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ORIGINAL RESEARCH ARTICLE

Histone Methyltransferase G9a Is
Required for Cardiomyocyte Homeostasis

and Hypertrophy

BACKGROUND: Correct gene expression programming of the
cardiomyocyte underlies the normal functioning of the heart. Alterations
to this can lead to the loss of cardiac homeostasis, triggering heart
dysfunction. Although the role of some histone methyltransferases in
establishing the transcriptional program of postnatal cardiomyocytes
during heart development has been shown, the function of this class of
epigenetic enzymes is largely unexplored in the adult heart. In this study,
we investigated the role of G9a/Ehmt2, a histone methyltransferase that
defines a repressive epigenetic signature, in defining the transcriptional
program for cardiomyocyte homeostasis and cardiac hypertrophy.

METHODS: We investigated the function of G9a in normal and
stressed cardiomyocytes with the use of a conditional, cardiac-

specific G9a knockout mouse, a specific G9a inhibitor, and high-
throughput approaches for the study of the epigenome (chromatin
immunoprecipitation sequencing) and transcriptome (RNA sequencing);
traditional methods were used to assess cardiac function and
cardiovascular disease.

RESULTS: We found that G9a is required for cardiomyocyte homeostasis
in the adult heart by mediating the repression of key genes regulating
cardiomyocyte function via dimethylation of H3 lysine 9 and interaction
with enhancer of zeste homolog 2, the catalytic subunit of polycomb
repressive complex 2, and MEF2C-dependent gene expression by
forming a complex with this transcription factor. The G9a-MEF2C
complex was found to be required also for the maintenance of
heterochromatin needed for the silencing of developmental genes in the
adult heart. Moreover, G9a promoted cardiac hypertrophy by repressing
antihypertrophic genes.

CONCLUSIONS: Taken together, our findings demonstrate that G9a
orchestrates critical epigenetic changes in cardiomyocytes in physiological
and pathological conditions, thereby providing novel therapeutic
avenues for cardiac pathologies associated with dysregulation of these
mechanisms.
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Clinical Perspective
What Is New?

¢ The histone methyltransferase G9a is important in
defining the epigenetic landscape that maintains
the transcription program of the cardiomyocyte
and in regulating gene expression reprogramming
during cardiac hypertrophy.

e Impaired G9a function can
dysfunction.

promote heart

What Are the Clinical Implications?

e G9a may represent a therapeutic target for early
stages of cardiac hypertrophy.

e The possibility of using histone methyltransferase
inhibitors for the treatment of heart failure requires
functional characterization of the molecular targets
not only in the disease state but also in the basal
condition.

a specific gene expression program, the altera-

tion of which results in heart failure (HF), a lead-
ing cause of morbidity and mortality." HF is character-
ized by de novo expression of genes expressed in the
fetal heart. Thus, transcriptional changes contribute to
the development of the disease.?* The importance of
epigenetics in regulating cardiac gene expression is in-
creasingly recognized.*

Histone methylation is an important epigenetic
modulator of gene expression, so, not surprisingly, its
deregulation can cause developmental defects and dis-
eases.” For the heart, it is involved in the maintenance
of cardiac homeostasis and hypertrophy. Indeed, PAX-
interacting protein 1, an essential cofactor for methyla-
tion (me) of histone 3 (H3) at lysine (K) 4, is required
for maintenance of the transcriptional program in nor-
mal cardiomyocytes (CMs).6 Moreover, a genome-wide
study revealed that trimethylation of H3 at K4, K9, and
K27 and dimethylation of H3 at K9 and K79 regulate
gene expression reprogramming in pressure-overload
hypertrophy.” In addition, JMJD2A/KMD4, which cat-
alyzes the demethylation of trimethylated H3 at K9
(H3K9me3) and K36 (H3K36me3), is required for cardi-
ac hypertrophy.® JMJD2A acts synergistically with serum
response factor and myocardin to regulate FHL1, which
is involved in mediating the hypertrophic response.®®
However, the factors and mechanisms that determine
the histone methylation pattern in CMs under physi-
ological and pathological conditions remain unclear.

G9a (euchromatic histone lysine methyltransfer-
ase 2) is a histone methyl-transferase (HMT) belong-
ing to the SET domain-containing family of proteins;
it monomethylates and dimethylates K9 (H3K9meT

U nderlying the correct functioning of the heart is
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and H3K9me2) and, to a lesser extent, K27 (H3K27)
on histone H3. In vivo, G9a forms a heteromeric com-
plex with G9a-like protein (euchromatic histone lysine
methyltransferase 1), another primary enzyme catalyz-
ing methylation at H3K9.7%1" Genetic analysis showed
that the HMT activity of G9a is more important than
that of G9a-like protein in vivo and that neither can
compensate for loss in the HMT activity of the other.'0"?

G9a is also a major transcriptional repressor pro-
moting the formation of facultative heterochromatin
via deposition of H3K9me2 at docking sites for het-
erochromatin protein 1'*'* and regulating the activity
of polycomb repressive complex 2 (PRC2), which sup-
ports gene silencing via trimethylation of H3K27.7>1¢ It
is required for defining the gene expression program
in processes ranging from the development to mainte-
nance of cellular identity during differentiation.-'° The
important role of G9a in maintaining cell identity is also
supported by its involvement in many human tumors.°

Two recent studies have implicated G9a in the de-
velopment of HF. However, they reported conflicting
mechanisms: 1 study described G9a as a prohypertro-
phic gene involved in silencing the expression of adult
cardiac myosin heavy chain in pressure-overloaded
mice,?" and in the other, G9a was viewed as an anti-
hypertrophic gene, the downregulation of which was
needed for the expression of fetal genes in cardiac hy-
pertrophy.?? Thus, we decided to study G9a in normal
and stressed CMs with the use of a G9a knockout (KO)
mouse. Our findings support a dual role for G9a: in the
normal heart, G9a acts in an antihypertrophic manner,
whereas in the stressed heart, it promotes hypertrophy.

METHODS

Extended methods are given in the online-only Data
Supplement.

Mice

Experiments were performed on male, cardiac-specific,
tamoxifen-inducible, conditional G9a KO mice, generated
with the cre-lox approach; MerCreMer mice; and wild-type
mice (strain C57BL/6J) 8 to 10 weeks of age. Transverse aortic
constriction (TAC) was used to generate pressure overload—
induced hypertrophy? in wild-type mice in which 20 mg/
mL BIX-01294 (Cayman Chemical) was used to inhibit G9a.
Noninvasive echocardiography was performed with the Vevo
2100 high-resolution imaging platform (VisualSonics). All
experiments were performed according to the 2010/63/EU
Directive and approved by the ethics committee of Humanitas
Research Hospital.

Primary CMs

Primary CMs were isolated from 2-day-old pups with the
Neonatal Heart Dissociation Kit. Mechanical cardiac param-
eters were assessed with an lonOptix system.?* Whole-cell
electrophysiological measurements were performed with
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standard methods.?> Short interfering RNA for MEF2C (SASI_
MmO01_00092891, Sigma-Aldrich) or a universal scrambled
RNA was used at a concentration of 50 nmol/L. Western blot-
ting, coimmunoprecipitation, and gene expression analyses
were done with standard techniques.

Chromatin Immunoprecipitation and RNA
Sequencing

These analyses were performed on CM-enriched popula-
tions isolated from mice. Chromatin immunoprecipitation
sequencing (ChiIP-seq) libraries were generated with the
Ovation Ultralow System V2 1-96 kit (NUGEN). Paired-end
sequence reads (length, 100 base pairs) were generated on
an lllumina HiSeq2500, with each sample containing >30 mil-
lion reads. RNA sequencing (RNA-seq) libraries were obtained
with a ScriptSeq kit (Illumina), quantified with a Qubit 2.0
fluorometer (Life Technologies), and sequenced with TruSeq
kits (lllumina). Paired-end 75-base-pair sequence reads were
generated (NextSeq, 500lllumina), with each sample contain-
ing >50 million reads.

Statistical Analysis
All sequencing experiments were performed on duplicates.
GraphPad Prism or R Statistical was used for statistical
analyses, THOR for differential peaks calling, and Ingenuity
Pathway Analysis for pathway analyses. Two groups were
analyzed with the unpaired t test; ANOVA was used for exper-
iments with >2 independent groups (1 way) and those with 2
between-subjects factors (2 way).

Complete data sets are deposited at the Gene Expression
Omnibus Database (accession number GEO:GSE93754).

RESULTS

G9a Is Required for Preserving CM
Function

We first assessed the role of G9a in the normal heart,
investigating the effect of downregulating this HMT in
2-month-old mouse CMs. To this end, we used a mouse
line with conditional, cardiac-specific KO of this gene
generated with the Cre-Lox approach, crossing G9a"
mice with aMHC-MerCreMer (Cre) mice; the Cre mice
were used as controls. Within 4 weeks of inducing the
KO with tamoxifen, mice presented with decreased
systolic contractility (percent fractional shortening and
ejection fraction) and increased left ventricular internal
diameter and ratio of left ventricular weight to body
weight (Figure 1A and Figure IA in the online-only
Data Supplement). Moreover, overall heart size was
enlarged, interstitial fibrosis was increased, and hyper-
trophic markers were upregulated (Figure 1B and 1C
and Figure IB in the online-only Data Supplement). CMs
isolated from G9a-KO mice had decreased contractility
(Figure 1D) and altered calcium handling; indeed, G9a-
KO CMs had significant decreases in calcium param-
eters such as transient magnitude, departure velocity,

Circulation. 2017;136:1233-1246. DOI: 10.1161/CIRCULATIONAHA.117.028561

(G9a and Heart Pathophysiology

and Ca’* reuptake (Figure 1E through 1G). Of note, the
Ca?* current was increased (Figure 1H). Thus, G9a is
required for correct cardiac functioning in normal, un-
stressed conditions, and its depletion in CMs impairs
contractility and calcium handling.

We then investigated the molecular mechanism of
the involvement of G9a in heart homeostasis by first de-
termining the gene expression signature defined by the
HMT in CMs. To this end, we sequenced total RNA from
CM-enriched populations isolated from G9a-KO and
Cre mice and compared the 2 expression profiles. There
were 397 differentially expressed genes in G9a-KO CMs,
with a relative prevalence (61.5%) of upregulated genes
(Figure 2A and Table | in the online-only Data Supple-
ment). Gene Ontology analysis showed that these genes
are involved in various biological processes and in defin-
ing mammalian phenotypes linked to abnormal heart
function (Figure 2A). Among the upregulated genes, we
found key cardiac hypertrophy genes such as myosin
heavy chain 7 (Myh?7), natriuretic peptide A (Nppa), and
a-actin-1 (ActaT), as well as several calcium signaling
genes, including protein kinase A (PKA), calsequestrin 1
(Casq1), and regulator of calcineurin 1 (RcanT; Figure 2A
and Figure IIA in the online-only Data Supplement).

To identify which modulated genes were direct tar-
gets of G9a, we examined the distribution of the HMT
at those genes. We thus performed ChlIP-seq for G9a
and H3K9me2, the main histone methylation catalyzed
by the HMT, on isolated G9a-KO and Cre CMs, and we
considered the best G9a-bound genomic regions as
those that underwent a loss or decrease of G9a binding
as well as having a lower level of H3K9me2 in G9a-KO
CMs. In line with the HMT activity of G9a, the level
of H3K9me2 around the G9a peaks was decreased in
G9a-KO CMs (Figure 2B); the distribution profiles of
H3K9me2 in Cre CMs versus G9a-KO CMs were only
weakly correlated (Pearson correlation: 0.29, 0.22,
0.12, and 0.11 for all comparisons between the rep-
licates; Figure 1B in the online-only Data Supplement).
We found 113508 regions with significantly reduced
binding of G9a and decreased H3K9me2 deposition
(adjusted P<0.01), corresponding to 30% of all the ge-
nomic regions we found with decreased G9a binding in
G9a-KO CMs (Figure 2C and Table Il in the online-only
Data Supplement). These best G9a-bound genomic
regions mapped prevalently to noncoding regions (in-
trons, 31%,; intergenic regions, 66 %), with enrichment
on repetitive elements (long interspersed nuclear ele-
ments, long terminal repeats, short interspersed nucle-
ar elements, and simple repeats; Figure IIC in the on-
line-only Data Supplement). This is coherent with a role
for G9a in silencing these genetic elements, as reported
for postimplantation epiblasts.’ One hundred forty-
eight genes found upregulated in G9a-KO CMs had
G9a bound within 10 kilobases from the transcription
start site or gene body (Figure 2C and Table Il in the
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Figure 1. Characterization of cardiac phenotype in G9a"-aMHC-MerCreMer mice 4 weeks from knockout (KO)

induction with tamoxifen.

A, Echocardiographic parameters: percent fractional shortening (FS) and ejection fraction (EF) (mean+SD; n=10). B, Represen-
tative images of freshly excised whole hearts from Cre and G9a-KO mice (left) and the ratio of left ventricular weight to body
weight (LVW/BW) (right) (mean+SD; n=10). C, Assessment of myocardial fibrosis with Picro-Sirius Red staining (left) and quan-
titative real-time polymerase chain reaction analysis of collagen type 1 (Co/7) and 3 (Col3) (right) mean+SD; n=3). D, Contrac-
tility in cardiomyocytes isolated from heart of G9a“fox-q-MHC-MerCreMer and Cre mice 4 weeks from induction of gene KO
(n=12-40 cardiomyocytes). E through G, Calcium handling parameters: magnitude of transient (BI) (E), departure velocity (Dep
V) (F), and Ca?* reuptake (G) in cardiomyocytes isolated from Cre (white bars) and G9a-KO (black bars) mice (n=6-14 cardio-
myocytes). H, L-type Ca?* current in cardiomyocytes isolated from Cre (white circles) and G9a-KO (black circles) mice (n=12

cardiomyocytes). *P<0.05. **P<0.01. ***P<0.001.

online-only Data Supplement). These included genes
of muscle differentiation (eg, Mef2c, Tgfb2, nebulin
[NEB], Myh10), muscle contraction (eg, myosin binding
protein C, fast type [Mybpc2], myomesin 2 [Myom2]),
and calcium ion transport (eg, Cacnad2d1). For some of
these genes, the changes in transcription and distribu-
tion of G9a and H3K9me2 on KO were confirmed by
analyzing the profiles obtained by ChiIP-seq and RNA-
seq (Figure 2D; see also Figures 3C and 4E).
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G9a Interacts With PRC2, Regulating

Its H3K27 Trimethylation Activity on a
Subset of Its Target Genes in Adult CMs
G9a interacts with PRC2, contributing to trimethylation
of H3K27 at a set of developmental genes.'™'® Thus, to
assess the relationship between G9a and PRC2 in CMs,

we first tested the interaction of G9a with enhancer of
zeste homolog 2 (EZH2), the catalytic subunit of PRC2,

Circulation. 2017;136:1233-1246. DOI: 10.1161/CIRCULATIONAHA.117.028561
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Figure 2. Identification of G9a-targeted genes in normal cardiomyocytes.

A, Heat map of unsupervised hierarchical clustering of 397 genes undergoing a change of expression (log fold change >0.5;
P<0.01; log counts per million =1) in cardiomyocytes isolated from G9af*“1ox-q-MHC-MerCreMer mice after 4 weeks from
knockout (KO) induction with tamoxifen (left). Gene ontology (GO) analysis for biological processes and mammalian phenotype
of modulated genes (right). B, Analysis of distribution of H3K9me2 around the genomic regions bound to G9a (x2 kilobases
[kb] from peaks). The genome-wide distribution of H3K9me2 was analyzed by chromatin immunoprecipitation sequencing
(ChIP-seq) in Cre vs G9a-KO cardiomyocytes. The G9a-bound genomic regions were identified, comparing ChIP-seq for G9a in
Cre and G9a-KO cardiomyocytes. C, Venn diagram of the overlap between the genomic regions that had a decreased level of
G9a in G9a-KO vs Cre cardiomyocytes (G9a differential peaks) with those that had a decreased level of H3K9me2 (H3K9me2
differential peaks) that we considered the best G9a-bound genomic regions. Arrow indicates the number of upregulated genes
in G9a-KO cardiomyocytes that were associated with the data set of the best G9a-bound genomic regions. Graph shows GO
analysis for biological processes of these genes. D, RNA sequencing and ChiP-seq profiles for G9a and H3K9me2 on natriuretic
peptide B (Nppb) and myosin binding protein C, fast type (Mybpc2) genes in Cre and G9a-KO cardiomyocytes. The profiles were
obtained from the average distribution of reads in replicates normalized to input and library dimension.
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Figure 3. G9a is required for H3K27 trimethylation at a subset of G9a target genes.

A, Analysis of the distribution of H3K27me3 +2 kilobases (kb) from the genomic regions bound to G9a. The genome-wide dis-
tribution of H3K27me3 was analyzed by chromatin immunoprecipitation sequencing (ChIP-seq) in Cre vs G9a knockout (KO)
cardiomyocytes. The G9a-bound genomic regions were identified, comparing ChiP-seq for G9a in Cre vs G9a-KO cardiomyocytes.

B, Venn diagram of the overlap between the best G9a-bound genomic regions (genomic regions losing G9a and H3K9me2 in G9a-
KO cardiomyocytes) and regions with a decreased level of H3K27me3 in G9a-KO cardiomyocytes (H3K27me3 differential peaks).
Arrows indicate the number of genes upregulated in G9a-KO cardiomyocytes associated with these genomic regions. C, RNA
sequencing and ChlIP-seq profiles for G9a, H3K9me2, and H3K27me3 carried out on Cre and G9a-KO cardiomyocytes on the genes
encoding endothelin 3 (Edn3) and mitogen-activated protein kinase 12 (Mapk12). The distributions of reads for G9a, H3K9me2, and
H3K27me3 were obtained from the average distribution of the reads in replicates normalized to input and library dimension.

in the mouse HL-1 cell line. Coimmunoprecipitation as-
say revealed that there was an interaction between G9a
and EZH2 in these cells (Figure llIA in the online-only Data
Supplement).

Next, we evaluated whether loss of G9a had an effect
on the distribution of H3K27me3, performing ChlIP-seq
for H3K27me3 on CMs from Cre and G9a-KO mice. Dis-
tribution analysis of H3K27me3 around the G9a peaks
revealed that there was a global reduction of H3K27me3
at the G9a-bound genomic regions in G9a-KO CMs
(Figure 3A). Clustering analysis (based on the genomic
distribution of the ChlIP-seq signal) revealed moderate
correlation for H3K27me3 (Pearson correlation: 0.50,
0.42, 0.40, and 0.38 for all comparisons between repli-
cates) in Cre CMs versus G9a-KO CMs (Figure 1B in the
online-only Data Supplement), indicating that depletion
of G9a has a slight impact on the global distribution of
the histone mark. By analyzing the overlap of peaks, we
found that 49% of the best G9a-bound genomic regions
were associated with a downregulated H3K27me3 pro-
file, suggesting that the HMT activity of G9a is required

1238 September 26, 2017

for H3K27 trimethylation at a large subset of targets (Fig-
ure 3B). We found 59 upregulated genes associated with
these peaks in G9a-KO CMs (Table IIl in the online-only
Data Supplement). Comparative canonical pathways
analysis showed that some terms, including glucose, glu-
cose 1-phosphate, and guanosine 5'-diphosphate—glu-
cose biosynthesis degradation, were specific for this data
set, indicating that H3K27 trimethylation contributes to
the repressive activity of G9a at a specific functional class
of gene (Figure lIIB in the online-only Data Supplement).
ChlIP-seq and RNA-seq distribution reads on the loci en-
coding endothelin 3 (Edn3) and mitogen-activated pro-
tein kinase 12 (Mapk12) are given in Figure 3C.

G9a Contributes to the Transcription-
Repressing Activity of MEF2C in

Normal CMs

G9a is unable to bind directly to DNA. Thus, it is con-

ceivable that CM-specific activity of G9a is mediated
by interaction with cardiac-specific transcription fac-

Circulation. 2017;136:1233-1246. DOI: 10.1161/CIRCULATIONAHA.117.028561
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tors. G9a has recently been reported to interact with
MEF2C during myogenesis, regulating its activity.?
This finding, together with the key role of MEF2C
in regulating cardiac homeostasis and in driving the
gene expression changes occurring in cardiac hyper-
trophy,>272¢ led us to investigate whether MEF2C in-
teracts with G9a in CMs and any functional conse-
guences of this. We first performed an endogenous
coimmunoprecipitation assay, finding that G9a coim-
munoprecipitates with MEF2C in Cre CMs but not in
G9a-KO CMs, as expected (Figure 4A). We then tested
whether G9a interfered with the transcriptional ac-
tivity of MEF2C, performing a transcription assay on
HEK293 cells transfected with a construct encoding
luciferase under the control of the cardiac-specific
NPPA promoter. Overexpression of MEF2C activated
the NPPA promoter, as reported previously,?® where-
as overexpression of G9a repressed its activity to an
extent similar to histone deacetylase 4 (Figure 4B), a
known transcriptional repressor of MEF2.3°

To further elucidate the function of the G9a-MEF2C
interaction in adult CMs, we used ChlIP-seq to define
the genomic distribution of MEF2C in Cre and G9a-KO
CMs, comparing the data sets with those described
above. Distribution analysis revealed enrichment in Cre
CMs of MEF2C around the G9a peaks that were lost in
G9a-KO CMs (Figure 4C). Moreover, there was strong
correlation between the genomic distribution of ME-
F2C and the G9a-bound genomic regions in Cre CMs
(Pearson correlation: 0.89, 0.86, 0.83, and 0.82 for all
comparisons between replicates). This value was low for
MEF2C in Cre CMs versus G9a-KO CMs (Pearson cor-
relation: 0.21, 0.14, 0.14, and 0.12 for all comparisons
between replicates; Figure 4D). Thus, G9a and MEF2C
colocalize at many genomic regions in vivo, and loss of
G9a compromises binding of MEF2C at these loci.

To better identify the genomic regions with cobound
MEF2C and G9a, we studied the data set of 329600
regions with significantly impaired binding (adjusted
P<0.01) of MEF2C in G9a-KO CMs. A genomic feature
association analysis indicated that there was preferen-
tial binding of MEF2C to long interspersed nuclear el-
ements and to CpG regions, suggestive of a role for
MEF2C in regulating their activities (Figure IVA in the
online-only Data Supplement). Next, we cross-com-
pared this data set with that of the best G9a-bound
genomic regions, identifying 47417 regions binding to
G9a and to MEF2C. These regions were associated in
G9a-KO CMs with 113 modulated genes, 83 of which
were upregulated. This set was enriched in genes en-
coding contractility proteins (eg, nebulette [NEBL], NEB,
myomesin 2 [MYOM?2], and sorbin and SH3 domain
containing 2 [SORBS2]). Notably, 56.6% of these genes
showed a loss of H3K27me3 (Figure IVB in the online-
only Data Supplement), suggesting that PRC2 cooper-
ates with the G9a-MEF2C complex in gene silencing.
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This was supported by the aforementioned finding of
interaction between MEF2C and EZH2 in HL-1 cells
(Figure llIA in the online-only Data Supplement). ChlIP-
seq and transcriptomic profiles of 2 genes identified as
G9a-MEF2C targets are given in Figure 4E.

G9a-MEF2C Is Required for
Heterochromatin Maintenance

To determine the chromatin context in which G9a
binds to MEF2C, we first defined the chromatin state
of the heart, analyzing a set of several Encode Proj-
ect's ChlP-seq data sets with ChromHMM.2" In agree-
ment with previously reported data,? we identified
15 states: 10 were represented by euchromatic re-
gions (states 1-10) and 5 by repressed chromatin
regions, including repressed chromatin (state 11),
heterochromatin (states 12—14), and insulators (state
15). When we analyzed how the G9a-MEF2C-bound
genomic regions were distributed among the vari-
ous chromatin states, we found that enrichment of
the complex on heterochromatin (67.5% present in
states 12-14) was greater than that observed for all
MEF2C-bound genomic regions (Figure 5A, left); in
addition, the pattern was specific for the heart (Fig-
ure 5A, right).

Regions of heterochromatin are gene-poor areas
able to silence nearby genes through the spreading of
heterochromatic structure from newly adjacent hetero-
chromatin, a phenomenon called position-effect var-
iegation.** We thus assessed whether position-effect
variegation was compromised in G9a-KO CMs by as-
sessing transcriptional levels at G9a-MEF2C-bound
heterochromatin. We found that genes mapping to
within 500 kilobases of this heterochromatin were up-
regulated in G9a-KO CMs, an effect not observed for
heterochromatic or euchromatic regions not bound to
G9a (Figure 5B and Figure VA in the online-only Data
Supplement).

A parameter of heterochromatin organization is the
solubility of heterochromatin protein 1 family members
(HP1B, HP1B, and HP1y) from these genomic regions;
an increase in solubility is an index of heterochromatin
deconstruction.3* Thus, we assessed the binding of HP1
members to heterochromatin in HL-1 cells on short in-
terfering RNA knockdown of MEF2C and in HL-1 cells
treated with the G9a inhibitor BIX-01294. Cells were
washed with CSK buffer plus 0.5% Triton-X, a buffer
that solubilizes proteins weakly bound to chromatin,
and then processed for Western blotting. We found that
depletion of MEF2C and inhibition of G9a increased the
solubility of HP1p and HP1y, whereas they had no ef-
fect on HP1a, a marker of centromeric heterochromatin
(Figure 5C). Thus, the G9a-MEF2C complex is required
for maintaining the correct structure of noncentromeric
heterochromatin.
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Figure 4. G9a binds to and represses the transcriptional activity of MEF2C in normal cardiomyocytes.

A, Whole extracts of cardiomyocytes purified from G9a knockout (KO) and Cre mice were immunoprecipitated (IP) with an
antibody against G9a and then blotted with antibodies against G9a (top) and MEF2C (bottom). B, Luciferase assay using
the cardiac-specific, MEF2C-responsive atrial natriuretic peptide (Nppa) promoter. HEK293 cells were transfected with the
ANF-luc reporter and MEF2C, G9A, or histone deacetylase 4 (HDAC4) as indicated. Lysates were processed for Renilla and
Firefly luciferase emission and plotted as indicated. ***P<0.001. C, Analysis of distribution of MEF2C +2 kilobases (kb) from
the best G9a-bound genomic regions. The genome-wide distribution of MEF2C was analyzed by chromatin immunoprecipita-
tion sequencing (ChlIP-seq) in Cre vs G9a-KO cardiomyocytes. D, Clustered heat map of pair-wise Pearson correlation of the
distributions of MEF2C and G9a in Cre and G9a-KO cardiomyocyte genomes. E, RNA sequencing and ChiP-seq profiles for
G9a, H3K9me2, and MEF2C on transforming growth factor beta 2 (Tgfb2) and Wolframin ER transmembrane glycoprotein
(WfsT) in Cre and G9a-KO cardiomyocytes. The distributions of reads for G9a, H3K9me2, and MEF2C were obtained from the
average distribution of replicates normalized to input and library dimension.

To address the role of G9a-MEF2C—dependent facul-
tative heterochromatin, we looked for significantly mod-
ulated genes mapping within 200 kilobases from these
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heterochromatin regions in G9a-KO CMs, excluding
those genes that had the G9a-MEF2C complex bound
+10 kilobases from the transcription start site. Gene
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Figure 5. The G9a-MEF2C complex binds heterochromatin and is required for its silencing.

A, Percentages of genomic regions binding the G9a-MEF2C complex mapping to the various states of chromatin. Left table
compares the genomic distribution of the G9a-MEF2C complex with that of MEF2C in heart; right table gives the distribution
of the G9a-MEF2C complex in heart and other tissues. Colors indicate different chromatin states. B, The level of transcription
around regions of heterochromatin bound to G9a-MEF2C in Cre and G9a knockout (KO) cardiomyocytes (left). As a control,
we analyzed transcriptional levels around heterochromatin regions not bound to G9a-MEF2C (right). The curves are calculated
with cubic spline regression. C, HL-1 cells treated with 8 pmol/L of the G9a inhibitor BIX-01294 for 48 hours (left) and HL-1
cells in which MEF2C was knocked down (right) were washed with CSK buffer plus 0.5% Triton X-100. Lysates were analyzed
by Western blotting with the indicated antibodies. HP1 indicates heterochromatin protein 1 family members; IB, immunoblot;
kb, kilobases; mESC, mouse embryonic stem cells; and RPKM, reads per kilobases per million.

Ontology identified 33 upregulated genes involved in
heart development such as BHLH transcription factor 1
(HesT), ankyrin repeat domain 1 (Ankrd7), and xin actin-
binding repeat-containing 2 (Xirp2; Figure VB and VC in
the online-only Data Supplement). ChIP analysis of these

Circulation. 2017;136:1233-1246. DOI: 10.1161/CIRCULATIONAHA.117.028561

heterochromatic regions revealed that on MEF2C silenc-
ing in HL-1 cells, the enrichment of H3K9me2 and H3K-
27me3 decreased, confirming that MEF2C is required
for the deposition of G9a-dependent methylation marks
(Figure VB in the online-only Data Supplement).
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Figure 6. G9a promotes cardiac hypertrophy by repressing expression of a large set of antihypertrophic genes.

A, Quantitative real-time polymerase chain reaction analyses of G9a expression in whole left ventricular tissue of mice subjected
to transverse aortic constriction (TAC) for 1, 4, and 8 weeks (mean+SD; n=3). Glyceraldehyde 3-phosphate dehydrogenase
(Gapdh) was used as a housekeeping gene. B, Representative Western blot for G9a in total extracts of neonatal mouse cardio-
myocytes treated for 6 hours with 100 um phenylephrine; tubulin was used as a control (left). Inmunostaining for H3K9me2,
G9a, and atrial natriuretic peptide (ANP) on neonatal mouse cardiomyocytes treated for 6 hours with 100 um phenylephrine
(Phe) (right). Perinuclear localization of ANP in Phe-treated cardiomyocytes is consistent with induction of hypertrophy. C, Percent
fractional shortening (FS) and ejection fraction (EF) in mice subjected to TAC for 1, 2, and 4 weeks and treated with 20 mg/mL of
the G9a inhibitor BIX-01294 by infusion. As a control, we used mice treated with dimethyl sulfoxide (DMSO; n=10 mice for each
group). D, Quantitative real-time polymerase chain reaction analysis of MRNA levels of the hypertrophic markers fetal myosin
heavy chain (Myh?7), adult myosin heavy chain (Myh6), atrial natriuretic peptide (Nppa), and brain natriuretic peptide (Nppb) in
whole left ventricular tissue (mean+SD; n=3) of mice subjected to TAC for 1 week and treated with the G9a inhibitor BIX-01294.
As a control we used mice treated with DMSO. E, Contractility in cardiomyocytes isolated from the heart of mice subjected to
TAC for 1 week and treated with the G9a inhibitor BIX-01294 (n=49-64 cardiomyocytes). F, Heat map of log fold-change (logFC)
values for 547 genes with expressions that were restored (cluster A, 218 genes) or increased (cluster B, 329 genes) after treat-
ment with BIX-01294 in cardiomyocytes isolated from mice subjected to TAC for 1 week. Differential gene expression analysis
was carried out with lllumina gene expression array. The unmodulated and the not significantly modulated (adjusted P>0.1)
genes are shown in black. G, Venn diagram of the overlap between the 547 genes described above with (Continued)
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G9a Represses the Expression of
Antihypertrophic Genes in CMs of
Pressure-Overloaded Mice

The function of G9a in HF is controversial. One study
has reported that cardiac G9a expression is increased
in mice subjected to TAC for 1 week and that the activ-
ity of this HMT is required for cardiac hypertrophy in
vivo?'; in contrast, a more recent study found that G9a is
downregulated after 6 weeks of TAC and provided evi-
dence of an antihypertrophic activity for this HMT in vi-
tro.?2 These conflicting results could be due to the differ-
ent time points analyzed in the 2 studies. To address this
point, we assessed G9a expression in the left ventricle
of mice after 1, 4, and 8 weeks of TAC. We found G9a
upregulated at 1 week but not at the later time points
(Figure 6A). Supporting this, G9a was upregulated in
neonatal mouse CMs treated in vitro for 6 hours with
phenylephrine, an a-1 receptor agonist that induces hy-
pertrophic growth (Figure 6B). Thus, G9a is upregulated
during the initial stages of cardiac hypertrophy, support-
ing the notion of an antihypertrophic activity for this
HMT in the early phase of the disease. In agreement,
administration of BIX-01294 to TAC mice improved car-
diac function and inhibited the development of hyper-
trophy, as shown by echocardiographic data and mRNA
levels of the hypertrophic markers Myh7, Nppa, and
Nppb (Figure 6C and 6D); moreover, contractility was
improved (Figure 6E). Coherently with the phenotype of
G9a KO mice at baseline, sham mice treated with the
G9a inhibitor had decreased heart function (Figure VIA
in the online-only Data Supplement). The effect of G9a
inhibition on cardiac hypertrophy was not investigated
with the KO mice model because of the technical inabil-
ity of inducing G9a KO in concomitance with pressure
overload and a baseline decrease in cardiac function in-
duced by deleting G9a in CMs.

To address how G9a promotes cardiac hypertrophy,
we assessed the gene expression signature defined by
G9a in TAC CMs. To this end, we compared the expres-
sion profiles of CMs isolated from BIX-01294—treated
mice and control groups (untreated and dimethyl sulf-
oxide—treated mice at baseline and after TAC). Chemi-
cal inhibition of G9a modulated the expression of 547
genes after TAC (Table IV in the online-only Data Sup-
plement). Because G9a is a transcriptional repressor, we
focused our attention on the upregulated genes, which
included those with an expression that was either re-
stored (cluster A, 218 genes) or increased (cluster B, 329
genes) after drug treatment (Figure 6F). To determine
potential direct targets of G9a, we identified which

(G9a and Heart Pathophysiology

of these genes acquired G9a binding in TAC CMs. To
this end, we identified the best G9a-bound genomic
regions acquired in hypertrophic CMs as those that
had a significant increase in the levels of both G9a and
H3K9me2. These regions were identified by comparing
the genome-wide distributions of G9a and H3K9me2
(as defined by ChIP-seq) in CMs isolated from TAC mice
at 1 week with those from sham mice. The Genomic
Regions Enrichment of Annotations Tool* identified
21708 best G9a-bound genomic regions specific to hy-
pertrophic CMs that mapped to the regulatory regions
of 9308 genes (Figure 6G).

By crossing microarray results with our data set of
best G9a-bound genomic regions, we found that of the
547 genes with an expression that was restored in TAC
mice after treatment with BIX-01294, 188 acquired
binding to G9a (Figure 6G). Ingenuity Pathway Analy-
sis revealed that these genes were involved in disease
processes strongly correlated with cardiac hypertrophy
(eg, organismal death, myocardial dysfunction, and
cell degeneration) but had negative z scores, indicat-
ing that they are negative regulators of those pathways
(Figure 6G and Table V in the online-only Data Supple-
ment). Genes encoding contractile apparatus proteins
such as myosin light chain kinase 3 and desmin and
genes encoding vascular endothelial growth factor
were among those repressed by G9a in TAC mice.

The foregoing results indicate that G9a cooperates
with PRC2 in maintaining gene silencing in the nor-
mal heart through the promotion of trimethylation at
H3K27. To see if this occurs also during cardiac hyper-
trophy, we examined the distribution of H3K27me3
on genomic regions acquiring G9a in TAC CMs. ChlP-
seq for H3K27me3 showed that 117 genes repressed
by G9a in TAC CMs acquired the mark (Table V in the
online-only Data Supplement). These genes were en-
riched in pathways negatively regulating hypertrophy
and organismal death; genes that lost the mark were
implicated in cell degeneration and lipid concentration
(Figure VIB in the online-only Data Supplement).

Thus, G9a promotes cardiac hypertrophy by repress-
ing a set of antihypertrophic genes via H3K9me2 depo-
sition, and similar to what we observed in normal heart,
G9a cooperates with PRC2 in the silencing of a subset
of its target genes.

DISCUSSION

Correct gene expression in CMs is fundamental for the
normal functioning of the heart.?® The role of histone

Figure 6 Continued. 9308 genes associated with genomic regions that acquired G9a binding in cardiomyocytes purified from
1-week TAC mice (top). Table of Ingenuity Pathway Analysis disease and function analysis of the 188 genes resulting from the
overlap of the 2 data sets. The repressed pathways are in blue (z score <0; bottom). BIX indicates BIX-01229; DAPI, 4',6-di-
amidin-2-fenilindolo; and IB, immunoblot. *P<0.05. **P<0.01. ***P<0.001.
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methyltransferases such as EZH2 and DOT1L in establish-
ing the transcriptional program of postnatal CMs dur-
ing heart development has been shown.?”*® However,
the function of this class of epigenetic enzymes is still
largely unexplored for postnatal heart physiology and
disease. Here, we show that the HMT G9a is necessary
for correct gene expression in normal CMs and for driv-
ing the changes in gene expression underlying cardiac
hypertrophy. This dual function is linked to the ability of
G9a to repress, through dimethylation of lysine 9 at his-
tone H3, different classes of genes, depending on the
functional status of the heart. We also found a synergy
between G9a and EZH2, the catalytic subunit of PRC2, in
the silencing of genes, so EZH2 seems important for the
maintenance of homeostasis in postmitotic CMs and for
correct differentiation of cardiac progenitor cells.3”

Among genes repressed by G9a were genes encod-
ing proteins involved in calcium signaling and contrac-
tility. One in particular was myosin binding protein C, a
member of a gene family found mutated in *30% of
patients with hypertrophic cardiomyopathy.> It could
therefore be conjectured that at least part of the sig-
nificant phenotypic heterogeneity seen even within a
given mutation of this gene may be due to defects in
the epigenetic modulation of its expression.

A general question concerning epigenetic enzymes
is whether and how they exert cell type—specific activ-
ity. Our results suggest that this may take place in CMs
through the interaction with transcription factors such as
MEF2C, which plays a key role in heart homeostasis and
hypertrophy.327?8 As a matter of fact, MEF2C and G9a
colocalize at many genomic regions (42 % of G9a-bound
genomic regions also bind MEF2C). Our results also iden-
tify H3K9me2 as a new epigenetic mark for MEF2C-driv-
en repression in the unstressed heart. Consistent with
this finding, decreased dimethylation and trimethylation
of H3K9 at the promoter regions of atrial natriuretic pep-
tide and brain natriuretic peptide genes, both of which
are targeted by MEF2C, have been observed in the myo-
cardium of patients with HE.4° Our results do not exclude
the possibility that further cardiac transcription factors,
including other members of the MEF family expressed in
heart (MEF2A and MEF2D), could be involved in recruit-
ing G9a to specific genomic sites.

Remarkably, inhibition of G9a in CMs is sufficient
to impair cardiac function, unlike the KO of histone
deacetylase 5 and 9, which does not produce a cardiac
phenotype in the absence of external stress.>4'42 These
results suggest that dimethylation of H3K9 catalyzed by
G9a is dominant over deacetylation in maintaining CM
gene expression under physiological conditions.

MEF2 is viewed as a family of transcription factors
(MEF2A, MEF2B, MEF2C, and MEF2D) that regulate
transcription through binding to regulator elements
such as promoters and enhancers.”# In the unstressed
heart, we found that MEF2C also binds to heterochro-
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matin as part of a complex with G9a and is required
for mediating transcription silencing at these genomic
regions. Thus, we propose a model whereby G9a pro-
motes the gene silencing required for heart homeosta-
sis through interaction with MEF2C, determining not
only a repressive epigenetic signature on genes but also
heterochromatinization. Our findings demonstrating a
role for MEF2C in maintaining heterochromatin in adult
CMs further the understanding of the molecular mech-
anisms underlying heterochromatinization in postmi-
totic cells. Although evidence has previously been pro-
vided on the role of G9a in the formation of facultative
heterochromatin,'*' the mechanisms through which
G9a drives these processes are not known yet. Here, we
show that in CMs, MEF2C binds genomic regions en-
riched in long interspersed nuclear elements and CpG
islands, 2 genetic elements that trigger the formation
of heterochromatin.** The finding that the G9a-MEF2C
complex regulates regions of heterochromatin respon-
sible for the silencing of some developmental genes via
position-effect variegation, together with the known
role of MEF2C in regulating gene expression changes
occurring in heart development,* leads us to speculate
that this complex is involved in defining the heterochro-
matin domain during CM differentiation.

G9a and Hypertrophy

Histone and DNA modifications contribute to creating
the epigenetic signature of cardiac hypertrophy.”4546
However, the molecular mechanisms generating this
signature are not known. Here, we show that during
early cardiac hypertrophy, G9a is needed for the tran-
scriptional repression of genes encoding negative regu-
lators of pathways associated with impairment of CM
function through H3K9 dimethylation. Among these,
we found the genes encoding cardiac myosin light
chain kinase, the repression of which causes sarcomeric
disorganization during the transition from compen-
sated to decompensated hypertrophy,*’¢ and vascular
endothelial growth factor, a key angiogenic molecule
that, when silenced in the stressed heart, causes an
impairment of coronary angiogenesis, promoting CM
apoptosis.***° Of note, inhibition of G9a increased the
expression of the master angiogenic factor hypoxia-
inducible factor 1a. G9a also promoted transcriptional
repression via interaction with PRC2, suggesting not
only that the development of hypertrophy is dependent
on the inhibition of PRC2 by the long noncoding RNA
Chear, as described elsewhere,®' but also that the activ-
ity of PRC2 is required for gene silencing at a subset of
genes regulated by G9a. On the basis of these findings,
G9a emerges as a critical player in defining the tran-
scriptional program also during cardiac hypertrophy.
The role of G9a in regulating cardiac hypertrophy
has been the subject of recent reports. In 1 study, G9a
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was found to be part of a repressive chromatin complex
responsible for silencing hypertrophy-induced Myh6 in
stressed heart.2" In contrast, a more recent report de-
scribed G9a as prohypertrophic.?? One possible expla-
nation for these 2 apparently differing results could
be the different experimental kinetics of hypertrophy
induction. Whereas Han et al*' focused attention on
the role of G9a in early hypertrophy (1 week of TAC),
Thienpont et al?? analyzed a later time point (6 weeks of
TAC). It is therefore tempting to speculate that the func-
tion of G9a is dependent on the stage of hypertrophy
development. In the unstressed heart, G9a is required
for correct gene transcription and thus cardiac function,
whereas on stress, it is first required for inducing cardiac
hypertrophy but later plays an antihypertrophic role.

Our data suggest that G9a represents a potential
target for the treatment of early-stage cardiac hyper-
trophy. However, evidence of the dual role played by
G9a, not only in healthy versus diseased hearts but also
in different stages of HF progression, hampers the use
of direct inhibitors of G9a as a safe therapeutic tool.
Nonetheless, it is possible to envision the development
of molecules that affect the function of G9a during the
early phase of hypertrophy. Future studies will provide
a deeper understanding of the mechanism of action of
G9a. Indeed, identification of the transcription factors
that recruit G9a to cardiac-specific genes at the onset
of disease could enable the design of pharmacological
tools that prevent these interactions.
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