis of gene regulation at transcript resolution with RNA-seq.
Nat Biotechnol. 2013;31:46-53. doi: 10.1038/nbt.2450

Frankish A, Diekhans M, Ferreira AM, Johnson R, Jungreis |, Loveland J,
Mudge JM, Sisu C, Wright J, Armstrong J, et al. GENCODE reference
annotation for the human and mouse genomes. Nucleic Acids Res.
2019;47:D766-D773. doi: 10.1093/nar/gky955

Amaral PP, Leonardi T, Han N, Viré E, Gascoigne DK, Arias-Carrasco R,
Buscher M, Pandolfini L, Zhang A, Pluchino S, et al. Genomic positional
conservation identifies topological anchor point RNAs linked to develop-
mental loci. Genome Biol. 2018;19:32. doi: 10.1186/513059-018-1405-5

December 15,2020 2369

(=)
=)
=
F—
=
=
=
m
(7]
m
=
=
()
=




=
S
<
<<
Ll
7]
Ll
=
—
=
=
=
=
S

120z ‘Gz aunc uo Aq Blio'sfeuinofeye//:dny woly pepeojumod

Kim et al

43.

44,

45.

46.

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

Kuleshov MV, Jones MR, Rouillard AD, Fernandez NF, Duan Q, Wang Z,
Koplev S, Jenkins SL, Jagodnik KM, Lachmann A, et al. Enrichr: a compre-
hensive gene set enrichment analysis web server 2016 update. Nucleic
Acids Res. 2016;44:W90-W97. doi: 10.1093/nar/gkw377

Russo PST, Ferreira GR, Cardozo LE, Blrger MC, Arias-Carrasco R,
Maruyama SR, Hirata TDC, Lima DS, Passos FM, Fukutani KF, et al. CE-
MiTool: a bioconductor package for performing comprehensive modu-
lar co-expression analyses. BMC Bioinformatics. 2018;19:56. doi:
10.1186/512859-018-2053-1

Liberzon A, Birger C, Thorvaldsdéttir H, Ghandi M, Mesirov JP, Tamayo P.
The Molecular Signatures Database (MSigDB) hallmark gene set collec-
tion. Cell Syst. 2015;1:417-425. doi: 10.1016/j.cels.2015.12.004

2370 December 15, 2020

47.

48.

49.

50.

Epigenetic Reader BRD4 and Cardiac Mitochondria

Altamirano F, Schiattarella GG, French KM, Kim SY, Engelberger F,
Kyrychenko S, Villalobos E, Tong D, Schneider JW, Ramirez-Sarmiento CA,
et al. Polycystin-1 assembles with Kv channels to govern cardiomyocyte
repolarization and contractility. Circulation. 2019;140:921-936. doi:
10.1161/CIRCULATIONAHA.118.034731

Wu SY, Lee AY, Hou SY, Kemper JK, Erdjument-Bromage H,
Tempst P, Chiang CM. Brd4 links chromatin targeting to HPV transcrip-
tional silencing. Genes Dev. 2006;20:2383-2396. doi: 10.1101/gad.
1448206

Lundberg KC, Szweda LI. Initiation of mitochondrial-mediated apoptosis
during cardiac reperfusion. Arch Biochem Biophys. 2004;432:50-57. doi:
10.1016/j.abb.2004.08.025

Bhattacharyya S, Sathe AA, Bhakta M, Xing C, Munshi NV. PAN-INTACT
enables direct isolation of lineage-specific nuclei from fibrous tissues. PLoS
One. 2019;14:e0214677. doi: 10.1371/journal.pone.0214677

Circulation. 2020;142:2356—2370. DOI: 10.1161/CIRCULATIONAHA.120.047239





