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Abstract

BACKGROUND: Gene regulatory networks control tissue homeostasis and disease progression
in a cell-type specific manner. Ubiquitously expressed chromatin regulators modulate these
networks, yet the mechanisms governing how tissue-specificity of their function is achieved are
poorly understood. BRD4, a member of the BET (Bromo- and Extra-Terminal domain) family of
ubiquitously expressed acetyl-lysine reader proteins, plays a pivotal role as a coactivator of
enhancer signaling across diverse tissue types in both health and disease, and has been implicated
as a pharmacologic target in heart failure. However, the cell-specific role of BRD4 in adult
cardiomyocytes remains unknown.

METHODS: We combined conditional mouse genetics, unbiased transcriptomic and epigenomic
analyses, and classical molecular biology and biochemical approaches to understand the role of
BRD4 in adult cardiomyocyte homeostasis.
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RESULTS: Here, we show that cardiomyocyte-specific deletion of Brd4in adult mice leads to
acute deterioration of cardiac contractile function with mutant animals demonstrating a
transcriptomic signature enriched for decreased expression of genes critical for mitochondrial
energy production. Genome-wide occupancy data show that BRD4 enriches at many
downregulated genes (including the master co-activators Ppargcla, Ppargclb, and their
downstream targets) and preferentially co-localizes with GATA4, a lineage determining cardiac
transcription factor not previously implicated in regulation of adult cardiac metabolism. BRD4 and
GATA4 form an endogenous complex in cardiomyocytes and interact in a bromodomain-
independent manner, revealing a new functional interaction partner for BRD4 that can direct its
locus and tissue specificity.

CONCLUSIONS: These results highlight a novel role for a BRD4-GATA4 module in cooperative
regulation of a cardiomyocyte specific gene program governing bioenergetic homeostasis in the
adult heart.

Keywords

epigenetics; mitochondria; cardiomyocyte

INTRODUCTION

Heart failure (HF) is a clinical syndrome that occurs when a weakened heart is unable to
maintain organ perfusion at a level adequate to meet tissue demand, resulting in shortness of
breath, fatigue, and early death. This condition represents a challenge to the healthcare
system accounting for almost 2% of all medical expenditures annually and, despite the
current standard of care, carries a dismal prognosis with a 5-year mortality approaching
50%%2. The mainstays of therapy for HF target neurohormonal signaling pathways with
beta-adrenergic receptor antagonism, inhibition of the renin-angiotensin system, and
augmentation of the natriuretic peptide system, all of which have improved survival in HF
patients®. Despite these successes, the residual burden of morbidity and mortality in HF
remains high, underscoring the need for novel treatment approaches?.

During HF pathogenesis, hemodynamic and neurohormonal stressors activate a network of
signal transduction cascades that converge upon the nucleus, where specific transcription
factors (TFs) drive maladaptive gene expression programs and modulate cell state*>. In
response, the heart undergoes pathologic remodeling characterized by cardiomyocyte (CM)
hypertrophy, interstitial fibrosis, and altered substrate/energy utilization that culminates in
organ-level contractile dysfunction. Studies in animal models of HF have implicated several
nodal TFs (e.g., NFAT, GATA4, MEF2, and NF-xB) as drivers of disease progression
through their induction of gene expression programs that may provide short-term adaptation
to pathologic stress but whose sustained activation progressively weakens cardiac
performance*8. This stress-coupled activation of TFs in HF elicits global changes in
chromatin structure and post-translational modifications on histone proteins, including lysine
acetylation of histone tails, TFs, and other chromatin associated proteins. Given the central
role of signal-coupled gene transcription in cardiac plasticity, manipulation of chromatin-
dependent signaling as a therapeutic approach for HF is of intense interest’ 8,
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Previous work has established a crucial role for the BET (Bromo- and Extra-Terminal
domain) family of acetyl-lysine reader proteins in the epigenetic control of adverse cardiac
remodeling and HF pathogenesis®19. There are four mammalian BET proteins (BRD2,
BRD3, and BRD4 that are ubiquitously expressed and BRDT, which is testis-specific) that
each contain two tandem bromodomains (BDs) that mediate acetyl-lysine binding1-12,
BRD4 is the most studied member of this family and is a highly pursued target in
cancer314. BRD4 associates with acetylated chromatin at active enhancers and promoters,
where it interacts with the transcriptional machinery to activate transcription®. The ability
to probe BET function in mammalian biology was accelerated by the creation of JQ1, a
potent and specific small molecule tool compound that reversibly binds the BDs of all BET
proteins with high affinity’6-17. JQ1 competitively and reversibly displaces BET proteins
from their acetyl-lysine interaction partners on enhancers (e.g., acetylated histones or
acetylated TFs), thereby disrupting signaling between enhancers and promoters®:17. Prior
studies have demonstrated that systemic delivery of JQ1 potently ameliorates HF
pathogenesis in an array of rodent models®10:18.19 However, the precise identity of cell-
types and BET isoforms that mediate these therapeutic benefits remain a major unanswered
question with important translational implications. As systemic delivery of pan-BET
inhibitors such as JQ1 are unable to probe the gene-specific and cell-compartment-specific
functions of BRD4 /n vivo, we set out to discover the role of BRD4 in adult CMs using a
conditional genetic approach in mice.

Here, we identify a critical role for BRD4 in maintaining murine cardiac homeostasis /7
vivo. As germline deletion of Brd4 results in zygotic implantation defects and
haploinsufficiency results in multisystem developmental abnormalities?, we generated a
Brd4 conditional allele and genetically deleted Brd4in adult murine CMs. Tamoxifen-
inducible genetic ablation of Brd4in these cells resulted in a rapid and severe reduction in
global left ventricular (LV) systolic function, LV cavity dilation, and uniform death.
Integration of gene expression, genomic occupancy, and chromatin accessibility datasets
demonstrated that BRD4 regulates mitochondrial gene expression. These analyses unveiled a
new interaction between BRD4 and GATA4 in regulating mitochondrial gene expression and
CM homeostasis. We confirmed a physical interaction between BRD4 and GATA4 that
occurs in a BD-independent fashion, with co-occupancy at thousands of promoters and
enhancers across the genome in mouse cardiomyocytes. Taken together, our data reveal that
BRDA4 is a critical regulator of basal CM homeostasis and identify an unappreciated role for
GATA4 in regulating metabolic gene programs in the adult heart.

METHODS

The data, analytic methods, and study materials will be made available to other researchers
for purposes of reproducing the results or replicating the procedure. All relevant reagents
will be maintained within the Srivastava and Jain laboratories and will be supplied upon
reasonable request.
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RNA sequencing, mapping, and quantification

For adult CM-enriched samples, paired-end poly(A)-enriched RNA libraries were prepared
with the ovation RNA-seq Universal kit (NUGEN; strand specific). High-throughput
sequencing was done using a PE75 run on a NextSeq 500 instrument (Illumina). For
embryonic samples, single-end poly(A)-enriched RNA libraries were prepared with the
NEBNext Ultra Il DNA Library Prep kit (NEB). High-throughput sequencing was done
using a SE75 run on a NextSeq 500 instrument (Illumina). Reads were mapped to the mm10
reference mouse genome using STAR (v 2.7.3a) and assigned to Ensembl genes. After read
quality control, we obtained quantifications for 38,293 genes in all 16 adult samples (2 Day2
Cre-control, 2 Day5 Cre-control, 3 Day2 Control, 3 Day5 Control, 3 Day2 Brd4-KO and 3
Day5 Bra4-KO) and 19,453 genes in all 6 embryonic samples ( 77nt2-Cre; Bra4™oX/* and
Tnnt2-Cre;: Bra4ox/floxy

Differential gene expression and pathway enrichment analysis

In order to identify genes differentially expressed in Cre-control, Control, and Brd4-KO
samples, we quantified gene expression using raw counts and performed differential
expression gene testing with DESeq221 (v.1.24.0 R package) using default settings.
Statistical significance was set at a 5% false discovery rate (FDR; Benjamini-Hochberg) and
significant genes were determined using an adj. p<0.05 and |Log2 FC|>1. Functional
enrichment gene-set analysis for GO (Gene Ontology) terms was performed using Enrichr22
with adjusted p-values reported. Heat maps were generated using the Bioconductor package
pheatmap (v.1.0.12) using rlog-transformed counts (values shown are rlog-transformed and
row-normalized). Volcano plots were generated using the Bioconductor package
EnhancedVolcano (v.1.2.0).

Comparison of RNA-seq datasets

To compare our RNA-seq results to the transcriptional changes associated with JQ1-
mediated BET BD inhibition, we used published expression profiles of JQ1- and vehicle-
treated sham-operated mouse hearts (GSE96561). The raw counts were analyzed using
DEseq2 (v1.22.2 R package), and the correlation of the results were done by representing
the Log2 FC values from each study using ggplot2 (v3.2.0 R package). Data was taken from
three biological replicates in each condition.

Electron microscopy

Tissues for electron microscopic examination were fixed with 2.5% glutaraldehyde and
2.0% paraformaldehyde in 0.1M sodium cacodylate buffer (pH7.4) overnight at 4°C. After
subsequent buffer washes, the samples were post-fixed in 2.0% osmium tetroxide with 1.5%
K3Fe(CN)6 for 1 hour at room temperature, and rinsed in distilled water. After dehydration
through a graded ethanol series, the tissues were infiltrated and embedded in EMbed-812
(Electron Microscopy Sciences, Fort Washington, PA). Thin sections were stained with
uranyl acetate and SATO lead and examined with a JEOL 1010 electron microscope fitted
with a Hamamatsu digital camera and AMT Advantage NanoSprint500 software.
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All mouse manipulations were performed in accordance with protocols approved by the
Institutional Animal Care and Use Committee (IACUC) following guidelines described in
the US National Institutes of Health Guide for the Care and Use of Laboratory Animals.

Myh6-MCM and Tnnt2-Cre mice have been described previously23.24, Brd4™0X mice were
produced by targeting C57BL/6 ES cells with a targeting vector designed to flank exon 3
(containing the canonical Brd4 ATG) with loxP sites. The selection strategy included a FRT
flanked neomycin resistance cassette that, after excision, leaves a single FRT site within
intron 2. Brd4°x mice were genotyped using the polymerase chain reaction (PCR) primers
listed below which produce a 311 bp wild-type band and a 414 bp knock-in band
(Supplemental Figure 1D). Brd4™°X mice used for embryonic studies have been described
previously2®.

Brd4flox_01F: 5'-GAAAGAGAAGAAGCTAACTGGC

Brd4flox_02R: 5 -GAGCAAGTATATTGGAGGGGAG.

Mouse echocardiography

Histology

Echocardiography was performed blindly with the Vevo 770 High-Resolution Micro-
Imaging System (VisualSonics) with a 15-MHz linear-array ultrasound transducer. The left
ventricle was assessed in both parasternal long-axis and short-axis views at a frame rate of
120 Hz. End-systole or end-diastole were defined as the phases in which the left ventricle
appeared the smallest and largest, respectively, and used for ejection-fraction measurements.
To calculate the shortening fraction, left-ventricular end-systolic and end-diastolic diameters
were measured from the left-ventricular M-mode tracing with a sweep speed of 50 mm/s at
the papillary muscle. B-mode was used for two-dimensional measurements of end-systolic
and end-diastolic dimensions. Imaging and calculations were done by an individual who was
blinded to the treatment applied to each animal and code was broken only after all data
acquired.

Isolated hearts were fixed in 2% paraformaldehyde (4°C overnight), dehydrated through an
ethanol series, embedded in paraffin, and sectioned. Antibodies used for
immunohistochemistry were: Brd4 (rabbit, Bethyl 00396) and Cleaved caspase 3 (rabbit,
Cell Signaling 9664). Hematoxylin and Eosin staining was performed using standard
protocols. Sections were imaged on a Nikon Eclipse 80i fluorescence microscope or Leica
DMi8 inverted fluorescence microscope.

ATAC-sequencing, library preparation, and analysis

CM samples were prepared for ATAC-seq as previously described?. Aliquots of 50,000
cells were lysed with 3 mL of chilled lysis buffer (3.75mM PIPES, 450mM KCI, 1% NP-40,
1% Tween-20, 1% Triton X-100 in water; pH 7.3) for 10 minutes. Nuclear pellets were
transposed with 25 pL of Tagment DNA Buffer, 2.5 uL of Tagment DNA Enzyme (Nextera
Sample Prep Kit from Illumina; #FC-121-1030), and 22.5 L of nuclease-free water.
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Samples were incubated at 37°C for 60 min and stored at 20°C. Transposed samples were
purified using the QIAGEN MinElute Reaction Cleanup Kit (28204) and amplified using 25
pL of NEBNext High Fidelity 2x PCR Master Mix, 1.25 mM Nextera custom primers with
unique barcodes, and nuclease-free water. Samples were amplified using the following PCR
conditions: 72°C for 5 min; 98°C for 30 s; and cycled at 98°C for 10 s, 63°C for 30 s and
72°C for 1 min. Half of each sample was amplified for 12 cycles, purified, and assessed by
Bioanalyzer (Agilent) for library quality. Sample concentration was quantified by Qubit
(Invitrogen) prior to pooling. Pooled samples were sequenced using a PE75 run on a
NextSeq 500 instrument (I1lumina). Alignment to the mm10 reference genome was
performed using Bowtie 2.2.4. Peaks were called using macs2 callpeak with options: “-p
0.1-nomodel—-shift 100—extsize 200 -B-SPMR-call-summits”. Peaks concordant between
the two replicates were considered for further analysis. Motif enrichment analysis was
performed using HOMER?,

Analysis of publicly available ChIP-seq data

Occupancy analysis for BRD4 and GATA4 was done using publicly available ChiP-seq
datasets (GSE52123 and GSE124008, respectively). Deeptools v.3.3.1 was used to generate
the aggregation and heatmap plots centered at the TSS of mm10 gene annotations
(GRCm38.p6). Analysis of TFs representation in our list of DEGs from Day2 and Day5 was
done using published data (GSE124008) after filtering for peaks within 5Kb of the closest
annotated gene.

Immunoblotting

Adult CMs were isolated via Langendorff perfusion of Myh6-MCM; Bra4™ox/flox treated
with TAM (75 pg/g/day or 50 pg/g/day) or VEH (corn oil) for 5-days. Whole cell extracts
were prepared by lysis in RIPA buffer supplemented with protease and phosphatase
inhibitors (Roche). Protein concentration was quantified by BCA assay (Thermo Fisher;
23225). Lysates were diluted in 4X LDS sample buffer (Invitrogen), boiled at 95°C for 5
min, resolved on a 3-8% Tris-Acetate SDS PAGE gel (Invitrogen), and transferred onto a
PVDF membrane. Membranes were blocked with 5% milk in TBST for 1 hour at room
temperature and incubated in primary antibody at the indicated dilution overnight at 4°C.
Appropriate secondary HRP-conjugated antibody was added for 1 hour at a dilution of
1:5000 followed by detection with ECL Prime Western Blotting Detection Reagent (GE Life
Sciences; RPN2232) and exposure to autoradiography film at various time intervals or by
digital imaging (LI-COR Odyssey). Antibodies used in this study: rabbit anti-Brd4 (Abcam
ab128874; 1:1000) and mouse anti-vinculin (Sigma-Aldrich V9131; 1:1000).

Luciferase reporter assay

GATA4-BRDA4 transcriptional synergy reporter assay was performed using the pANF638L
vector28, Briefly, HeLa cells were cultured in 24-well plates at 10°5 cells per well and
transfected within 24 hrs of seeding. Cells were co-transfected with 200 ng of pANF638L
vector and 20ng of pRL-TK (a Renilla luciferase control vector; Promega) in 2.4 pL
FUGENE HD (Promega) and 43 pL Opti-MEM (Thermofisher). The transfection mix was
aliquoted in 4 tubes (1 per condition) and the following conditions were prepared: 1.)
Control: 600 ng of empty vector (EV); 2.) GATA4: 200 ng of GFP-GATAA4 vector plus 400
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ng EV; 3.) BRD4: 400 ng FLAG-BRD4 vector plus 200 ng EV and 4.) GATA4+BRD4: 200
ng of GFP-GATA4 vector with 400 ng FLAG-BRD4 vector. Media was changed 24 hrs after
transfection and cells collected 48 hrs following transfection. Samples were processed with
the Dual Luciferase Assay System (E1960, Promega) following manufacturer’s instructions
and measured with a luminometer (SpectraMax i3). For analyzing the GATA4-BRD4
transcriptional activity within the Ppargcla promoter, this DNA regions was cloned with
Cold Phusion by designing gBlocks (IDT) for the selected target region (FPpargcla promoter:
Mm10 chr5:51551646-51553274) with homology arms complementary to the pGL4.23
Luciferase reporter vector (Promega).

Gene knockdown experiments on Neonatal Rat Ventricular Myocytes

Neonatal Rat Ventricular Myocytes (NRVMSs) were isolated from hearts of 2-day-old
Sprague-Dawley rat pups (Charles River) under aseptic conditions and transfected with
siRNAs as previously described!8:29, In brief, NRVMs were pre-plated for 2 hrs on tissue
culture plates followed by 48 hrs of exposure to BrdU in culture medium to remove
contaminating nonmyocytes. NRVMs were plated in growth medium (DMEM, 5% FBS, 100
U/mL penicillin-streptomycin) for 48 hrs. NRVMs were then transfected with RNAiMax
(Invitrogen) and 50 nM of siRNA in serum-free medium for 48 hrs. Two independent siRNA
probes for each target were used in tandem at a 1:1 ratio. SiRNAs were purchased from
Sigma-Aldrich (scramble control siRNA, SIC001; Brd4 siRNAs, SASI_Rn02_00315745,
SASI_Rn02_00315746; Gata4 siRNAs, SASI_Rn01_00070083, SASI_Rn01_00070084).

Co-Immunoprecipitation in HEK 293T cells

HEK?293T cells were plated in 6-well plate and 1.25 pg of GFP-GATA4 and Flag-BRD4
vectors were transfected with lipofectamine 2000, following manufacturer’s instruction. A
day after transfection, DMSO and JQ1 were treated. After 48 hrs, cells were lysed with 500
uL of buffer A [L0OmM HEPES (pH7.9), 1.5mM MgCl,, 10mM KCI, 340mM Sucrose, 10%
Glycerol, 0.1% Triton X-100 and protease inhibitors], incubated for 5 min at 4°C and
centrifuged at 1,300g for 4 min at 4°C to get nuclei pellet. Pellet was washed twice with
buffer A and suspended with 500 uL of buffer B [3mM EDTA, 0.2mM EGTA and protease
inhibitors]. After centrifugation at 1,700g for 5 min at 4°C, pellet was suspended with 400
pL of lysis buffer [LOmM HEPES (pH7.9), 3mM MgCI2, 5mM KCI, 140 mM NaCl, 0.1mM
EDTA, 0.5% NP-40, 0.5mM DTT, protease inhibitor, 62.5U benzonase], incubated for 45
min at 4°C and centrifuged at 13,200 rpm for 20 min at 4°C. Clear supernatant was
transferred into a new tube. 30 pL of lysate was saved as an input. Prior to IP, 15 pL of
magnetic Protein G Dynabeads were coated with 0.5 pg of M2 anti-FLAG antibody (F1804,
Sigma) for 1 hr at room temperature. 300 L of lysate was mixed with antibody-coated
Dynabeads. The mixture of lysate and Dynabeads was incubated overnight at 4°C and
washed four times with lysis buffer. Beads were boiled for 5 min at 95 °C in 30 L of
sample buffer.

Co-Immunoprecipitation in cardiac progenitors cells

Human induced-pluripotent stem cells were differentiated into cardiomyocytes using Wnt
pathway modulation3 and 4 x 12-well plates were collected at cardiac progenitor stage (day
6 of differentiation), pooled together, and snap frozen in liquid nitrogen. Cardiac progenitor
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cell pellets were lysed with 1 ml of cell lysis buffer [20 mM Tris-HCI pH 8, 85 mM KClI,
0.5% NP-40, and protease inhibitors], incubated 10 min at 4°C, and centrifuged at 2,500
rpm for 5 min at 4°C to pellet nuclei. Supernatant was removed and pellets resuspended in
600 L of nuclei extraction buffer (NE buffer) [20 mM HEPES pH 7.4; 0.5 M NaCl, 2 mM
MgCI2, 1 mM CaCl2, 0.5% NP-40, 110 mM K-Acetate, 1 uM ZnCl2, benzonase, and
protease/phosphatase inhibitors], and incubated for 30 min at 4°C. Nuclear enriched lysates
were centrifuged at maximum speed for 10 min at 4°C and supernatants transferred to a new
tube and diluted with 1200 uL (1:3) IP dilution buffer [20 mM HEPES pH 7.9, 1 mM EDTA,
0.02% NP-40, and protease/phosphatase inhibitors]. Prior to IP, 30 uL was saved as input. 50
uL of magnetic Protein G Dynabeads were coated with 4 g of anti-GATA4 (G4) antibody
(sc-25310X, Santa Cruz) for 1 hr at 4°C. For IP, 50 uL of GATA4-coated beads were added
to 2 mg of nuclear-enriched total protein, incubated overnight at 4 °C with agitation, and
washed three times in IP dilution buffer. Beads were boiled for 10 min at 95 °C in 20 pl of
sample buffer. Extracts and immunoprecipitates were examined by SDS-PAGE and blotted
with antibodies for the indicated targets.

Statistics and reproducibility

RESULTS

Standard statistical analyses were performed using GraphPad Prism 8. When more than two
conditions were to be compared, a one-way ANOVA followed by a Tukey range test or two-
way ANOVA was used to assess the significance amongst pairs of conditions. When only
two conditions were compared, a Student’s t-test was used. For survival analysis, a Mantel—
Cox test was used. In all the figures showing RNA-seq DE analysis (with DESeq?2) the p-
values attained by the Wald test are corrected for multiple testing using the Benjamini and
Hochberg method and thus referred to as adjusted p-values (adj. p). We used an adj. p<0.05
and a |Log2 FC|> 1 to determine significant genes. For all quantifications related to cardiac
function and gene expression by RT-qPCR, the means = SD are reported in the figures. For
all quantifications related to cardiac function, the number of replicates is indicated as data
points in the graphs. The level of significance in all graphs is represented as follow: *
represents p<0.05, ** represents p<0.01, *** represents p<0.001, **** represents p<0.0001.

Loss of BRD4 in adult CMs results in contractile dysfunction and lethality

We generated a Brad4 conditional allele by engineering a homologous recombination event in
mouse embryonic stem (ES) cells (Supplemental Figure 1A) in a pure C57BL/6 background.
We designed a targeting strategy that inserted flanking loxP sites around the third exon of
Brd4, which contains the canonical translational start site, and verified appropriate targeting
in several ES cell clones by Southern blotting (Supplemental Figure IB,C). These were used
to generate chimeric mice that were subsequently bred for germline transmission. Mice
harboring this allele (designated Bra4°%) were normal, viable, and able to breed in both the
heterozygous and homozygous state (Supplemental Figure I1D). These were crossed to mice
harboring the Myh6-Mer-Cre-Mer (Myh6-MCM) allele23, which permits for tamoxifen
(TAM)-inducible CM-specific deletion of Brd4. Immunofluorescence of heart tissue
(Supplemental Figure I1) and immunoblotting of isolated CM lysates (Figure 1A) confirmed
efficient loss of BRD4 protein after 5 days of TAM administration.
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Following administration of intraperitoneal TAM (75 pg/g/day) or vehicle (VEH; corn oil)
for 5 consecutive days to adult mice, we noticed that Myh6-MCM,; Brd4™0x/flox animals
became lethargic and ill-appearing, with several succumbing shortly thereafter. In a survival
analysis of Myh6-MCM, Brd4fox/flox (n=21) animals treated with TAM, 83% died within 14
days of the last dose of TAM with 100% mortality by 21 days. In contrast, 100% of TAM-
treated Myh6-MCM (n=23) animals survived (Figure 1B). Histological analyses revealed
interstitial infiltrates in TAM treated Myh6-MCM; Brd4™0X/flox animals when compared
with VEH-treated controls of the same genotype (Figure 1C-F). We did not find any
significant differences in apoptosis 5 days post-TAM initiation (Supplemental Figure I11).

We next assessed cardiac function by transthoracic echocardiography. Cohorts of
Bra4fox/flox (n=14), Myh6-MCM (n=23), or Myh6-MCM; Brd47ox/flox mice (n=41) at 8-12
weeks of age were administered intraperitoneal TAM (75 pg/g/day) or VEH (corn oil) for 5
consecutive days. Echocardiography was performed at baseline, and on day 2, 5, and 13
after commencing TAM. CM-specific deletion of Brd4 resulted in a significant reduction in
LV ejection fraction (EF) when compared with VEH (21% vs. 63%, p<0.0001) and LV
chamber dilation (LV end systolic volume [LVESV] 24 pul vs. 75 pl, p<0.0001) (Figures
1G,H) after 5 days of TAM administration. No appreciable changes in these indices were
detected following 2-days of TAM treatment (EF 63% vs 63%, ns; LVESV 22 ul vs. 25 ul,
ns). Treatment of Brg4ox/flox gnimals with TAM or VEH did not result in any significant
changes in these parameters. Consistent with previous reports3!, administration of TAM
alone for 5 days in Myh6-MCM animals led to a transient decrease in LV systolic function
(EF 38% vs. 61%, p<0.0001) and LV chamber dilation immediately following TAM
exposure (LVESV 25 pl vs. 50 ul, p<0.0001). However, the degree of LV systolic
dysfunction and chamber dilation was significantly greater in Myh6-MCM.; Brd4fox/flox
animals when compared to Myh6-MCM controls at the 5 day time point (EF 21% vs. 38%,
p<0.0001; LVESV 75 pl vs. 50 pl, p<0.0001). Repeat echocardiographic analysis at day 13
revealed normalization of these indices in Myh6-MCM controls consistent with a transient
and reversible Cre-mediated toxicity. In contrast, Myh6-MCM,; Bra4ox/flox gnimals that
survived to this time point failed to demonstrate any recovery (Figure 1G,H). These data are
consistent with our finding that only TAM-treated Myh6-MCM, Brd4™0x/flox mice, and not
equivalently treated Myh6-MCM mice, had a striking propensity for early mortality after
TAM treatment (Figure 1B). Notably, intraperitoneal administration of TAM at a lower dose
(50 ug/g/day) for 5 consecutive days in Myh6-MCM (n=23) or Myh6-MCM; Bra4flox/flox
mice (n=6) did not result in depletion of BRDA4 protein (Supplemental Figure 1VVA).
Accordingly, noninvasive analysis demonstrated LV systolic dysfunction at day 5 that
resolved by day 13 in both groups (Supplemental Figure IVB,C). Taken together, these data
demonstrate that postnatal deletion of Brad4in CMs of adult mice leads to early mortality
and severe systolic HF within 5 days that is sustained, suggesting an essential role for BRD4
in maintaining expression of key homeostatic gene programs in the adult CM.

BRD4 regulates mitochondrial bioenergetic gene pathways

To better understand the mechanism by which BRD4, a potent transcriptional coactivator,
regulates homeostasis in adult CMs, we performed bulk RNA-sequencing (RNA-seq) on
isolated CMs from Myh6-MCM; Bra4ox/flox treated with TAM (Brd4-KO) or VEH
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(control) and Myh6-MCM mice treated with TAM (Cre-control) (Supplemental Figure
VA,B). We collected samples at two early time points that occurred prior to the onset of
mortality (n=2 biological replicates per condition): day 2 post-TAM (prior to the decrease in
LVEF) and day 5 post-TAM (when acute HF was first detected).

While Cre-control mice did not display mortality, we noted a transient decrease in LV
systolic function after 5 days of TAM treatment. Therefore, we sought to account for any
gene dysregulation associated with tamoxifen-induced Cre activation in CMs, particularly as
the transcriptomic effects of this manipulation have not been reported in the literature. Using
a statistical threshold to capture the vast majority of Cre-related effects on gene expression
(Log2 FC#1, adj. p<0.05), we found that Cre-control CMs demonstrated differential
expression of 5,038 genes compared with control CMs at the 5-day time point
(Supplemental Figure VC,D). Using these data, we defined a molecular signature following
2 and 5 days of tamoxifen treatment in Myh6-MCM CMs and removed it from all
subsequent analyses comparing Bra4-KO and control CMs (Supplemental Tables I-1V).

Comparison of Brd4-KO and control samples at day 2 and 5 reveal a temporal increase in
the number of dysregulated genes, consistent with the degree of cardiac dysfunction at each
time point. We observed 101 dysregulated genes at day 2, prior to cardiac dysfunction
(Figure 2A, Log2 FC+1, adj. p<0.05). By day 5, Brd4-KO CMs demonstrated differential
expression of 2,094 genes when compared with controls (1326 upregulated, 768
downregulated, Log2 FC+1, adj. p<0.05) (Figure 2B), after removal of Cre-control
dysregulated genes. GO analysis revealed a striking signature for mitochondrial
bioenergetics amongst those genes preferentially downregulated in Brd4-KO CMs, a
pathway wherein BRD4 has not been implicated. GO analysis of upregulated genes in Brd4-
KO CMs were enriched broadly for general terms associated with cardiac stress, including
fibrotic and inflammatory cellular processes, suggesting that many of these upregulated
genes may be a secondary response to loss of BRD4 coactivator function in CMs (Figure
2B).

Given the marked transcriptional dysregulation of gene programs linked to mitochondrial
homeostasis in Brd4-KO CMs at day 5, we turned our attention to the earliest time point in
our analysis (day 2) to interrogate if established nodal regulators of mitochondrial
metabolism were downregulated early after BRD4 loss. Indeed, we discovered that the
expression of the transcriptional co-activators Ppargcia (PPARGC1A; PGC-1a) and
Ppargc1b (PPARGC1B; PGC-1p) were downregulated in Brd4-KO CMs when compared to
control CMs at this early time point, prior to the appearance of any LV systolic dysfunction
(Figure 2C). PGC-1a and PGC-1p are known to be master regulators of mitochondrial
biogenesis and oxidative phosphorylation gene programs in cardiac and skeletal muscle
cells32:33, suggesting the mitochondrial dysregulation may be a primary consequence of
Brad4 deletion. At day 5, expression of known targets of PPARGC1A in the heart32 were
downregulated in Brd4-KO CMs when compared with controls, including genes involved in
oxidative phosphorylation, fatty acid oxidation, and ATP synthesis (Figure 2D). Given this
signature of broad mitochondrial dysfunction identified at the transcriptional level, we
performed electron microscopy to assess cardiac ultrastructure and mitochondrial
morphology following BRD4 loss. While control samples showed an organized arrangement
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of myofibers with normal sarcomeres (Figure 2E), Brd4-KO hearts demonstrated interstitial
edema between CMs (Figure 2F,1), intermyofibrillar edema within CMs (Figure 2F,2),
swollen cytoplasmic vacuoles (Figure 2F,3), and disrupted mitochondria that showed mild
swelling (Figure 2F,4; Supplemental Figure VI). These findings are often observed with
severe disruption of cellular metabolism, underscoring a CM-intrinsic gene program
controlling basal mitochondrial energetics in the adult heart that is acutely sensitive to BRD4
abundance.

Pharmacologic BET BD inhibition with JQ1 ameliorates adverse cardiac remodeling and HF
in several murine models®10:18, However, JQ1-treatment does not affect exercise-induced
physiological cardiac hypertrophy18, a form of plasticity that features upregulation of genes
involved in mitochondrial biogenesis and oxidative metabolism. Transcriptional profiling of
the sham-operated animals treated with JQ1 at these doses did not reveal dramatic changes,
suggesting that BET BD inhibition in homeostatic conditions is not associated with a
pronounced gene dysregulation signature in the heart8. This is in stark contrast to the broad
transcriptional changes that follow Brd4 CM deletion that results in marked upregulation of
canonical cardiac stress markers, including Nppa, Nppb, Ctgf, and Myc (Figure 2G) with
concomitant downregulation of mitochondrial and metabolic genes. To assess this
quantitatively, we compared gene expression changes seen with JQ1-treatment in sham-
operated mice to those that follow CM-specific BRD4 loss in adult mice. We confirmed that
global gene expression changes were poorly correlated between pharmacologic BET BD
inhibition and BRD4 loss at day 5 post-TAM administration (Figure 2H). GO analysis of
genes downregulated in Brd4-KO CMs whose expression was unaffected by JQ1 treatment
were enriched specifically for mitochondrial-related terms (Figure 21), highlighting that
transient exposure to small molecule BET BD inhibitors and Brd4 CM-deletion are
markedly different molecular perturbations’:8:34,

We next sought to validate the importance of BRD4 in basal CM homeostasis using a
constitutively active cardiomyocyte-specific Cre transgene with onset of expression during
cardiogenesis. We crossed Brad40X mice with the cTnT-Cre ( 7nnt2-Cre) allele?* in which
the rat troponin T2 cardiac promoter drives Cre recombinase expression. We only identified
1 Tnnt2-Cre; Brd4™0X/flox animal out of 71 pups collected between postnatal day 0 and 5
(PO-5) (Figure 3A, 1% observed vs. 17.75% expected; X2:34.75, p<0.001).
Immunofluorescence confirmed efficient cardiomyocyte-loss of BRD4 in 7nnt2-Cre;
Bra4Tox/flox mutants (Supplemental Figure VII) by mid-gestation. Histologic analysis
revealed cardiac hypoplasia in 77nt2-Cre,; Bra40X/flox mutants at embryonic day 14.0
(E14.0) when compared with littermate controls (Figure 3B—-G). Bulk RNA-seq of
microdissected whole hearts from 7nnt2-Cre; Brad40X/flox mutants and 7rnt2-Cre,
Bra4ox/* ittermate controls at E14.0 (n=3 biological replicates per condition) revealed 260
upregulated and 405 downregulated genes (Log2 FC+1, adj. p<0.05) (Figure 3H;
Supplemental Excel Table V). Importantly, consistent with our findings in adult CMs
following BRD4 loss, Ppargcla, Ppargelb, and known PPARGC1A-regulated genes were
downregulated in 77nt2-Cre; Brd4™0X/flox hearts when compared with littermate controls
(Figure 3lI).
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BRD4 colocalizes with GATA4 at genes controlling mitochondrial bioenergy production

Given the specific changes in gene expression caused by BRD4 deletion and the known role
of BRD4 as a coactivator of transcription, we queried changes in chromatin accessibility
following CM-specific BRD4 loss. We performed Assay for Transposase-Accessible
Chromatin followed by sequencing (ATAC-seq)28 on control and Brd4-KO CMs isolated at
day 5 (n=2 per condition). We found that 58% of ATAC-seq peaks identified in control and
Brd4-KO samples were shared (13,428 of 23,052 total peaks) (Figure 4A). In addition, we
found accessible regions unique to Brd4-KO samples (n=5,242 peaks) or control samples
(n=4,328 peaks), defined as regions of the genome which became accessible (gained in
Brd4-KOs) or lost accessibility (lost in Brd4-KOs) upon BRDA4 loss, respectively (Figure
4A). Ontology analysis of the regions which lose accessibility in Brd4-KO CMs showed
enrichment for regulatory elements of genes linked to CM identity (e.g., sarcomere
organization and myofibril assembly) and mitochondrial function, suggesting that BRD4 is
required for those regions to be accessible (Figure 4B). Interestingly, accessible regions
gained in Brd4-KO CMs were related to elements associated with stress responses (Figure
4B).

As BRD4 has previously been demonstrated to interact with sequence-specific TFs in other
contexts35-39, we hypothesized that tissue-restricted TFs may facilitate preferential
enrichment of BRD4 at specific genomic loci and contribute to the sensitivity of certain gene
programs to BRD4 depletion. Therefore, we performed motif analyses?’ of all the elements
identified in our ATAC-seq and found enrichment for several cardiac TF motifs, including
those for members of the MEF2 family, GATA4, and MEIS1 (Figure 4C). GATA4 was the
only cardiac TF motif whose enrichment demonstrated a graded decrease in significance
from those peaks unique to control CMs (lost in Brd4-KO CMs), shared between both
conditions, and those unique to Brd4-KO CMs (gained in Brd4-KO CMs), suggesting that
GATA4 may have preferential function in regions of active chromatin that were most
sensitive to the presence of BRD4. Importantly, publicly available datasets defining the
occupancy of cardiac TFs in adult heart tissue??41 under basal homeostatic conditions
demonstrate that promoters of differentially expressed genes in Brad4-KO CMs are enriched
in GATA4 occupancy as compared to other cardiac TFs (Figure 4D).

Given this enrichment for GATA4 occupancy in the promoters of differentially expressed
genes of Brd4-KO CMs, we posited that BRD4 and GATA4 may co-occupy these regions.
Thus, we analyzed our previously performed BRD4 ChIP-seq® and publicly available
GATA4 ChlP-seq datasets defining occupancy of these factors in adult mouse myocardium
under basal homeostatic conditions#C. We clustered the enrichment of BRD4 and GATA4
occupancy in regions proximal to the transcriptional start site (TSS, £1 kb) of all annotated
transcripts and found that these separated into two clusters, one with strong occupancy of
BRD4 and GATAA4 (cluster 1; n=8,080) and a second with little or absent co-occupancy
(cluster 2; n=47,305) (Figure 4E). Like our RNA-seq data, GO analysis of cluster 1 revealed
genes for mitochondrial bioenergetics. Similar ontology analyses identified the
mitochondrion as the most enriched cellular component, and genome-wide association
studies linked single nucleotide polymorphisms (SNPs) from these transcripts with

Circulation. Author manuscript; available in PMC 2021 December 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Padmanabhan et al.

Page 13

mitochondrial disease (Figure 4F). These data indicate that BRD4 and GATA4 co-occupy
promoter regions of transcripts involved in mitochondrial energy production in adult CMs.

Given the known role of BRD4 in enhancer-mediated transcriptional activity, we also
clustered the enrichment of BRD4 and GATA4 occupancy in distal chromatin regions
marked by acetylation of lysine 27 on histone H3 (H3K27Ac) in the heart4? (Supplemental
Figure VIIIA). We defined 10,800 putative regulatory elements co-occupied by H3K27Ac,
BRD4, and GATA4 (Supplemental Figure VI11B-D) and found that 28% of the dysregulated
genes following BRD4 loss lied within 1 kb of a H3K27Ac/BRD4/GATA4 positive DNA
element, and 49% were within 25 kb (Supplemental Figure VIIIE).

Given the downregulation of Ppargclaand Ppargclb at day 2 after Bra4 deletion, we
specifically examined these loci for evidence of cooperative regulation by BRD4 and
GATAA4. Both of these genes exhibited strong enrichment for BRD4 and GATA4 at their
promoters and were characterized by a putative upstream regulatory element that was also
co-occupied by BRD4 and GATA4 (Figure 4G,H). Notably, both of these upstream DNA
elements showed decreased accessibility in Brd4-KO CMs when compared with controls,
suggesting that accessibility of these regulatory regions are BRD4-dependent (Figure 4G,H).
Although HF can be associated with a secondary downregulation of CM metabolic genes,
our findings suggest a model in which a BRD4-GATA4 module controls expression of both
nodal upstream transcriptional coactivators of mitochondrial metabolism as well as their
downstream gene targets.

BRD4 forms a complex with GATA4 in an BD-independent fashion to regulate the
transcriptional coactivator Ppargcla

Given the striking colocalization of BRD4 and GATA4 at regulatory regions controlling
mitochondrial bioenergetics, we hypothesized that BRD4 and GATA4 may functionally co-
regulate these genes. We first tested the ability of BRD4 and GATA4 to transactivate the
Nppa promoter-luciferase reporter, a well-established gene reporter construct and known
GATA4 target#243 | in transient transfection assays. Transfection of BRD4 or GATA4 alone
resulted in activation of this reporter, while co-transfection of both together led to additive
transcriptional activation (Figure 5A). We then performed the same assay for the promoter
element of Ppargclathat showed strong co-occupancy of BRD4 and GATA4 (Figure 4G). A
luciferase reporter construct containing the Ppargclapromoter also demonstrated additive
co-regulation by BRD4 and GATA4 (11-fold activation with BRD4, 22-fold activation with
GATA4, and 37-fold activation with GATA4 + BRD4) (Figure 5A). Conversely, in neonatal
rat ventricular myocytes, we observed a greater downregulation of Poargciaand Poargclb
expression upon siRNA-mediated knockdown of both Brd4and Gata4 when compared with
either factor individually (Figure 5B). We do note that individual Brd4 knockdown did not
phenocopy the decrease in Ppargcla/Ppargclb expression seen in vivo, which may reflect
differences attributable to this immature cellular system and/or the partial knockdown of
Brd4. Taken together, these data suggest a functional cooperativity between BRD4 and
GATAA4.

Immunoprecipitation of endogenous GATA4 protein from human induced pluripotent stem
cell-derived cardiac progenitor cell lysates (which express high levels of GATA4) followed
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by immunoblotting for BRD4, demonstrated that endogenous human GATA4 and BRD4
interact in CM progenitors (Figure 5C). When co-transfected in 293T cells, GFP-tagged
GATA4 and FLAG-tagged BRD4 also co-immunoprecipitated (Figure 5D). GATA4 contains
four lysine residues that are targets of p300-mediated acetylation?4. These residues are
conserved in GATAL, which has previously been demonstrated to bind to BRD3 in an
acetyl-lysine dependent fashion via BRD3’s BDs*46, However, increasing concentrations
of JQ1 had no appreciable effect on the ability of BRD4 and GATA4 to interact in 293T cells
(Figure 5D). The tertiary structure of the BRD4 BD bound to acetyl-lysinel! and JQ117 has
been extensively characterized, revealing 2 amino acids in each BD that are critical for
mediating interactions with acetylated-lysine targets (N140 and Y97 of BD1; N433 and
Y390 of BD2)#7-50, BRD4 mutant constructs harboring N140A and N433A mutations or
Y97A and Y390A retained the ability to interact with GATA4 (Figure 5E), consistent with
this interaction occurring independent of the acetyl-lysine recognition activity of BRDA4.
This observation is also consistent with the disparity in cardiac phenotype of CM-specific
Brd4 deletion and JQ1 treatment in mice.

DISCUSSION

In this report, we leveraged a newly developed mouse line harboring a conditional Brd4
allele and unbiased transcriptomic and epigenomic assays to dissect the role of this
transcriptional coactivator in adult CM homeostasis /77 vivo. Acute depletion of BRDA4 in
adult CMs caused rapid onset of systolic HF within 5 days, leading to 100% lethality by 20
days. Transcriptomic profiling of CMs from Brd4-KO mice at day 5 revealed robust and
relatively specific downregulation of gene programs important for mitochondrial energetics
and homeostasis. Integrated analysis of BRD4 dependent gene expression and chromatin
accessibility in adult CMs identified that GATA4 binding sites were preferentially enriched
in the regulatory regions of BRD4-dependent genes. Our results reveal that BRD4 and
GATA4 co-localize across the genome at loci relevant to mitochondrial bioenergy production
and identify a novel BD-independent protein complex formation between BRD4 and this
key cardiac TF. These findings highlight an unexpected role for both BRD4 and GATA4 in
controlling a metabolic gene expression program in CMs, including direct regulation of
Ppargclaand Ppargclb. While the interaction with GATA4 is important, our data do not
preclude the possibility of BRD4 to complex with other cardiac TFs in activating cardiac
gene expression programs. Important aspects of the BRD4 CM-deletion phenotype are likely
mediated through interactions with GATA4 and other transcriptional regulators. Future work
aimed at defining the specific regions of BRD4 and GATA4 that mediate their interaction
and the consequences of selectively abrogating BRD4-GATA4 complex formation will be an
important area of study.

BET proteins have emerged as pharmacologic targets in cancer and chronic diseases,
including HF7:8:14.51-53 |n animal models of HF, JQ1 administration improves cardiac
function, decreases fibrosis, and attenuates activation of inflammatory and pro-fibrotic gene
programs®10:18_Clinical grade BET BD inhibitors are in trials for the treatment of a variety
of malignancies!* and, although chemically diverse, share a common structural motif that
reversibly binds the BDs of all BET family members and transiently displaces them from
their endogenous binding partners. BRD2, BRD3, and BRD4 are all ubiquitously expressed
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and the relevant tissue compartments in which they function 7n vivo remains unknown.
Small molecule proteolysis targeting chimeras (PROTACS) that degrade BET proteins
represent a closer equivalent to genetic deletion®#26, but these again are neither cell- or
BET-isoform specific. Therefore, these pharmacologic approaches offer limited insight into
the cell-type and isoform specificities associated with beneficial responses of these
compounds in disease models. Our data show that acute BRD4 depletion in CMs leads to
rapid-onset systolic HF and mortality, highlighting a sharp contrast to the beneficial effects
of small molecule BET BD inhibitors in treating adult mice with HF. These data are
consistent with earlier studies and suggest that the dominant cellular targets of JQ1 in the
context of HF are non-CMs, such as fibroblasts and immune cells1857. Further dissection of
these cell compartment- and gene-specific effects in the context of HF using conditional
mice for each BET allele will be a fruitful area of study. While small molecule BET BD
inhibitors and conditional gene deletion approaches manipulate BET proteins by very
different mechanisms, our findings underscore the importance of understanding the specific
cell-types that mediate the beneficial effects and potential liabilities of BET BD inhibitor
therapy.

Our studies also suggest a previously unrecognized role for GATA4, one of the most studied
TFs in cardiac biology, in CM metabolism and mitochondrial homeostasis. GATA4 is a well-
established lineage determining TF for CMs whose role in cardiac development and human
congenital heart disease has been extensively studied®8:59, As ectopic Gata4 expression
(along with Mef2cand Tbx5) can induce conversion of cardiac fibroblasts into induced
CMs80-62 muych effort has focused on dissecting the molecular mechanisms by which
GATAA4 regulates cellular identity63:64. In the adult heart, GATA4 plays an important role in
stress responsiveness and regulation of pro-angiogenic genes5:66. Our data indicate that
BRD4 also governs mitochondrial homeostasis in the adult heart and suggest that the
preference of BRD4 to occupy certain loci may be mediated, in part, through an interaction
with GATA4. They further demonstrate that a BRD4-GATA4 co-regulatory module
orchestrates mitochondrial gene expression programs by regulating both nodal upstream
regulators of these transcriptional programs (PGC-1a and PGC-1p) along with their
downstream targets, suggesting transcriptional control via a tiered, feed-forward circuitry.

Cardiac contractile function is highly dependent on the ability of working CMs to sustain
very high rates of mitochondrial oxidative phosphorylation and efficiently transfer
energy87:68. Cardiomyopathies caused by loss-of-function variants in key mitochondrial
genes underscore the direct link between mitochondrial dysfunction and contractile
failure89.70, Consistent with these findings, deletion of key transcriptional regulators of
mitochondrial homeostasis in murine CMs, including PPARGC1A and ERRa., cause
cardiomyopathy and HF32:33.71 Electron microscopy of Brd4-KO hearts revealed myofiber
degeneration and sarcomere disarray. This phenotype may be a downstream consequence of
mitochondrial dysfunction, which can lead to pleiotropic defects in cellular homeostatic
processes (e.g., protein quality control and calcium handling). In parallel, BRD4 may also
play a primary role in coactivating key genes that are critical for sarcomere assembly and
maintenance. GATA4 is required for cardiac morphogenesis and directly activates sarcomere
genes during cardiac lineage commitment’2, raising the possibility that the BRD4-GATA4
axis in adult CMs may regulate sarcomere genes in addition to mitochondrial programs.
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Given our finding that BRD4 is required for normal cardiogenesis and the previous
discovery of GATA4 haploinsufficiency in congenital heart disease®8, it will be interesting to
determine if BRD4-GATA4 regulation is also critical for normal cardiac development.
Dissecting the mechanisms by which BRD4 deficiency leads to both mitochondrial
dysfunction and sarcomere disarray in CMs will be an important area of future investigation.

Our experiments have also revealed critical new knowledge about a commonly used reagent,
the Myh6-MCM transgenic mouse23. This mouse strain has become a standard tool for
inducible CM-targeted deletion of conditional alleles. This transgene expresses a Cre
recombinase flanked by mutated estrogen receptor ligand-binding domains insensitive to
endogenous estrogen (but responsive to exogenously administered tamoxifen) under the
control of a a-myosin heavy chain (My#h6) promoter. Prior reports have demonstrated a
transient myopathy associated with Cre nuclear translocation following tamoxifen
administration in these animals and warned of potential confounding in assessment of acute
phenotypes that result from ablation of any gene of interest3l, We define the first
transcriptomic characterization of this transient myopathy (Supplemental Figure V) at days 2
and 5 after tamoxifen administration. Hence, accounting for gene expression changes upon
induction of this transgene will be critical in the interpretation of results generated using
these mice, providing a major resource for the field.

Apart from potential clinical application of BET BD inhibitors for therapeutic purposes,
compounds like JQ1 have emerged as powerful tools for investigating enhancer biology’2.
Indeed, much of the field focuses on the BD-mediated functions of these proteins. In
addition to acetylated histones, BET proteins bind acetylated TFs and modulate their
transcriptional output. A BD-dependent interaction between BRD3 and GATA1 is important
for erythroid maturation?®. Likewise, BD-dependent interactions between BRD4 and p65/
RelA-K310ac have been implicated in innate immunity3® and similar interactions with
hematopoietic TFs (including PU.1, FLI1, and ERG) are essential for acute myeloid
leukemia pathogenesis3?. The advent of small molecules with a selectivity for BD1 vs. BD2
have stimulated further interest in dissecting the relative contribution of each of these
domains in a variety of cellular contexts’* 7>, However, the BETSs are large proteins that can
scaffold complexes via multiple domains outside of their BDs. The BRD4 C-terminal
domain interacts with the PTEFb complex’6.77 and the BRD4 extra-terminal domain
interacts with the histone methyltransferase NSD378.79, Unbiased interaction screens for
BET family members have been performed in the presence and absence of JQ1,
demonstrating a number of BD-independent interacting partners for each of the ubiquitously
expressed BET family members80. Our data identify a novel, BD-independent interaction
between BRD4 and GATA4, suggesting a mechanism by which a broadly expressed
chromatin coactivator can be preferentially targeted to specific genomic loci by associating
with a tissue-enriched DNA-binding TF. JQ1-mediated inhibition /n vivowould not be
expected to disrupt the BRD4-GATA4 interaction, consistent with the differences seen
between the therapeutic effects of JQ1 and the deleterious consequences of Brd4 deletion /in
vivo. Our work highlights a critical need to better understand structure-function relationships
of BRD4 outside of the BDs, findings which will provide general insight into the molecular
underpinnings of cell-specific gene regulation and inform novel therapeutic approaches for
HF and other cardiovascular diseases.
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CONCLUSIONS

In this study, we discover a BRD4-GATA4 protein module that regulates mitochondrial gene
expression and bioenergetic homeostasis in adult CMs.
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Refer to Web version on PubMed Central for supplementary material.
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Nonstandard Abbreviations/Nonstandard Acronyms:

HF heart failure

TF transcription factor

CM cardiomyocyte

BET Bromo- and Extra-Terminal domain
BD bromodomain

LV left ventricle

ES embryonic stem

TAM tamoxifen

VEH vehicle

EF ejection fraction
LVESV LV end systolic volume
RNA-seq RNA sequencing

KO knockout

GO gene ontology
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ATAC-seq assay for transposase-accessible chromatin sequencing
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CLINICAL PERSPECTIVE
What is new:

1 Genetic loss of BRD4, an epigenetic reader protein, in adult cardiomyocytes
results in cardiac dysfunction and death in mice.

2. BRD4 forms a transcriptional regulatory module with GATA4, a lineage-
determining transcription factor in cardiomyocytes.

3. The BRD4-GATA4 module is a critical orchestrator mitochondrial
bioenergetics in the adult heart.

What aretheclinical implications:

1. Disruptions in substrate and energy metabolism, hallmark features of human
heart failure, may be driven by dysregulation of BRD4 and GATA4 function
in cardiomyocytes.

2. The beneficial effects of small molecule BET bromodomain inhibitors in
mouse models of heart failure are unlikely to be mediated exclusively by
inhibition of BRD4 in cardiomyocytes, suggesting roles for other cardiac cell
types and BET family members as effectors of their pharmacology.

3. Identification of new BRD4 interaction partners such as GATA4 can provide
new insights into developing epigenetic-based therapies for heart failure.
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Figure 1: Adult cardiomyocyte-specific Brd4 deletion resultsin acute and persistent contractile

dysfunction and lethality.

(A) Immunoblot of isolated Myh6-MCM; Brd4"0x/flox cardiomyocyte lysates from mice
treated with vehicle (VEH) or tamoxifen (TAM) for 5 days using BRD4 or vinculin (loading
control) antibodies. (B) Kaplan-Meier curve demonstrating survival of indicated mice
treated with tamoxifen (TAM; 75 ug/g/day). p-values were calculated using a Mantel-Cox
test. (C-F) H&E images of Myh6-MCM; Brd4f0x/flox mice treated with vehicle (VEH) or
tamoxifen (TAM) at low and high magnification. (G) Ejection fraction and (H) left
ventricular end systolic volume (LVESV) of indicated mice treated with tamoxifen (TAM)
or vehicle (VEH) at indicated days after injection. Individual points and mean + SD shown.
One-way ANOVA analysis coupled with a Tukey test was used to assess significance.
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For B, G, and H, **** represents p<0.0001 for indicated comparison.
Scale bars = 100 um (D, F) and 500 um (C, E)
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Figure 2: BRD4 regulates mitochondrial metabolic pathwaysin adult car diomyocytes.
(A, B) Volcano plots showing Log2 fold change and adj. p-value of individual genes 2 days

(A) or 5 days (B) after Brd4 deletion; genes differentially expressed between Cre-control
and Control samples have been excluded. Selected categories identified from gene ontology
analysis from up or down regulated genes are shown below the volcano plot. Genes are
assigned with specific colors following DE analysis: grey (not significant), green (Log2 FC<
-1 or >+1), blue (adj. p<0.05) or red (Log2 FC<-1 or >+1 and adj. p<0.05). (C) Track view

of Ppargclaand Ppargclb genes showing sequencing reads mapping from RNA-seq

Page 26

signature at day 2 post-tamoxifen (TAM) treatment for Control and Brd4-KO samples. (D)
Heatmap of expression of PPARGC1A known targets3? in Control and Bra4-KO samples at
day 5 post-TAM treatment. (E, F) Electron micrographs of Brd4-KO and Control animals at
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day 5 highlighting the loss of normal mitochondrial morphology. (G) FPKMs of indicated
genes related to cardiac stress and homeostasis in Control (n=3) or Brd4-KO (n=3)
cardiomyocytes at day 5. Error bars represent standard deviation (SD). (H) Correlation
analysis of difference in gene expression in day 5 Brd4-KO cardiomyocytes compared to
sham-operated animals administered JQ1 (normalized to their respective controls). Genes
highlighted in red are those which are downregulated upon BRD4 loss but not significantly
changed by JQ1. (I) Gene ontology analysis of genes that were downregulated upon BRD4
loss but not affected by JQ1 treatment.

For G, * represents p<0.05; ** represents p<0.01 for indicated comparison.

Scale bars=2 um (E, F)
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Figure 3: Constitutive cardiomyocyte-specific Brd4 deletion isembryonic lethal and reveals
BRD4 asaregulator of mitochondrial metabolic pathwaysin embryonic cardiomyocytes.

(A) Genotyping data from parental cross of 7nnt2-Cre,; Brd40X'* and Brd4™0x/flox gnimals
demonstrating embryonic lethality in 77nt2-Cre; Bra40x/flox offspring at postnatal days 0 to
5 (P0-5). (B-G) H&E images of cross sections from Brad4/10X/flox  Tnnt2-Cre; Brd4™0X/*, and
Tnnt2-Cre, Brd4™0x/floX embryonic hearts at E14.0 at low and high magnification. (H)
Wolcano plots showing Log2 fold change and adj. p-value of individual genes at E14.0
between Tnnt2-Cre; Brd4"0X* and Tnnt2-Cre; Bra4oX/flox microdissected embryonic
hearts. Selected categories identified from gene ontology analysis from up or down regulated
genes are shown below the volcano plot. Genes are assigned with specific colors following
DE analysis: grey (not significant), green (Log2 FC<-1 or >+1), blue (adj. p<0.05) or red
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(Log2 FC<-1 or >+1 and adj. p<0.05). (I) Heatmap of expression of PPARGC1A known
targets32 in 7nnt2-Cre; Brad4™oX'* and Tnnt2-Cre; Brd4™0X/flox in embryonic hearts at E14.0.
Scale bars = 250 um (B-D) and 100 um (E-G)
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Figure 4: BRD4 and GATA4 co-occupy and regulate genes controlling mitochondrial
homeostasis.

(A) Venn diagram showing number of unique and shared accessible chromatin regions
between Control and Brd4-KO samples. (B) Top selected categories identified from gene
ontology analysis from Control and Brd4-KO specific ATAC regions. (C) Motif enrichment
analysis for cardiac TFs in unique and shared accessible chromatin regions between Control
and Brd4-KO samples. (D) Number of differentially expressed genes between Control and
Brd4-KO at day 2 and day 5 occupied by cardiac TFs*0:41 at their promoters (+1 TSS). (E)
Heatmaps showing enrichment of BRD4 and GATA4 ChIP signals from adult mouse hearts
under basal homeostatic conditions at gene promoters (£1 TSS, 55,386 mm10 annotated
transcripts) ordered by BRD4 intensity identifies a cluster of strongly bound transcripts
(Cluster 1, n=8080). (F) Gene ontology analysis of Cluster 1 genes identified enriched terms
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for biological processes, cellular components, and SNP-phenotype associations. (G-H)
Track view of Ppargclaand Ppargclb genes showing sequencing reads mapping from
BRD4 and GATA4 ChlP-seq as well as Control and Brd4-KO ATAC-seq at day 5 post-
tamoxifen treatment. The promoter region and a putative regulatory element for each gene is
highlighted in red.
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Figure 5. BRD4 and GATA4 interact in a bromodomain-independent manner to control the
master regulator of mitochondrial homeostasis Ppargcla.

(A) Gene reporter assay showing activation of indicated luciferase reporters upon addition of
plasmids encoding indicated proteins. Statistical significance is shown between control and
GATA4 + BRD4 vs. all other individual conditions (n=4). (B) Relative expression by RT-
gPCR in neonatal rat ventricular myocytes. Statistical significance is indicated between
siControl and siGata4 + siBrd4 vs. all other individual conditions (n=3). One-way ANOVA
analysis coupled with a Tukey test was used to assess significance. (C) Immunoprecipitation
(IP) of endogenous protein from human cardiac progenitor cells using anti-GATA4 or anti-
IgG antibody and immunoblotting (IB) with anti-BRD4 or anti-GATA4 antibody
demonstrates endogenous BRD4 co-immunoprecipitates with GATA4 but not IgG. (D)
Immunoprecipitation of FLAG-BRD4 overexpressed in HEK293 cells followed by
immunoblotting with anti-GFP or anti-FLAG antibodies demonstrates GFP-GATA4 still co-
IPs with BRD4 even in the presence of increasing doses of JQ1 or DMSO as control. (E)
Immunoprecipitation of FLAG-BRD4, FLAG-BRD4N140AN433A and FLAG-
BRD4Y97A/Y3%0A jn HEK293 cells followed by immunoblotting with anti-GFP or anti-
FLAG antibodies indicates co-immunoprecipitation of BRD4 mutants with GFP-GATAA4.
For A and B, * represents p<0.05, ** represents p<0.01, *** represents p<0.001 and ****
represents p<0.0001 for indicated comparison.
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