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Abstract

Rationale—The contractile dysfunction that underlies heart failure involves perturbations in
multiple biological processes ranging from metabolism to electrophysiology. Yet the epigenetic
mechanisms that are altered in this disease state have not been elucidated. SWI/SNF chromatin-
remodeling complexes are plausible candidates based on mouse knockout studies demonstrating a
combined requirement for the BRG1 and BRM catalytic subunits in adult cardiomyocytes.
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Brg1/Brm double mutants exhibit metabolic and mitochondrial defects and are not viable although
their cause of death has not been ascertained.

Objective—To determine the cause of death of Brg1/Brm double-mutant mice, to test the
hypothesis that BRG1 and BRM are required for cardiac contractility, and to identify relevant
downstream target genes.

Methods and results—A tamoxifen-inducible gene-targeting strategy utilizing aMHC-Cre-
ERT was implemented to delete both SWI/SNF catalytic subunits in adult cardiomyocytes.
Brg1/Brm double-mutant mice were monitored by echocardiography and electrocardiography, and
they underwent rapidly progressive ventricular dysfunction including conduction defects and
arrhythmias that culminated in heart failure and death within 3 weeks. Mechanistically,
BRG1/BRM repressed c-Myc expression, and enforced expression of a DOX- inducible c-MYC
trangene in mouse cardiomyocytes phenocopied the ventricular conduction defects observed in
Brg1/Brm double mutants. BRG1/BRM and c-MYC had opposite effects on the expression of
cardiac conduction genes, and the directionality was consistent with their respective loss- and
gain-of-function phenotypes. To support the clinical relevance of this mechanism, BRG1/BRM
occupancy was diminished at the same target genes in human heart failure cases compared to
controls, and this correlated with increased c-MYC expression and decreased CX43and SCN5A
expression.

Conclusion—BRG1/BRM and c-MY C have an antagonistic relationship regulating the
expression of cardiac conduction genes that maintain contractility, which is reminiscent of their
antagonistic roles as a tumor suppressor and oncogene in cancer.

Keywords

BRG1; BRM; SWI/SNF; c-MYC; cardiac connexins; cardiomyocyte conduction; bradycardia;
arrhythmias; heart failure

1. Introduction

Heart failure is a major cause of morbidity and mortality worldwide. Its complexity arises
from abnormalities in many aspects of cardiac function, from metabolism to
electrophysiology, resulting in impaired contraction and sudden cardiac death.!
Electrophysiological remodeling is among the most common and important alterations in
human heart failure. Heart failure patients suffer from both bradyarrhythmias and
tachyarrhythmias, and sudden cardiac death is 6-9-fold more common in heart failure
patients than the general population [1,2]. While some genes associated with the
proarrhythmic state in heart failure are known, the epigenetic mechanisms regulating their
expression are unknown, as are the functional connections between metabolic and
arrhythmogenic conduction that occurs in human heart failure [1]. Epigenetic mechanisms
are capable of long-term regulation of gene expression, which is highly relevant to
cardiomyocytes where the expression of some genes must be maintained in the same cell
over an individual’s lifetime.

SWI/SNF chromatin-remodeling complexes are recruited by transcription factors to the
enhancers and promoters of target genes where they reposition nucleosomes in an ATP-
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dependent manner to epigenetically regulate transcription [3-6]. Target genes are either
activated or repressed in a context-dependent manner. Although SWI/SNF complexes are
heterogeneous, BRG1 (also known as SMARCA4) and BRM (also known as SMARCA?2)
are the only catalytic subunits with ATPase activity. SWI/SNF complexes physically interact
with cardiogenic transcription factors such as NKX2.5, TBX5, and GATA4, which make
them a plausible candidate for regulating cardiomyocyte development in the embryo and
contractile function in adults. Mouse knockout studies have demonstrated that BRG1 is
required for cardiomyocyte development but is dispensable in adult cardiomyocytes [7-9],
whereas BRM is completely dispensable [10]. To test the hypothesis that BRG1 and BRM
functionally compensate in the adult cardiomyocyte, we generated Brg1™ mice carrying an
inducible, cardiomyocyte-specific a MHC-Cre-ERTZ2 transgene that were also B!~
Indeed, these Brg1/Brm double mutants died within 3 weeks following the loss of BrgZ, and
they exhibited metabolic perturbations and mitochondrial defects in the heart [11,12].
However, their cause of death is unclear, and it is not known whether SWI/SNF is required
for cardiac conduction or if this model is relevant to the study of heart failure. We therefore
focused our efforts in the current study to address these issues and to identify downstream
target genes that provide mechanistic insight.

2. Materials and methods

2.1. Mice

The aMHC-Cre-ERT mice [also known as B6.Cg-Tg(Myh6-cre/Esr1)1JmkJ or aMHC-
MerCreMer] were obtained from The Jackson Laboratory (#005657, Bar Harbor, ME) and
genotyped as previously described [13]. The BrgZ conditional mutant mouse line and Brm
constitutive mutant mouse line have been described previously [10,14,15]. Genotyping of
the Brg1 floxed and Afloxed alleles and the Brm mutation were performed by PCR as
previously described [10,14,15]. To induce the BrgI conditional mutation in adult
cardiomyocytes, 3—6 month old male and female mice were provided rodent chow
containing tamoxifen (Sigma-Aldrich #T5648, St. Louis, MO) over a 7-day period. 500 mg
of tamoxifen was mixed with 1 kg of ground-up rodent chow and then mixed with water,
kneaded into pellets, and dried in a hood. Provided to mice ad /ibitum, the dose was
estimated to be 80 mg/kg/day. After the 7-day treatment period, the tamoxifen-fortified
chow was removed and replaced with the same chow lacking tamoxifen. A similar number
of male and female mice were used in the study, and no phenotypic differences were
observed between the two sexes as indicated in Supplemental Fig. 2.

The bi- transgenic mouse line that inducibly overexpresses the human ¢c-MYC cDNA in
cardiomyocytes under the control of the a MHC promoter has been previously described
[16]. Mice were raised in the absence of doxycycline (DOX) to prevent developmental
consequences from c-MYC overexpression. c-MYC was induced by feeding mice Dox-
containing rodent chow (200 mg/kg, Bio-Serve, Frenchtown, NJ) ad /ibitum. Dox had no
effect on single transgenic littermates, which were used as controls in analyses performed in
this study.
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All mouse experiments were approved by the Institutional Animal Care and Use Committees
(IACUC) review hoards at the University of North Carolina at Chapel Hill and Case Western
Reserve University and were performed in accordance with federal guidelines.

2.2. Echocardiography

Conscious cardiac transthoracic echocardiography was performed on mice at the indicated
time points using a VisualSonics Vevo 2100 ultrasound biomicroscopy system
(VisualSonics, Inc., Toronto, Ontario, Canada) as previously described [17,18]. Two-
dimensional M-mode echocardiography was performed in the parasternal long-axis view at
the level of the papillary muscle on loosely restrained mice. Anterior and posterior wall
thickness was measured as distance from epicardial to endocardial leading edges. Left
ventricular internal diameters were also measured. Left ventricular systolic function was
assessed by ejection fraction (LV EF% = [(LV Vol; d-LV Vol; s/LV Vol; d) x 100] and
fractional shortening (%FS = [(LVEDD - LVESD)/LVEDD] x 100). Investigators were
blinded to mouse genotype from collection through waveform measurements. Each
measurement represents the average of three cardiac cycles from each mouse.

2.3. Electrocardiography

Continuous electrocardiographies (ECGs) were monitored by surgically implanting a
TA10ETA radiotelemetry device (Data Sciences International (DSI), St. Paul, MN) into the
abdomen of mice anesthetized with isoflurane and transmitting the information to APR-1
receivers under the cages that were coupled to the Ponemah v.5.0 Physiology Platform for
data analysis (DSI).

2.4. RNA isolation

Cardiac tissues were homogenized using a TissueLyser LT (Qiagen N.V. #69980, Venlo, The
Netherlands) according to the manufacturer’s protocols. Approximately 20-40 mg of apical
ventricle was homogenized in 1 mL of Trizol (Life Technologies #15596-026, Carlsbad,
CA) using a 5- mm stainless steel bead (Qiagen N.V. #69989). Chloroform (200 uL) was
added, centrifuged at 12,0009 (15 min at 4°C), isopropanol (0.5 mL) was then added to the
aqueous phase, centrifuged at 12,000g (10 min at 4°C) and the resulting RNA pellet was
washed with 1mL of 75% ethanol, centrifuged at 75009 (5 min at 4°C). The resulting pellet
was dried and resuspended in RNase- free water. RNA concentrations were then determined
by UV spectroscopy (absorbance of 260-280 nm).

2.5. Transcriptome profiling and RT-qPCR

RNASs were reverse-transcribed using iScript reverse transcription supermix (Bio-Rad
Laboratories #170-8841, Hercules, CA). Transcriptome profiling was performed at the UNC
Lineberger Comprehensive Cancer Center (LCCC) Genomic Core Facility using the Agilent
Once Color 80k60k Sure Print G3 Mouse Gene Expression Array (G4858A-028005).
TagMan gene expression assays (Life Technologies) were performed using universal
TagMan master mix (Life Technologies #4304437). The method for RNA isolation and
Real-time RT-PCR was described previously [19]. Primer pairs and probes for RT-gPCR
assays are listed below:
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F; 5'-Fluorescein (FAM)

Q; Quencher (TAMRA)

Mouse—cMyc

Forward CCA GCC CTG AGCCCCTAG T

Reverse TGC TCT TCT TCA GAG TCG CT

Probe FTG CAT GAG GAG ACA CCG CCC ACC AQ
Thx5

Forward CCA CTG TAC CAA GAG GAA AG

Reverse TGT CTC CAT GTACGG CTT CT

Probe FAA TGT TCC AGC ACG GAG CAC CCC TAQ
Cx40

Forward ACC ATC ATG GGC ATG ATC TG

Reverse ATA GGT GAC CCT GCC AAG AC

Probe FTG ATC GTG GAG GTC TTG CTG AGG ATG Q
Cx43

Forward CCT CTT CAAGTC TGT CTT CGA

Reverse TAG ACC GCA CTC AGG CTG AA

Probe FTG GCC TTC CTG CTG ATC CAG TGG TAQ
Trpm 7

Forward ATT CCC TTC GTT CCT GTACC

Reverse ACT GGG AGA ACT CTC CTC CA

Probe FAC GAG GCG AGC CTG TCA CAG TGT ACQ
Scnb5a

Common Forward TCA CCA ACA GCT GGA ACATC

Full Reverse GGA GAF GAC AGT GCC AACGD

Variant Reverse AGA GCA ACG TGC GAACAACGC

Variant Reverse CAA CAC CTG ACA TGT ACG CAT

Common Probe FCG ATT TCG TGG TTG TCA TCC TCT CCQ
Gapdh

Forward AGG TCG GTG TGACCG GATTT

Reverse GGC AAC AAT CTCCACTTT GC
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Probe FTG CAA ATG GCA GCC CTG GTG ACC AQ

Human—BRG1

Forward CGA AAG GAG CTGCCCGAG T

Reverse TGG TTG CGAATGCGCTCCT

Probe FAC GAG CTC ATC CGC AAG CCCGTGQ
BRM

Forward GCC GTG ACG TGG ACT ACA GT

Reverse AAATTG CCG TCT TCG ATG GC

Probe FAC GCC CTC AGG GAG AAG CAG TGG Q
cMYC

Forward TTC GGG TAG TGG AAA ACC AG

Reverse GGT CAT AGT TCC TGT TGG TG

Probe FTC CCG CGA CGA TGC CCC TCA ACGQ
SCN5A

Forward CCA ACA GCT GGA ATATCTTCG A

Reverse TTC TGG ATG ATG TCC GAG AG

Probe FTC GTG GTT GTC ATC CTC TCC ATC GTG Q
CX40

Forward; TCT TTATGC TGG CTG TGG CT

Reverse; GAT CTT CTT CCA GCC CAG GT

Probe; FAC TGT CCC TCC TCC TTA GCC TGG CQ
CX43

Forward AAG CAA AAG AGT GGT GCC CA

Reverse CAG CAG TTG AGT AGG CTT GA

Probe FTG TCA AGG AGT TTG CCT AAG GCG CTC Q

GAPDH
Forward ACC TCA ACT ACATGG TTT AC
Reverse GAA GAT GGT GAT GGG ATT TC
Probe FCA AGC TTCCCG TTC TCAGCCQ
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2.6. IHC and western blots

IHC was performed with a BRG1 antibody (Millipore #07-478) as described previously
[12], and western blots were performed with c-MYC (Abcam ab#32072) and GAPDH
(Sigma G8795) antibodies following standard procedures.

2.7. ChIP assays

ChIP assays were performed as previously described [20]. Briefly, 10-30 mg of cardiac
tissues were pulverized in liquid nitrogen using a mortar and pestle and then crosslinked in
1% formaldehyde at room temperature for 10 minutes. After the crosslinking reaction was
stopped with 0.125M glycine, the tissues were lysed, and the chromatin was sonicated into
200-500-bp fragments. 5% of the sonicated chromatin was removed as input, and the
remainder of each sample was immunoprecipitated overnight at 4 C using a BRG1 antibody
(J1, a gift from Dr. Gerald Crabtree’s lab) that cross-reacts with BRM [21]. Duplicate
samples were immunoprecipitated with rabbit IgG as a negative control. Immunoprecipitants
were pulled down using protein A/G beads (Santa Cruz Biotechnology), washed following
standard procedures, and eluted in 10-25 pL of ddH,O.

gPCR was performed using Power SYBR Green Master Mix (Life Technologies) using the
following primer pairs. Mouse: Cx40. Forward, CTTTCTCGACTGGTGAGGAA; Reverse,
GAGCCTGTTAGTTGCTCCCG (450 nM final concentration of each). Cx43: Forward,
CCCTTCTCGTCAGCACATTG; Reverse, AGCCACTGACTCAACTGGAA (300 nM final
concentration of each). Scnsa: Forward, GTCAGAGTGGTGGGCTG,; Reverse,
GATCCCCACATCCCACGG (250 nM final concentration of each). Dissociation curves and
agarose gels demonstrated a single PCR product in each case without primer dimers.
Relative enrichment was determined by comparison to serial dilutions of input samples.

2.8. Statistics

SigmaPlot (Systat Software, Inc., San Jose, CA) was used to determine significant statistical
difference by One-way ANOVA followed by post-hoc analysis using the Holm-Sidak
method or a Student’s t-test. A p value < 0.05 was considered significant.

2.9. Study approval for human clinical samples

Human clinical samples were from subjects consented and collected for future research by
the Duke Human Heart Respository (Pro00005621). A Request for Waiver or Alteration of
Consent and HIPAA Authorization” was submitted to the Duke Institutional Review Board
(IRB) for the present study (Pro00060625) and approved (19 February 2015). In parallel, a
request for “Exemption from IRB Review” was submitted to the University of North
Carolina IRB for the present studies to be performed at UNC (14-3334) and approved (10
March 2015). Samples were de-identified without PHI and collected from heart transplant
donors.
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3.1. Combined requirement for BRG1 and BRM in adult cardiomyocytes to prevent
cardiomyopathy and electrophysiology defects

To investigate the combined role of BRG1 and BRM in adult cardiac function, we analyzed
Brg1™f mice carrying an inducible, cardiomyocyte-specific a MHC-Cre-ERTZ2 transgene
that were also Brn™'~. We previously documented conditional loss of BrgZ in
cardiomyocytes within 7 days of tamoxifen treatment in this model by PCR and IHC
(Supplemental Fig. 1A-C) [11,12]. These mice (herein referred to as Brg1/Brm double
mutants), which are null for BRG1 and BRM in cardiomyocytes, die at 6-22 days (mean of
11.6 £ 1.5 days) relative to the first day of tamoxifen treatment (Supplemental Fig. 1D) [12].
We have demonstrated that BrgZ conditional mutants on a wild-type background are viable,
as are Brm™!~ mice, indicating that the two catalytic subunits are functionally redundant in
adult cardiomyocytes (Supplemental Fig. 1D) [12].

We monitored 27 Brgl/Brm double mutants and 28 controls by conscious echocardiography
on a daily basis until every double mutant died. Baseline measurements prior to tamoxifen
treatment demonstrated that every Brg1/Brm double mutant (Group 4) was indistinguishable
from controls (Groups 1-3 and 5) with normal ejection fraction and other metrics (Fig. 1A-
B). This result was expected because BrgZ had not yet been mutated and Brm is dispensable.
In contrast, following tamoxifen treatment, every Brgl/Brm double mutant experienced
rapid and progressive declines in cardiac function that preceded their early-onset death (Fig.
1A-B, Supplemental Fig. 2). Double mutants developed severe left ventricular (LV) systolic
dysfunction as evidenced by decreased ejection fraction (EF) percentage and decreased
fractional shortening percentage as well as LV dilation based on a widening LV that
contracted less (Fig. 1A-B, Supplemental Table 1). A characteristic bradycardia was
identified in the 24 hours before each double-mutant mouse died (herein referred to as 1-day
pre- mortem) (Figure 1B, see box in last panel labeled heart rate, Supplemental Table 2).
The cardiac phenotype at 1-day pre- mortem was characterized by two distinct cardiac
phenotypes that are not obvious unless grouped separately: 1) a dilated cardiomyopathy with
severe dysfunction and significantly thinner walls (EF%<50%, mean 26.4 + 3.1%); and 2) a
hypertrophic cardiomyopathy with less severe systolic dysfunction (EF%>50%, mean
69.1%) (Fig. 2A-B, Supplemental Table 2). However, both phenotypes had significantly
decreased heart rates (422 + 28 and 532 + 40, respectively) by conscious echocardiography
(Fig. 2B).

To demonstrate the specificity of the cardiac phenotypes identified in the Brg1/Brm double-
mutant mice, we performed conscious echocardiography on 28 controls corresponding to 4
different control groups (Groups 1-3 and 5 as defined in Fig. 1A). The only abnormality that
was observed among controls was a mild transient effect in Group 5 associated with
tamoxifen treatment of a MHC-Cre-ERT transgenic mice in the absence of a floxed allele,
which has been described previously (Supplemental Fig. 2) [22]. However, it did not result
in any mortality, and baseline function was restored immediately after tamoxifen withdrawal
(Supplemental Fig. 2).
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To probe cardiac electrophysiological function, we performed continuous ECG telemetry on
double mutants and controls. As expected, the Brg1/Brm double- mutant mice had baseline
ECG measurements, prior to loss of Brgl, that were indistinguishable from controls
(Baseline in Fig. 3). These measurements included a normal heart rate, PR interval, QRS
duration, and corrected QT intervals at all of the time points collected. In contrast,
significant repolarization abnormalities were observed in Brg1/Brm double-mutants by 13
days after the loss of Brg (Fig. 3). For example, one Brg1/Brmdouble mutant had a QT
interval that was clearly >50% of the R-R interval at day 13, which is consistent with
marked QT prolongation (Mouse 1 in Fig. 3). Abnormal ST segment morphology,
characterized by downsloping ST depression and T-wave inversion, was also evident.
Bradycardia and widening of the QRS complex was also present at day 13. These
abnormalities persisted until day 17 at which time the mouse developed apparent sinus arrest
with a slow ventricular escape rhythm (Fig. 2). This terminal rhythm progressed to complete
cessation of electrical activity within hours. Another Brg1/Brm double mutant demonstrated
abnormalities in both atrioventricular (AV) conduction and ventricular repolarization by
ECG analysis at day 13 (Mouse 2 in Fig. 3). The AV conduction abnormalities initially
manifested as prolongation of the PR interval (15t degree AV block) (Fig. 3) and progressed
rapidly to complete heart block (3" degree AV block) with a slow junctional escape (Fig. 3).
This terminal rhythm progressed to complete cessation of electrical activity within minutes
on day 13. This time point was characterized by repolarization abnormalities, initially
manifest as markedly peaked (“hyperacute”) T waves, followed by ST segment depression
and T wave inversion (Fig. 3). The QRS interval also became mildly prolonged. Taken
together, the observations that Brg1/Brm double- mutant mice exhibit cardiomyopathy,
abnormal ECG profiles, and arrhythmias that result in heart failure and death suggest that
BRG1 and BRM are required for cardiac conduction within the myocardium.

3.2. A functional link between BRG1/BRM and c-Myc

Considering the severity of the cardiac conduction phenotype and the rapid demise of
Brg1/Brm double-mutant mice, the histopathology was surprisingly mild with no signs of
cell death or structural damage to the tissues. Double- mutant hearts appeared normal with
no significant changes in cellular composition or fibrosis [12]. These observations suggest
that any alterations in cardiac gene expression in double mutants are not simply a secondary
consequence of morphological defects.

To further delineate the mechanisms underlying the pathogenesis of the heart disease caused
by ablating BrgZ and Brm in cardiomyocytes, we performed transcriptome-profiling
experiments on hearts from Brg1/Brm double- mutant and control mice. 4 biological
replicates were analyzed from each group of mice, and principal component analysis showed
a marked difference between the two groups as expected (Fig. 4A). 2,291 genes were
expressed at significantly different levels with a false discovery rate (FDR) of <0.05
(Supplemental Table 3). Unexpectedly, the gene list was highly skewed with genes
upregulated in double mutants compared to controls (n=2,118) far outnumbering
downregulated genes (n=173). Biological pathway analysis revealed a number of enriched
networks that primarily involved cell proliferation/cell cycle, immune/cytokine/chemokine
signaling, integrin/extracellular matrix (ECM) function, and lipid metabolism (Fig. 4B).
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Supplemental Fig. 3 shows the cell-cycle network in detail. Other potentially relevant target
genes were identified that include cardiogenic transcription factors (e.g., Nkx2-5, MefZc,
Tbx18, Tbx20), sodium and calcium channels (e.g., Scnib, Scnb5a, Cacnaals, Atp2b1,
Alp2b2), myosins (e.g., Myolh, Myo3b, Myolg, Myo5a), and gap junction/connexins
(Supplemental Table 3).

We evaluated c-Mycin more detail because it was upregulated in double mutants and was
represented in multiple enriched pathways. In addition to being an important cell
proliferation/cell-cycle gene, c-Myc regulates immune, extracellular matrix, and metabolic
function (i.e., most of the enriched pathways). Furthermore, an antagonistic relationship
exists between BRG1/BRM tumor suppression and c-MYC oncogenesis, and BRG1 binds to
the c-MYC promoter in lung cancer cells and represses its expression [23]. Consequently,
we hypothesized that BRG1/BRM binds to the c-Myc promoter in cardiomyocytes and
represses its expression. First, we confirmed that c-Myc mRNA and c-MY C protein levels
are upregulated in double mutants by RT-qPCR and western blot analysis, respectively (Fig.
4C-D). Next, we performed quantitative ChIP assays and demonstrated that BRG1/BRM
occupies the c-Myc promoter in cardiac tissue (Fig. 4E).

To independently evaluate the functional importance of ¢c-Myc overexpression, which has
been implicated in cardiac hypertrophy [24-27], we analyzed a transgenic mouse model that
inducibly overexpresses human c-MYC in adult cardiomyocytes [16]. We confirmed that c-
MYC expression was induced by DOX within 24 hours of treatment (Fig. 5A). This c-MYC
induction significantly decreased the expression of the cardiac connexin Cx43 at the mRNA
(Fig. 5B) and protein (Fig. 5C) levels. Importantly, MYC-ON transgenic mice exhibited
rapid cardiac dysfunction compatible with loss-of-function of both CX43 and BRG1/BRM.
Continuous ECG telemetry revealed a significantly decreased heart rate and significant
perturbations in PR interval, QRS duration, and QTc that culminated in a complete heart
block by day 6 (Fig. 5D-E). These findings indicate that c-MYC downregulation is crucial
for cardiac conduction and provide support for a mechanism where BRG1/BRM represses c-
Myc to maintain conduction and contractility.

3.3. BRG1/BRM directly and indirectly regulate cardiac conduction genes

One plausible explanation for the Brg1/Brm double- mutant phenotype is that BRG1/BRM
regulate genes encoding gap-junction proteins and ion channels that play crucial roles in
cardiac conduction and positively regulate their expression. Although electrical impulses
originate from specialized cells within the sinoatrial node, their propagation throughout the
myocardium is dependent on specific gap junctions and ion channels. To follow-up on the
transcriptome-profiling data, we performed RT-gPCR and analyzed the expression of Cx40
and Cx43, which encode gap-junction connexins, and Scn5a because it encodes the sodium
channel Nav1.5. Indeed, Brg1/Brm double- mutant hearts had significantly decreased
mMRNA levels for each of these conduction genes (Fig. 6A). The expression of another ion
channel gene ( 7rom?7) was not significantly different (Fig. 6A), which indicates there is
specificity.

To test the hypothesis that BRG1/BRM directly regulate conduction genes, we performed
quantitative ChlP assays and observed BRG1/BRM occupancy at the promoter of Cx40,
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Cx43, and Scnbain cardiac tissue (Fig. 6B). As a ChIP negative control, we evaluated
BRG1/BRM occupancy at the a-globin locus in cardiac tissue because it was not on our
gene list and is not expressed in cardiomyocytes. Occupancy was not observed above
background levels as expected (Fig. 6C). To demonstrate that the a-globin ChIP assay was
optimized and capable of detecting significant binding events, we demonstrated BRG1/BRM
occupancy in fetal liver cells (Fig. 6C), which are of erythroid origin and known to bind
BRG1/BRM and express a-globin [28]. These results indicate that BRG1/BRM maintain the
conduction system by directly binding to the promoters of connexin and ion channel targets
as well as indirectly by repressing the expression of ¢-Myc (an inhibitor) and by activating
the expression of several cardiogenic transcription factors (that are activators) (see model in
Fig. 6D).

3.4. Diminished BRG1/BRM occupancy and expression of cardiac conduction genes in
human heart failure cases

To provide evidence that the BRG1/BRM and c-MYC regulatory mechanism is clinically
relevant, we analyzed cardiac tissue from human heart failure cases and controls. We
selected cases diagnosed with bundle branch blocks and other related arrhythmias. Controls
were obtained from heart transplant donors whose hearts could not be used due to the
unavailability of a suitable recipient within the required timeframe. BRGI and BRM
expression levels were not significantly different between the cases and controls (Fig. 7A).
c-MYC expression levels were increased in cases (Fig. 7B), while CX43and SCN5A
expression levels were decreased (Fig. 7C). The difference in c-MYC approached statistical
significance (p=0.07) despite the heterogeneity that is inherent in human clinical samples
(Fig. 7B). Furthermore, when the cases were stratified into two groups, a subset
corresponding to 7/10 of the cases had significantly higher c-MYC expression levels
compared to controls (Fig. 7B). The decrease in CX43and SCN5A expression levels trended
toward significance (p=0.06) or were significant, respectively, in all of the cases without
stratification (Fig. 7C). When the 7/10 subset of cases with elevated c-MYC were analyzed
separately, CX43was significantly lower than controls (Fig. 7C), indicating that there is a
significant correlation between ¢c-MYC high cases and significantly lower CX43 expression.

The existence of long noncoding RNAs (IncRNAs) that influence the occupancy of
epigenetic enzymes at genomic loci [29] raises the possibility that BRG1/BRM occupancy
of cardiac conduction genes might be diminished in heart failure cases even if global
BRG1/BRM expression levels are not significantly affected. To test this hypothesis, we
performed quantitative ChlP assays on cardiac tissues from the same human clinical
samples. BRG1/BRM occupied the promoter of the CX43and SCN5A genes, and
occupancy was significantly diminished in the heart failure cases compared to controls
(Figure 7D). Next, we analyzed the expression of MHRT because it is a INCRNA that binds
to and sequesters BRG1 in cardiomyocytes [30]. Overexpression of MHRT in heart failure
cases would provide an explanation for diminished BRG1/BRM occupancy at target genes
without decreased global levels of BRG1/BRM protein. MRHT mRNA levels were not
significantly different when all of the samples were analyzed (p=0.38), but they were
significantly higher in a subset corresponding to 5/10 of the heart failure cases compared to
controls (p=0.01) (Supplemental Fig. 4). Taken together, these results suggest that
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BRG1/BRM and c-MYC regulate the expression of cardiac conduction genes in humans and
that perturbation of this mechanism contributes to heart failure and sudden death.

4. Discussion

The data presented here provide the framework for an epigenetic mechanism that regulates
the coordinated contraction of cardiomyocytes in the heart. It is noteworthy that the BRG1
and BRM catalytic subunits of SWI/SNF complexes are functionally redundant in the adult
heart because this is not the case during cardiomyocyte development in utero where BRG1 is
essential but BRM is dispensable [7-10]. This differential requirement could be due to their
relative expression levels as BRG1 is expressed in more broadly and at higher levels than
BRM during embryogenesis. In fact, BRGL1 is the catalytic subunit of most SWI/SNF
complexes in embryonic hearts, outnumbering BRM-catalyzed complexes by a 3:1 margin
[31], whereas BRG1 and BRM are expressed at similar levels in many adult tissues
including the heart. A precedent for this type of differential requirement of SWI/SNF
catalytic subunits during the development of a cell lineage is in vascular endothelial cells,
where only BRGL1 is required in the embryo but BRG1 and BRM are functionally redundant
in the juvenile and adult heart [32-34]. BRG1-BRM redundancy in the adult heart may have
important translational implications for anticancer therapy. SWI/SNF complexes have been
investigated much more for their role in cancer than cardiovascular disease, and several
groups recently demonstrated that depletion of BRM in BRG1-deficient cancer cells results
in synthetic lethality [35-37]. This strategy is currently being considered as an anticancer
strategy in the clinic, but care will need to be taken to avoid double depletion or perturbation
of BRG1 and BRM in cardiomyocytes since this would likely result in conduction defects
and sudden death.

The working model is that BRG1- and BRM-catalyzed SWI/SNF complexes directly and
indirectly activate the expression of Cx40, Cx43, and Scn5ato maintain conduction.
BRG1/BRM directly regulates gene expression by binding each promoter to open chromatin
structure and facilitate transcription. The indirect regulation is mediated by activation of
activators (cardiogenic transcription factors) and inhibition of an inhibitor (c-Myc) of the
same genes. This model is compatible with the Brg1/Brm double- mutant phenotype, which
is manifest as an initial prolongation of the PR interval (1t degree AV block) that progresses
to lethal arrhythmias resulting from AV conduction abnormalities. The Brg1/Brm double
mutants also have defects in mitochondrial dynamics (fusion/fission) and mitophagy in the
myocardium as well as altered metabolism [11,12]. In this regard, it is reasonable and
perhaps expected, that the contractile cardiomyocyte program is linked with mitochondrial/
energy homeostasis and metabolism. The complicated nature of this phenotype suggests
multiple pathways are perturbed including some that have not yet been elucidated. For
example, the role of cytokine/chemokine signaling and integrins/extracellular matrix, as
identified in our pathway analysis of the transcriptome data, remains to be determined.
Nevertheless, the current study adds to a growing list of epigenetic factors that regulate heart
physiology such as the PRC2 polycomb complex and the NURD chromatin-remodeling
complex [38-41].
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The communication between cardiomyocytes necessary for the heart’s synchronous
contraction occurs through ion channels and gap junctions. The role that potassium and
sodium ion channels play in this process is evident based on disease-causing mutations in
genes such as SCNV5A that result in lethal arrhythmias due to alterations in the ability of
cells to repolarize (accounting for the prolonged QT interval by ECG) [42]. Maintenance of
the gap junctions between cardiomyocytes is also crucial for maintaining conduction in the
heart, with the distribution and function of the gap-junction protein connexin 43 (CX43) and
sodium channel Nav1.5 (encoded by SCN5A) critical to conduction. Inducible knockout of
Cx43in mice resulted in a heterogeneity of outcomes over a 2-week period, with those
experiencing arrhythmias having decreased Cx43expression (and reduced Na current) with
global heterogeneity, in contrast to those without arrhythmias [43].

Several cardiogenic transcription factors including NKX2.5 have been implicated in
regulating Nav1.5 and as well as CX40 and CX43 [44-47]. However, transcription factors
are necessary, but not sufficient, for transcriptional regulation. To regulate transcription,
transcription factors recruit different types of chromatin- modifying factors to the promoters
of downstream targets. Yet a gap in our knowledge exists in terms of which chromatin-
modifying factors are recruited by transcription factors to critical ion-channel and gap-
junction genes in the heart to facilitate conduction. The work presented here clearly
identifies SWI/SNF chromatin-remodeling complexes as a key component of the contractile
cardiomyocyte program. A recent report demonstrates that BAF250A, which is an ARID-
domain subunit of SWI/SNF complexes, is integral to cardiac conduction and supports our
findings. Conditional deletion of cardiac Baf250a exhibited sinus bradycardia as we
identified, although the conduction phenotype was not lethal as we found in the Brg1/Brm
double mutants [48]. One possibility for this difference in phenotype severity is that
Baf2500b or Baf200, which encode alternative ARID-domain subunits of SWI/SNF
complexes, are able to functionally compensate. Another possib ility is that the Baf250a
deletion was restricted to the sino-atrial node, whereas Brg1/Brm were deleted throughout
the myocardium. The sino-atrial node corresponds to a specialized group of cells in the right
atrium and functions as the pacemaker where electrical impulses are generated to initiate
heartbeat. These electrical impulses are subsequently propagated throughout the
myocardium to complete heartbeat. To distinguish between these possibilities and determine
the relative importance of SWI/SNF complexes in the initiation versus propagation of
heartbeat, it will be necessary to utilize Hecn4-CreERTZ21to create Brgl/Brm double mutants
where Brg1 is deleted exclusively in the sino-atrial node.

Although ¢c-MYC s best known as a proto-oncogene that is frequently overexpressed in
cancer, overexpression in quiescent cardiomyocytes is associated with cardiac hypertrophy
[24-27]. In addition to re-entering the cell cycle [49], our current work shows that c-MYC-
overexpressing cardiomyocytes downregulate CX43 expression, resulting in arrhythmias.
SWI/SNF and c-MYC have been reported to function cooperatively or antagonistically
depending on context [23,50]. Our findings that BRG1/BRM bind to the c-Myc promoter,
repress its expression, and antagonize c-MYC in terms of Cx4.3expression is reminiscent of
their opposing functions in cancer where BRG1 and BRM function as tumor suppressors and
c-MYC functions as a proto-oncogene. In fact, BRG1 has been reported to directly repress
c-Myc expression in primary tumor cells [23]. When another SWI/SNF subunit (BAF155) is
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methylated by CARM1, it is localized to c-MYC target genes and regulates the expression of
genes in the c-MYC pathway [51]. The SWI/SNF-c-MY C antagonistic relationship is also
compatible with similar metabolic changes occurring in Brg1/Brm cardiac knockout mice
and transgenic mice that overexpress c-MYC in the heart [11,26,27].

Finally, the current work extends our understanding of BRG1 and BRM in human cardiac
disease. Heterozygous mutations of several SWI/SNF subunits including BRGI and BRM
cause Coffin-Siris syndrome and Nicolaides-Baraitser syndrome, which include congenital
heart defects such as patent ductus arteriosus and ventricular septal defects [3,52].
Additionally, BRG1 is upregulated in a subset of human cardiac hypertrophy cases, and
BRG1 upregulation in response to cardiac stress is required for cardiac hypertrophy in a
mouse model [7]. In the present study, BRG1/BRM occupancy of the CX43and SCN5A
promoters is downregulated in human heart failure cases associated with arrhythmias and
bundle branch blocks. It is not yet clear how BRG1/BRM occupancy is diminished at these
sites, but long noncoding RNAs (IncRNAS) are strong candidates. MHRT and SChLAPI are
recently identified INcCRNASs that bind to and sequester BRG1 and BAF47/SNF5,
respectively [30,53]. In so doing, these IncRNAs could directly (MHRT) or indirectly
(SChLAPI) decrease BRG1/BRM occupancy at specific downstream target genes without
altering global BRG1/BRM expression levels. Considering that other chromatin- modifying
factors, such as the EZH2 catalytic subunit of PRC2, are bound by many different IncRNAs
[29], it is plausible that MHRT, SChLAPFI, or another INCRNA that sequesters BRG1 or
other SWI/SNF subunits is upregulated in heart failure cases. To lend credence to this
mechanism, MHRT was upregulated in a subset of heart failure cases analyzed in this study.
Regardless of the precise details, the current findings combined with previous work reveal
that BRG1 is dosage sensitive in the heart with upregulation [7] and downregulation (this
study) each being deleterious and associated with cardiac disease.
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Highlights

Mouse BRG1 and BRM functionally compensate in adult cardiomyocytes as
opposed to fetal cardiomyocytes, where BRGL1 is essential but BRM is
dispensable.

BRG1 and BRM regulate the expression of cardiac conduction genes to
prevent arrhythmias, heart failure, and death.

BRG1 and BRM regulate the expression of downstream target genes both
directly and indirectly via the activation of cardiogenic transcription factors
and inhibition of c-Myc.

The phenotype of the BRG1/BRM double mutant mouse model is
phenocopied by inducible overexpression of c-Myc.

Human heart failure cases exhibit increased expression of c-Myc, diminished
BRG1/BRM occupancy of conduction genes, and decreased conduction gene
expression.
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Figure 1.
Brg1/Brm double mutants undergo arrhythmias and heart failure. (A) Echocardiogram-based

measurements of ejection fraction % (black histograms) and fractional shortening % (gray
histograms) in Brg1/Brm double mutants (Group 4) and control groups at baseline (prior to
loss of Brgl viatamoxifen) and at 1-day pre-mortem (histograms enclosed by gray box at
right). See key below for description of each numbered control group. (B) Six panels show
left-ventricle morphometrics and heart rate, as indicated, with first 5 histograms representing
baseline measurements and last 2 histograms enclosed by gray box representing 1-day pre-
mortem measurements. Data represent means + SEM with the number of mice per group
indicated in each histogram. One-Way Analysis of Variance was performed followed by an
all pair-wise multiple comparison procedure (Holm-Sidak method) with significant
differences indicated (8, p<0.001 vs. all other groups).
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Figure 2.

Two subphenotypes in Brg1/Brm double mutants. (A) The ejection fraction % and fractional
shortening % data at 1-day pre-mortem from Fig. 1A are reproduced at the left. The double-
mutant values are enclosed by a gray box. These data are juxtaposed with 1-day pre-mortem
data from the double mutants separated out into two subsets (highlighted by arrows and
histograms labeled Subset 1 and Subset 2) where the phenotypes differed with respect to
wall thickening, LV dilation, and systolic dysfunction, but not heart rate (HR). (B) Six
panels show left-ventricle morphometrics and heart rate that are the same as Fig. 1B except
only 1-day pre-mortem data are shown and the double mutant data are shown combined and
separated out into the two subgroups as indicated. Data represent means = SEM with the
number of mice per group indicated in each histogram. One-Way Analysis of Variance was
performed followed by an all pair-wise multiple comparison procedure (Holm-Sidak
method) with significant differences indicated (*p<0.001 vs. all other groups; **p<0.05 vs.
Column 1; tp<0.01 vs. Column 4).
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Mouse 1 (Brg1/Brm Double Mutant)
Baseline 11-23-13 (0021:58:09) 13d post-TAM 12-7-13 (0000:00:00

17d post-TAM 12-11-13 (0002:42:32) 17d post-TAM 12-11-13 (0026:12:04}
Cessation of electrical activity: 12-11-13 (D028:11:53)

Mouse 2 (Brg1/Brm Double Mutant)
Baseline 11-23-13 13d post-TAM 12-7-13 (0000:17:13)

13d post-TAM 12-7-13 |0002:24:26) 13d post-TAM 12-7-13 {00002:36:04)
Cessation of electrical activity: 12-7-13 (0002:50:30)

Mouse 3 (Control Group 2)
Saseline 11-23-13 (0021:58:09)  17d post-TAM 12-11-13 (0026:12:04)

Figure 3.
Brg1/Brm double mutants have conduction defects and die because of atrioventricular

blockage. ECG data from double mutant and control mice at baseline and at 13 and 17 days
following tamoxifen (TAM)-induced loss of BrgZ that includes measurements in the hours
preceding death.
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Figure 4.

BRG1/BRM transcriptional targets including c-Myc. (A) Principal component (PC) analysis
of controls and Brg1/Brm double mutants based on their transcriptome profiles. (B)
Significantly enriched pathways among the genes differentially expressed between
Brg1/Brm double mutants and controls. All of the listed pathways have an FDR < 0.05, and
the gene set statistic on the x-axis represents the z score transformation of the mean of all
genes in a set. (C) RT-qPCR analysis of c-Myc mRNA levels normalized to Gapadhin control
and double-mutant hearts. Data are presented as means £ SEM based on 5 independent
experiments with significant differences indicated (*p<0.05). (D) Western blot analysis of
heart protein lysates from controls and double mutants probed with antibodies specific for c-
MYC and GAPDH as a loading control. (E) Quantitative ChIP assays demonstrating
BRG1/BRM occupancy at the c-Myc promoter in wild-type mouse heart. Histograms show
the relative enrichment by comparing each ChlP sample to input by g°PCR (means £ SEM
for three independent samples, (*p<0.05).
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Figure 5.
¢c-MYC gain-of-function in cardiomyocytes results in cardiac conduction defects that

phenocopy BRG1/BRM loss-of-function. (A) RT-gPCR analysis of c-MYC mRNA levels in
the heart of an inducible transgenic mouse line prior to induction (MY C-OFF) and 24-48
hours after DOX-mediated induction to overexpress c-Myc (MY C-ON, Day 1 and Day 2).
Data are normalized to Gapdh and presented as means + SEM based on 5 independent
experiments with significant differences indicated (*p<0.05). (B) RT-gPCR analysis of Cx43
mRNA levels in heart of the same transgenic mouse line. Data are normalized to Gapdhand
presented as means + SEM based on 5 independent experiments with significant differences
indicated (*p<0.05). (C) Representative western blot of CX43 protein levels in heart of same
transgenic mouse line prior to induction (MY C-OFF) and after DOX-mediated induction
(MYC-ON, Day 3). Actin serves as a loading control. 3 independent samples for MY C-OFF
and MY C-ON are shown. (D) ECG sample trace readings from 3 MY C-OFF controls and 4
MY C-ON mice showing Wenckebach second-degree heart block by 3 days of DOX-induced
¢-MYC induction and a complete heart block by day 6. (E) Four panels showing ECG-based
measurements from 3 MYC-OFF controls and 4 MYC-ON mice at three time points relative
to DOX-mediated induction. The plots show significant differences (*p<0.05) in heart rate,
PR interval, QRS duration, and QTc.
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BRG1/BRM regulation of conduction genes. (A) RT-qPCR analysis of mRNA levels of
cardiac connexins (Cx40, Cx43) and ion channels (Scnba, Trom7) normalized to Gapdhin
control and double-mutant hearts. Data are presented as means + SEM based on 5
independent experiments with significant differences indicated (*p<0.05). (B, C,)
Quantitative ChIP assays demonstrating BRG1/BRM occupancy at the Cx40, Cx43, and
Scnba promoters in wild-type mouse heart tissues (B) and at the a-globin locus in wild-type
heart and fetal liver (FL) tissues (C). IgG immunoprecipitations serve as a negative control.
Histograms show the relative enrichment by comparing each ChlP sample to input by gPCR
(means = SEM for three independent samples, (*p<0.05). (D) Working model. The BRG1
and BRM catalytic subunits of SWI/SNF complexes directly and indirectly activate the
expression of Cx40, Cx43, and Scnbato facilitate conduction in cardiomyocytes. The direct
regulation is based on ChIP assays demonstrating occupancy at each promoter. The indirect
regulation is mediated by inhibition of an inhibitor (c-Myc) and activation of an activator
(cardiogenic transcription factors 7bx, Nkx2-5, Mef2c).
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Figure 7.
BRG1/BRM occupancy and expression of conduction genes is attenuated in human heart

failure cases, while c-MYC s overexpressed. (A—C) RT-qPCR analysis of mRNA levels for
human BRGI1 and BRM (A), c-MYC (B), and CX43and SCN5A (C) normalized to
GAPDH mRNA levels. Data are presented as means + SEM based on 5 controls (white), 10
heart failure cases (black), and a subset of heart failure cases with elevated c-MYC mRNA
levels (gray, n=7) (as opposed to the other 3 heart failure cases that did not have elevated c-
MYC) with p-values indicated. (D) Quantitative ChlIP assays measuring BRG1/BRM
occupancy at the human CX43and SCN5A promoters in cardiac tissue from 5 controls and
10 heart failure cases. Each ChIP gPCR was normalized to input, and the relative
enrichments are shown as means = SEM with significant differences indicated (*p<0.05).
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