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ABSTRACT
Cardiac hypertrophy is associated with pathological remodeling of the ventricles of
the heart. Hypertrophy-induced changes in gene expression pattern results in re-
establishment of fetal gene program in the adult heart. Enhanced expression of fetal
and growth-factor genes as well as decreased expression of adult-specific genes are
characteristic of genetic reprogramming during cardiomyocyte hypertrophy. Signaling
pathways mediating the hypertrophic growth of cardiomyocytes suggest regulation at
multiple molecular levels. Indeed, master regulators such as cardiac transcription
factors and stress-induced changes to circulating hormone levels are thought to

mediate these gene expression changes within the myocardium.

Recent studies from cancer, neurological and developmental diseases
comprehensively describe a new level of gene regulation referred as epigenetics.
The two best-studied examples of epigenetic modifications are the addition or
removal of methyl group to the nucleotide bases that make up the genetic material of
an individual, as well as addition or removal of methyl and/or acetyl group to amino
acid residues contained within histone proteins that package DNA into nucleosomes.
Unlike genetic mutations, neither the chemical modification to DNA nor to the histone
proteins alters the order of nucleotide sequence. However, such modifications are
clearly associated with transcriptional competency of nearby genes. Hyper- and
hypo- methylation of DNA at genes required for cell cycle regulation have been
observed in diseases like cancer. Clearly, such modifications to DNA are identified to

regulate the expression of genes implicated in oncogenesis.

Emerging studies raise a compelling argument for epigenetic mechanisms especially
co-regulatory proteins that mediate methylation and acetylation of histones as key
mediators of hypertrophy induced gene expression in the heart. Epigenetic enzymes
such as the DNA methyltransferases (DNMT), histone acetyltransferases (HAT) and
histone deacetylases (HDAC), in complex with chromatin remodeling proteins such
as BRG1 and PARP, mediate stress induced pathological signaling within the
myocardium. Over the last decade, understanding the function and pharmacological

modulation of HDAC enzymes has been the focus in cardiac research. HDACs serve



to remove acetyl group from amino acid residues harboured within histone and non-
histone proteins. Therapeutic inhibition of HDAC enzymes especially class | HDACs
shows promising improvements in pre-clinical and clinical studies of heart failure. In
pre-clinical models of cardiac hypertrophy, HDAC inhibition has been shown to block
and even reverse the pathological remodeling of the ventricles caused by pressure-
overload. These observations are attributed to distinct enzymes, HATs and HDACs
that mediate the addition and removal of acetyl groups, respectively to histone
proteins. The expression as well as activity of these enzymes is altered during
cardiac hypertrophy leading to aberrant histone acetylation ultimately affecting gene
expression. Together HDACs, HATs and Brg1, serve to remodel chromatin and
regulate hypertrophy-associated gene expression program including the prototypical

cardiac myosin heavy chain isoform shift during pathogenesis.

Complex interactions of co-regulatory proteins that serve to remodel chromatin and
gene function require a multitude of interactions in a co-ordinated manner. Recent
identification of functional RNAs such as the short and long non-coding RNAs
(ncRNAs) underscore the molecular complexity that drives specific interactions
between genes and co-regulatory proteins. The complementary RNA to S-MHC
gene, referred as antisense (AS) -MHC was recently proposed to regulate the
prototypical MHC-isoform shift in pressure-overload exposed ventricles. The precise
functions of the transcript other than regulating g-MHC expression remain unknown.
In addition to AS 5-MHC, a collection of long ncRNAs has been proposed to regulate
pathological gene expression in the heart, yet the mechanism of action remains
uncharacterized. Non-coding RNAs offer valid candidates of therapeutic targets to
manipulate global expression of target genes. Indeed, miRNA-208b and miRNA-
208a are both encoded by cardiac MHC genes, whose expressions are closely
associated with cardiac hypertrophy. Therapeutic inhibition of miRNA-208 family has
proven beneficial in pre-clinical models of pathological hypertrophy. Studying the
complex interactions of these distinct molecular species that function in a co-
ordinated fashion has furthered our understanding of the complexity driven by

pathological changes associated with the ventricular remodeling.



The work presented in this thesis provides novel insights into gene regulatory
mechanisms mediated by long ncRNAs (IncRNAs) working in conjunction with post-

translational chemical modifications of histones in the pathological mouse heart.
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1.1.1 Abstract

Precisely regulated patterns of gene expression are dependent on the binding of
transcription factors with co-regulatory determinants referred to as co-activators and
co-repressors. These regulatory components function with the core transcriptional
machinery to serve in critical activities to alter chromatin modification and regulate
gene expression. Cardio-vascular development requires cell-type specific patterns of
gene expression to achieve selective developmental programs. With clear
implications for the epigenetic control of gene expression signatures, the ENCODE
(ENCyclopedia Of DNA Elements) Project Consortium determined that about 90% of
the human genome is transcribed while only 1-2% of transcripts encode proteins.
Emerging evidence suggests that non-coding RNA (ncRNA) serves as a signal for
decoding epigenetic mechanisms and provides a potential molecular basis for cell
type-specific and promoter-specific patterns of gene expression. A novel role for the
histone methyltransferase enzyme Ezh2 has been uncovered in the regulation of
gene expression patterns, which has been implicated, in cardiac hypertrophy and the

focus of this article.
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1.1.2 Introduction

The mammalian heart is the first functional organ to develop within the vertebrate
embryo. The chambers of the heart undergo structural changes during development
mediated by specific cellular cues such as hormone stimulation. These stage-
specific developmental transitions in the cardiac lineage are precisely regulated by
spatial and temporal events on chromatin to regulate gene expression patterns.' For
example, genes specifically expressed at later stages in cardiac development, such
as cardiomyocyte maturation and terminal differentiation are often mono-methylated
on histone H3 lysine 4 (H3K4me1), whereas activation at later stages is specified by
H3K4me3 modification.! Stage-specific chromatin signatures are established by
combinatorial readout of histone modifications. For example, both methylation and
acetylation of histone proteins at distinct lysine positions can establish chromatin
“sighature” and serve as binding sites for co-regulatory complexes.? Gene activation
in pluripotent stem cells is associated with H3K4me1 of gene promoters, which are
activated at later stages in the cardiac lineage, which is in contrast to genes
repressed at this stage and specified by high levels of H3K27me3 at gene
sequences. Genes that code for the adult isoform cardiac contractile protein a-
myosin heavy chain (a-MHC) as well as the transcription factor Nkx2.5 are activated
only at later stages of cardiac differentiation. The activation of these genes shows
high levels of H3K27me3 deposition at pluripotent stage, which are gradually erased

and replaced by H3K4me3 modification.®

Cardiomyocytes respond by adaptive mechanisms to changing environmental stimuli
such as increased workload. These physiological changes are marked by an
increase in cardiomyocyte size and ventricular mass, which is referred to as cardiac
hypertrophy. Chronic exercise training or pregnancy can increase heart muscle mass
and contractile ability, often referred to as physiological hypertrophy.* Similarly
pathophysiological surroundings such as acute and chronic myocardial stress
including hypertension, valvular disease and myocardial infarction can dramatically
increase the size of the ventricular chamber.* °® This is referred to as pathological
cardiac hypertrophy and like physiological hypertrophy, stimulates a phase of

neurohumoral and biomechanical signals within the myocardium. While it is
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considered that physiological hypertrophy is generally advantageous as well as
reversible, pathological hypertrophy causes irreversible remodeling leading to

deformation of the ventricles and reduced heart contractility.®

The discovery of specific activator and repressor complexes important in cardiac
development has revealed several mechanistic insights into myocardial function,
cardiac development as well as heart disease. Ventricular hypertrophy is associated
with re-activation of fetal genes that include Anp, Bnp and p-MHC as well as the
suppression of Serca2a and a-MHC genes in the adult heart.® The recruitment of
ATPase-dependent chromatin remodeling complexes that belong to the SWI/SNF
family’ have been shown to contextually associate with either histone
acetyltransferases (HATs) or histone deacetylases (HDACs) and regulate cardiac
gene expression.® Indeed, the recruitment and binding of p300 HAT enzyme on gene
promoters is closely associated with the establishment of chamber-specific gene
expression patterns under physiological states and implicated in the treatment of
heart failure.® In addition, recent studies have expanded the complexity of regulatory
determinants that participate in cardiac gene expression, for example histone
modifying proteins such as Ezh2 and Asxl2 specify MHC gene expression in
postnatal cardiac homeostasis.'® " The results of these experimental data support a
diverse network of signaling pathways that underlie both physiological and

pathological cardiac gene regulation.

Mechanisms that regulate gene expression are under the direct control of specific
classes of transcription factors and core machinery that serve to alter chromatin
structure and function. However the precise actions of transcription factors in cardiac
disease as well as the enzymatic activities of chromatin remodeling determinants
including histone and non-histone modifying enzymes are poorly characterized. The
complexity of these transcriptional regulators presents a major conceptual problem
and one that is addressed in this review on non-coding RNAs (ncRNA). The potential
molecular mechanism we discuss is one targeting many classes of histone reading
and writing enzymes that functionally serve to alter gene structure and expression.

Recent experimental observations show that chromatin remodeling and histone
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modification confer important transcriptional programs as a result of development
and cardiac disease.'®’ The complex interplay of transcriptional co-regulators
interacting with long non-coding RNAs (IncRNA) serve to localize key DNA-binding
proteins directing specific post-translational modifications regulating gene expression

has been recently described and the focus of our discussion.®'®

1.1.3 Physiological roles of IncRNAs in the heart

Recent advances in nucleic acid sequencing technologies have revealed that nearly
90% of the genome is transcribed in one tissue type or another, with estimates of
approximately 70-98% constitute ncRNA."®#" These transcripts are broadly classified
in two groups according to nucleotide length; the short ncRNAs (<200 nt) such as
microRNA (miRNA) and IncRNAs (>200 nt) such as the natural antisense transcripts
(NATs) (Table 1). Interestingly, ncRNAs are thought to interact with chromatin and
regulate gene transcription. When in 1993 two studies published back-to-back in Cell
describing short non-coding RNAs in C.elegans, the importance of these findings
was probably under-appreciated.?”> ? How ncRNAs recognize and interact with
target sequences to regulate gene expression still remains poorly characterized.
Although short ncRNAs are strongly conserved but of unknown function, the seminal
discoveries by the groups led by Ambros and Ruvkun have revealed a regulatory
complexity mediated by ncRNAs. The field has expanded tremendously with a better
understanding of the significance of these ncRNA molecules in biology and disease.
Recent studies now show that during development, ncRNAs are expressed in a

dynamic fashion and regulated by specific cellular and environmental cues.'® "’

The importance of short ncRNAs in heart development was elegantly demonstrated
by cardiac-specific deletion of miRNA-processing enzyme, Dicer.?* The miRNAs
miR-1 and miR-133 are abundant in the heart and are associated with
cardiovascular development and myeloid differentiation.?>?” Recently, functional
paradigms for several IncRNAs have been described such as the participation in
embryonic differentiation and cell-lineage development as well as transcriptional
control.’® 7 % 2 \While the IncRNAs can serve as spliceosome and ribosome

components in eukaryotic BRNA metabolism, recent experimental observations
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suggest a role for IncRNAs in organizing chromatin conformation and shaping the
genome. For example, chromatin interacting INcRNAs were recently identified as key
determinants of gene imprinting (such as Xist and Kcnq1iot1 as well as Air) whereas
the recruitment of PRC2 components are implicated in gene suppression events that
involve Hotair and Tug1.°**? Recently, knockdown of IncRNAs expressed in
embryonic stem cells has revealed more than one hundred functional IncRNAs
associated with the maintenance of pluripotency.®® In addition, several IncRNAs have
been implicated in normal heart physiology. For example, Braveheart (Bvht) and
Fendrr are thought to have critical roles in cardiac lineage specification during early
developmental stages of the mouse embryo.'® ' The silencing of Bvht in mES cells
results in the loss of cardiomyocyte beating in embryoid bodies (EB) at day 11 of
differentiation.'® Furthermore, tissue-specific Fendrr is a regulator of heart and body
wall development in the mouse.!” While these results are not fully understood, it is
hypothesized that Bvht and Fendrr control gene expression by interacting with the
regulatory cofactors, PRC2 and TrxG/MLL complexes. These studies highlight the
importance of long ncRNA transcripts defining chromatin structure and gene
expression necessary for heart development. Recent studies have also identified
putative roles for IncRNAs in cancer (such as the over expression of Malat1 and
Hotair), anemia (under expression of LincRNA-EPS), Alzheimer’s (over expression
of Bace1-AS) and Huntington’s disease (under expression of Htt-AS).***" In addition
to the general involvement of DNA-binding motifs that function in the recruitment of
transcription factors, new roles for IncRNAs in mediating chromatin-protein
interactions have recently been described.?> * Long ncRNAs have putative
sequence motifs and structural domains implicated in protein association and binding
to specific gene sequences. Indeed, several chromatin-interacting proteins have
recently been described to have ncRNA-binding domains such as the polycomb-
group (PcG) proteins, which are involved in the suppression of gene expression and

chromatin modification.3® #°
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1.1.4 Non-coding RNAs connect EZH2 with chromatin

The expression of IncCRNAs including NATs to several genes in heart tissues have
recently been shown to regulate gene transcription and protein translation.'* ' The
antisense (AS) transcripts which are expressed from cardiac genes such as Nppa
(AS-Nppa) and -MHC (AS p-MHC) are examples of gene regulatory INcRNAs in the
myocardium. The Ezh2 lysine methyliransferase has a binding domain thought to
mediate interaction with IncRNAs.*® For instance, phosphorylation of threonine
(T365) within the Ezh2 ncRNA-binding domain is associated with binding to the
IncRNAs, Hotair and Xist.*® Well characterised in cancer and considered a potential
regulator of malignant transformation, the specific interactions of ncRNAs with
histone modifying determinants such as Ezh2 remain poorly described in the heart.*’
In general, several lysine methyltransferase enzymes have a conserved SET-domain
region, which is thought to be critical to chromatin association as well as catalytic
activity. A number of methyl-writing SET-domain family members such as G9a, Set7,
Smyd3, Set2, Set1 and Ezh2 can bind to single-stranded DNA and RNA.**** In
addition, several MLL family proteins that contain the SET-domain are known to
interact with ncRNA either directly or indirectly.*® *” The methyl-erasing enzyme,
LSD1, is thought to bind directly with the 3’ end of Hotair and regulate HoxD gene

expression.*®

Recent data published by several groups suggest putative regulatory roles for
antisense transcripts in mediating Ezh interactions with chromatin in the heart (Table
2).'% % The expression of genes encoding contractile proteins and transcription
factors implicated in heart disease are altered in Ezh2-knockout mouse models.'®
Deep sequencing of chromatin immunoprecipitated from the mouse heart using
antibodies that recognize Ezh2 show direct interaction with genes implicated in
cardiac disease (Table 2).*° Interestingly, Ezh2 appears to bind novel bi-directional
promoters (bdP) that regulate the expression of sense and antisense RNA. For
example, altered expression of tumour suppressor genes (Cdkn2b, Cdkn2a, and Arf)
within the chromosome 9p21 region encoding the Ink4/Arf locus was observed in
hearts of Ezh2-null mice.'® *° Expression of the overlapping Anril antisense transcript

is thought to regulate these genes by Ezh2-mediated PcG silencing.”® However, it
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remains to be determined whether Anril expression in cardiomyocytes directly
regulates the interaction of Ezh2 with chromatin at the 9p21 region. In favour of a
role in cardiac homeostasis, individuals homozygous for risk SNP allele at the 9p21
region show altered Anril expression and increased susceptibility to atherogenic
plaque development, coronary heart disease (CHD) and diabetes.®" °® While Cdkn2a
expression levels were reduced in 9p21 knockout hearts, there was no evidence for
cardiac hypertrophy or cardiovascular pathology.’® Other studies also report Anril
interactions with PcG proteins such as Cbx7 and Suz12 to regulate Cdkn2b and
Cdkn2a gene expression.”* °®> Over-expression of Anril in cultured cells significantly
altered the expression of a large number of genes proposing trans mechanism of
gene regulation.”® Ontology analysis has identified numerous genes involved in the
regulation of nucleus and chromatin architecture.”® These observations imply a role

for Ezh2 in mediating chromatin interactions of Anril transcript.

Cardiac hypertrophy and failure are associated with changes in the expression of a-
and S-MHC mRNAs and this shift in myosin-isoform distribution serves important
roles in cardiac muscle fiber shortening.>® The silencing of a-MHC in failing human
hearts has led renewed interest to restore expression of this gene in hypertrophic
tissue.>® The MHC genes are clustered on chromosome 14 in humans and mice (chr
15 in rat) and the - and 8- MHC genes are separated by an intergenic sequence of
~4.5kb in length (Figure 1).>” The B-MHC gene is upstream of a-MHC and both
transcribe mature mRNA approximately 7kb in length.”” The complexity of MHC
gene regulation presents interesting conceptual and experimental challenges with
the identification of transcripts on the opposite DNA strand. This complementary
sequence to the canonical mRNA represents the antisense or non-coding RNA.>®
The intergenic region of MHC is thought to contain a bdP that transcribes both
strands of DNA producing antisense (AS) B-MHC and a-MHC transcripts in opposite
directions.®® Transcription of the AS -MHC progresses in the direction of the g-MHC
gene and it is considered to regulate the expression of MHC genes in response to

pressure overload and diabetes.*® *°



Chapter one “

The regulation of MHC isoforms requires the coordinated actions of a core
machinery that include DNA transcription factors, chromatin remodeling, and
expression of antisense RNA transcripts. Furthermore, the complex regulation of the
MHC genes includes both transcriptional and post-transcriptional mechanisms.'® °®
Recent experiments in Ezh2 mutant mice reveal changes to MHC gene expression
characteristic of the hypertrophic heart, suggesting a direct role for this enzyme in
MHC isoform regulation.10 In addition to H3K27me3 modification mediated by Ezh2,
regulatory features of the bdP involve binding of histone-modifying enzymes such as
Hdac9, AsxI2, and chromatin remodeling enzymes such as Brg1 and Parp1 (Figure
1)."" %% Moreover, either the presence or absence of DNase hypersensitive sites is
associated with MHC gene expression at various developmental stages of the heart
which is indicative of chromatin remodeling.’ Whilst it is presently unclear how
chromatin-modifying enzymes regulate MHC transcription, the expression of the AS
B-MHC transcript may participate in recruitment of enzymes such as Ezh2 to the bdP

to regulate MHC isoform expression in healthy and diseased hearts.

1.1.5 Novel ncRNAs in the heart

The growing list of INcRNAs expressed in the myocardium involved in the healthy
heart and cardiac disease are summarised in Table 3. RNA sequencing has
revealed specific transcriptome profiles for coding and non-coding transcripts that
distinguish the stages of hypertrophy and heart failure in the myocardium.®* Recent
transcriptome studies have identified more than 1300 previously unannotated exons
with altered expression levels in animal models of hypertrophy and heart failure.®
Among these, approximately 682 exons displayed differential expression between
hypertrophic and heart failure models. The majority (81%) of unannotated RNAs
expressed in heart failure models were low protein coding or non-coding RNAs. For
example, the expression of H19 IncRNA was higher in animals with heart failure
when compared to those animals with cardiac hypertrophy. The function of H719 in
the myocardium as well as its association with heart disease remains poorly
characterized. Transcriptome profiling of human heart explants has shown the
expression of four previously uncharacterized novel ncRNAs marked by specific

histone modifications.®® The results from these studies suggest that a large number
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of novel transcripts expressed in failing myocardium are either not expressed or not
detected because of transcript abundance. Serial analysis of gene expression
(SAGE) across many tissue types from humans has identified cardiac-specific
expression of a novel IncRNA, NCRNA00116.5* The function of this transcript in
heart development and disease as well as several proposed antisense transcripts

are poorly understood.®

1.1.6 Methodologies for the analysis of complex interactions between IncRNA
and chromatin

Recent methodological developments in transcript analysis have seen a tremendous
amount of information generated from massive parallel sequencing using innovative
approaches in search of functions for IncRNAs. While historically difficult to ascribe
function to the large number of non-coding RNAs, these transcripts are readily
identified by RNA sequencing approaches. A number of IncRNAs contain chromatin
binding domains and sequences implicated to bind to regulatory proteins as well as
sequences required for gene expression.®® *° In the next section, we discuss some
of the methodological developments that have enabled the characterization IncRNAs

and their interactions with chromatin.

1.1.7 Methods used in the detection and characterization of IncRNAs

Important protein-coding genes including those implicated in heart disease have
antisense transcription and ncRNA expression.?®® ®" Conventionally in first-strand
synthesis, complementary DNA (cDNA) is generated at low temperatures (37°C)
using random/oligo-dT primers that are non-specific to gene sequences as well as
lacking strand-specific (5’ to 3’ orientation) information. To distinguish the sense from
the antisense transcript, strand-specific oligonucleotides are used to anneal either
mRNA (sense) or ncRNA (antisense) at high temperatures (50-60°C) followed by
first-strand cDNA synthesis and quantification. For example, strand-specific primers
to cardiac MHC and troponin genes have been used to quantitatively measure sense
(mRNA) and antisense (ncRNA) expression in the heart.®® ® Recently, several novel
procedures have been developed to quantify strand-specific expression of the

transcriptome (Table 4).”% "
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Almost 90% of the human transcriptome is alternatively spliced in terminally
differentiated cells such as cardiomyocytes and neurons.”” This permits the
generation of large numbers of RNA (splice variants) and protein isoforms from a
limited number of genes.” For example, distinct alternative splicing of the cardiac
steroid receptor activator (Sra) transcript can generate Sra protein-coding transcript
as well as non-coding regulatory Sra transcript.”* In another case, a novel splice
variant to the Hotair transcript lacking a previously determined Ezh2 interacting
domain has been reported.”” These splicing variations of IncRNA transcripts is
thought to be a critical determinant for protein interaction, however their distinct
biological roles in the heart as well as disease association remain to be addressed.
Consistent with this idea, splice variants in the heart are known to exist for Anril and
regulate circularization of this transcript where one variant interacts with Ezh2 and
the other is masked for Ezh2 binding domain.”® However, the precise mechanism of
alternative splicing mediated ncRNA binding to Ezh2 remains poorly understood. The
identification of splice variants to ncRNA transcripts is key to understand and predict
ncRNA-binding proteins interactions. Several strategies such as exon-scanning and
rapid amplification of cDNA ends (RACE) have successfully identified splice variants
to cardiac troponin I- and Nppa- antisense transcripts (Table 4).°®> 7" Other examples

include Kcng1ot1 and Hottip were determined by RACE.*" 78

Deep sequencing of RNA (RNA-Seq) approaches generate millions of reads that
often fail to accurately identify gene structure as well as result in missing genomic
regions transcribed at low levels, as well as non-polyadenylated ncRNAs.”
Transcript profiling can be studied using tiling arrays or targeted RNA CaptureSeq
(RNA capture sequencing).” ° For example, Mercer et al”” used tiling arrays that
contained sequences corresponding to unannotated regions, whose rare and
transient expression are thought to be below the detection limits of conventional
RNA-Seq. Surprisingly, the study reported complex ncRNA transcription and
widespread expression of rare transcripts.”® In addition to previously characterized
transcript variants such as Tp53 (p53), at least three novel isoforms that lacked

sequences required for intra-p53 interactions as well as p53 transactivation domain
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were identified. Similarly, an alternative splice junction to Hotair transcript was
characterized and thought to interfere with PcG binding.”® Taken together, these data
suggest that post-transcriptional splicing can regulate ncRNA interactions with DNA-

binding transcription factor complexes.

Recent experimental observations suggest dynamic regulation of ncRNA stability in
response to environmental cues. Pulse labeling of endogenous RNA followed by
deep sequencing (BRIC-Seq) has identified novel and highly stable IncRNAs such as
the AK091718 transcript, whose expression is linked with cell growth.?® BRIC-Seq, a
method to study RNA decay also revealed short half-lives (112 < 4h) for regulatory
IncRNAs such as the cardiac Anril transcript, Hotair, Tug1 and Gas5. That study
highlighted hundreds of short-lived regulatory RNAs designated as Short-Lived non-
coding Transcripts (SLiTs) that are implicated in nuclear function.?® An alternative
method of studying RNA stability is transcriptional inhibition by Actinomycin D
(ActD).®" Mouse neuroblastoma cells exposed to ActD over a 32hr period identified
over 800 IncRNAs and 12,000 mRNAs that were classified as either highly stable
(half-life > 16h) or of low stability (half-life < 2h).%? The regulatory RNA, Neat! was
identified as one of the least stable ncRNAs and is thought to be dynamically
regulated. Similarly, global run-on sequencing (GRO-Seq) and native elongating
transcript sequencing (NET-Seq) techniques can be used to study immediate and
transient changes to nascent RNA transcripts in response to extracellular stimuli.? 8
Indeed, a study using these methodologies identified the immediate transcriptional
response to estrogen signaling that INcRNAs are dynamically regulated.®® The low
stability of regulatory RNAs does not suggest that the IncRNAs are non-functional
rather this implies that these RNAs act immediately after transcription via chromatin

interaction.

1.1.8 Long ncRNA-chromatin interaction assays

Long ncBRNAs that stably interact with chromatin at specific genomic sites can be
detected by fluorescent in situ hybridization (FISH) of the target RNA using antisense
RNA probes.®° FISH has traditionally been the method of choice to study chromatin

interactions of IncRNAs.%% 8 More recently, FISH was employed to determine the
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chromatin localization of INncRNA Kcnqg1iot1 of maternal and paternal alleles in the
developing heart.®® Locus-specific IncRNA interactions can be examined using
formaldehyde fixation and chromatin immunoprecipitation methods (RNA-ChIP) that
use antibodies that recognize RNA-binding proteins such as Ezh2 and G9a.”
Alternatively, native RNA-ChIP using MNase digestion can also be used to study
chromatin associated RNAs.?® In contrast to formaldehyde crosslinking, the
immunoprecipitation of native chromatin allows direct mapping of mono-

nucleosomes.®

Long ncRNAs can interact in a locus-specific manner through complementary
sequence recognition independent of protein interactions.’’ The use of biotinylated
RNA tiling probes complementary to target IncRNA was recently employed to
immunoprecipitate associated DNA sequences and proteins. Examples include
ChIRP (chromatin isolation by RNA purification) and CHART (chromatin hybridization
analysis of RNA targets) have identified novel genome-wide interacting sites for
IncRNAs such as Hotair and Rox2.%* * The advent of high-throughput sequencing
has enabled the direct detection of RNA isolated by cross-linking
immunoprecipitation (HITS-CLIP) and photoactivatable ribonulceoside enhanced
crosslinking and immunoprecipitation (PAR-CLIP) which utilize UV-radiation to
crosslink adjacent proteins to RNA.** % These methodologies were recently used to
identify the interaction of Ezh2 with several ncRNAs including the cardiac ANRIL

transcript.”®

1.1.9 Structural analysis of IncRNAs

Besides sequence-based chromatin recognition, RNA folding can also influence
ncRNA interaction with chromatin.®” Genes such as Dystrophin, Cytochrome P-450,
MLL and ETS-1 code for circular transcripts.®®'°! The hypertrophy responsive NCX1
gene is known to produce circular poly(A-) transcripts in the human heart.'®
Although for many years the biological significance of circular RNA was unclear,
recent evidence now suggests that they may be targeted by miRNAs and act as
104

miRNA sponges to regulate genome-wide post-transcriptional control.’®®

Accordingly, circular antisense RNAs are targeted by RISC components for gene
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regulation.'® The mechanism of circularization of RNA is generally a result of non-
canonical post-transcriptional exon scrambling (PTES). Non-canonical PTES
appears to be a predominant event in human liver and heart tissues.'®® Because of
their low abundance, the majority of circular transcripts are largely undetectable by
conventional RNA-sequencing. To investigate the circular component of the
transcriptome, protocols employ RNaseR, an enzyme that degrades linear but not
circular transcripts.’”’ Next generation sequencing identified PTES mediated circular
RNA transcripts to hundreds of human genes, the majority of which were not
polyadenylated.’' Recently, circular and linear forms of cardiac antisense RNA, Anril
have been reported.”® The expression of the endogenous circular Anril transcript
might be associated with atherosclerotic vascular disease. In addition to structural
regulation of RNA by PTES, thousands of human mRNA and ncRNA transcripts are
extensively methylated'®”” and these RNA modifications are thought to alter
Argonaute binding as well as transcript folding.'® Moreover, recent identification of
specific ncRNA structures such as the TINCR boxes regulate the interaction of these
transcripts with proteins.®” Long ncRNAs such as TINCR contain several intrinsic
structures that determine protein partners for interaction. A novel method has been
employed that couples RNA structure analysis with genome-wide sequencing,
referred to as FragSeq (fragmentation sequencing). The protocol incorporates the
Nuclease P1 enzyme, which cleaves single-stranded nucleic acids thereby
preserving the intra- and inter-molecular RNA interactions.'® The development of

these methodologies have enabled genome-wide analysis of RNA structure.'™®

1.1.10 Conclusions and future considerations

Recent experimental observations are building a compelling case for the participation
of IncRNA in regulating cardiac gene expression. This is probably best exemplified at
the bdP of the MHC genes and includes the interaction of Ezh2 with the antisense (-
MHC transcript to regulate MHC isoform expression (Figure 1). Several
technological developments have been critical to understand the role of ncRNAs in
the heart. Indeed, the advent of massive parallel sequencing has brought improved
understanding of the regulatory mechanisms underlying cardiac pathology and

developmental growth as well as integrating functional genomics. Although the
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relevance of the non-coding genome to cardiac disease has mainly been studied in
the context of the widespread disruption of expression, recent evidence now
indicates that ncRNAs are also critical determinants of gene regulation. Taken
together with their emerging role with chromatin and modification, the non-coding
genome should provide new strategies and specific targets to prevent, restore or

reverse the effects of pathological hypertrophy in the failing heart.
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1.1.13 Figure Legends

Figure 1. Complex interactions of epigenetic factors at the cardiac MHC genes
regulate the expression of myosin ncRNAs. The expression of cardiac a- and g-
MHC genes is dynamic and antithetically regulated in (A) healthy and (B) diseased
heart. The bi-directional promoter (bdP) within the «- and g-MHC intergenic region
comprises binding sequences for GATA, CTF1/NF1, RAR, T3R, MEF-2 transcription
factors. Both the «- and p-MHC genes encode microRNAs, miRNA-208a and
miRNA-208b whose expressions and functions are associated with heart health and
disease. Besides these myosin ncRNA expressions, the bdP is known to produce
IncRNA, AS p-MHC that serve to regulate -MHC sense (mRNA) transcription by
chromatin interaction. Recent experiments link epigenetic proteins such as BRG1,
HDACs and Ezh2 to direct association at the intergenic bdP and suppression of AS
p-MHC and a-MHC genes leaving sense transcription and expression of g-MHC

gene in diseased heart.
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1.1.14 Table 1. Classification of functional ncRNAs. Transcriptional gene
silencing functions of short (grey background) and long ncRNAs by chromatin
interaction.

ncRNA class ﬁ:‘;i’:j‘iﬂ:
MicroRNA (miRNA) Yes'!!
Small interfering RNA (siRNA) Yes''2
Piwi-interacting RNA (piRNA) Yes'™®
Small nuclearRNA (snBNA) Yes®®
Small nucleolarBNA (snoRNA) Yes'
Natural antisense transcript (NAT) Yes’®
Large intergenic ncRNA (lincRNA) Yes*
Promoter associated RNA (paRNA) Yes''™®
Circular RNA (circRNA) Yes®
Enhancer RNA (eRNA) Yes''®
Pseudogene RNA (trans-NAT) Yes!!7: 118
Transcribed ultraconserved regions (T-UCRs) Yes''®
Short-lived RNA transcripts (SLiTs) Yes?®
Telomeric repeat-containing RNA (TERRA) Yes'?®
Transfer RNA (tRNA) Not reported
Ribosomal RNA (rRNA) Not reported
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1.1.15 Table 2. Chromatin immunoprecipitaion in mouse left ventricle shows specific
interaction of Ezh2 at genes with bi-directional transcription. Listed are genes as
enriched by ChIP using antibodies that recognize Ezh2 and H3K27me3 modification.*
Genes on sense and antisense strands are distinguished by an underline. Significant
proportion of the genes enriched by Ezh2-ChlIP in the mouse heart show specific binding of
Ezh2 at key cardiac genes with antisense RNA expression. Several cardiac genes with
antisense RNA expression including the cardiac regulatory IncRNA genes Anril, Miat and
Nppa-AS appear to be bound by Ezh2. Genes encoding non-cardiomyocyte expression
programs such as the Pax6, which expresses opposite strand transcript is also repressed by
direct binding of Ezh2 in the heart. Increased expression of Myosin light chain (Myl4) and
TgfB-3 genes was observed in Ezh2 deficient mice,'® *° both of which are known to express
regulatory antisense transcripts however show no direct association of Ezh2 at these

promoters.*®

1) Ink4a, Ink4b, Ak148321/ANRIL 16) Irx5, 4933436¢20Rik
2) Pax6, Pax6ost1 17) Fbxo44, Fbxo2

3) Nppa, Nppa-asi 18) Otx2, Otx20s1

4) Miat, 1700028D13Rik 19) H2-K2, AA388235

5) a-MHC, g-MHC, AS §-MHC 20) PcnxI2, Bc021891

6) Foxd2, 9130206124Rik 21) DIx6, DIx6as-1

7) Hoxc11, Hoxc12, Hotair 22) Tbx2, 2610027K06Rik
8) Gata3, 4930412013Rik 23) Myl4 (ALC-1), Myl4-AS
9) Diog, Dio3os 24) cTn1 (Tnnt3), cTn1-AS
10) Ucn, Ucn-as 25) Tgfp3, Tafp3-AS

11) Islr2, 1600029015Rik

)
)
12) DIl4, Gm14207
)
)
)

13) Pou3f3, 2610017109Rik
2610100L16Rik, Gm10724

14
15) Hoxa4, Hoxa5, Hoxa6, Hoxa?7,
2700086A05Rik
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Expressio
. - Methods of . .
. . Disease nin . e Mechanism of Splice
Long ncRNA Cardiac function . . identificatio . .
association disease n regulation variants
(1/1)
Regulation of INK4/ARF Cardiac RNA-ChIP,
. locus, genes involved in hypertrophy, RACE-PCR, Chromatin
Anril nuclear and chromatin Atherosclerosi f circRNA interaction Reported
architecture® s assays
; 69 RNA duplex None
cTnl-AS Regulation of cTnl mRNA Unknown Unknown RACE ;
formation reported
Nppa-AS1 Regulation of NPPA mRNA%® | Unknown Unknown RACE Rgf\m‘l‘:i‘(’)'ﬁx Reported
Regulation of sense RNase Overlapping sense None
AS-Ucn . 121 Unknown Unknown Protection 2
transcription/translation Assay transcription reported
- . . Chromatin
Miat or Gomafu Splicing, Bgtm_a : ng fate Myocar_dlal i Northern interaction / Nanog Reported
specification Infarction blot, RACE o
TF binding
Fendrr Cardiac mesoderm Unknown Unknown RACE, RNA- Chromatin None
formation’’ ChIP, ISH interaction reported
Cardiac Northern
Cardiomyocyte blot, Chromatin
Mhm Proliferation % hypertrophy, Unknown In Situ interaction Reported
arrhythmia e
hybridization
- RNA-ChIP, .
H19 Imprinting ?n%2lgf2 Hypertrophy & 1 Strand- Qhromgtln Reported
regulation Heart failure o interaction
specific PCR
. 124 Strand- None
91H (AS-H19) Regulation of Igf2 Unknown Unknown specific PCR Unknown reported
Embryonic heart formation, .
Kengiott Regulation of Cdkn1c, Unknown Unknown RACE, FISH, Qhromgtln Reported
88 RNA-ChIP interaction
KvLQT1 genes
Chromatin
Fmr1-AS1 or . . 125 RACE, ) :
Emrd Cell proliferation Proposed Unknown Northern blot interaction Reported
proposed
Embryonic heart formation, ) .
Air Imprinting of Igf2rin adult Unknown Unknown RNA-ChIP, Qhromgtln Reported
126 FISH interaction
hearts
Mic-Alc-1 Regulation of MLC-1 Strand- None
antisense mRNA'™ ToF, HOCM ! specific PCR Unknown reported
RNase .
AS-TgfB3 Hear chamber formation’?® Unknown Unknown protection .RISQ-medlated None
silencing proposed reported
assay
Strand-
sONE . 129 specific PCR, None
(AS-eNOS) eNOS synthesis Unknown Unknown In Situ Unknown reported
hybridization
Strand-
. . specific PCR, .
Sra Myogenesis, S.R%E“’te'”s DCM Splice variant Qhromgtln Reported
synthesis ) interaction
assays,
RNA-ChIP
58 Cardiac Strand- Chromatin None
AS p-MHC f-MHC gene transcription hypertrophy ! specific PCR interaction reported
Cardiovascular lineage RACE, native Chromatin
Braveheart commitment’® Unknown Unknown RNA-IP interaction Reported

1.1.16 Table 3. Long ncRNA expression in the heart

ANRIL, Antisense non-coding RNA in the INK4 locus; ¢Tnl, Cardiac troponin |; NPPA-AS1, natriuretic peptide precursor A-antisense
transcript 1; AS-UCN, Urocortin antisense; MIAT, Myocardial Infarction associated transcript; MHM, Male HyperMethylated; MLC-ALC-
1, myosin light chain-atrial light chain-1;AS-TGF@3, Transforming growth factor -3 antisense RNA; SRA, steroid receptor RNA
activator; ToF, tetrology of fallot; HOCM, Hypertrophic obstructive cardiomyopathy; DCM, dilated cardiomyopathy. RACE, Rapid
amplification of cDNA ends; FISH, Fluorescent In Situ Hybridization.
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1.1.17 Table 4. Methodologies for detection, characterization and structural analysis of
IncRNA. ncRNA-chromatin interactions assays are highlighted with grey background.

Method Advantage
Strand-specific gRT-PCR Sense and antisense RNA quantification®® ¢
ASSAGE Reveals transcript direction”®
RNA ligation using distinct Reveals transcript direction”’
adaptors
NET-Seq Transcriptional pausing®*
GRO-Seq Immediate, transient changes to transcriptome®

Exon-scanning

Splice variant detection® 7’

RACE

Splice variant detection, Obtain full-length transcript

sequence?” "8
RNA CaptureSeq Detection of transcrlp’Fs of low apun7d5)ance, Novel splice
variant detection
BRIC-Seq Transcript stability, RNA decay®

SAGE (SuperSAGE)

Novel, tissue-specific IncRNA detection®

PolyA” RNA-Seq

Identification of bimorphic transcripts and circular RNAs'®"

RNA bisulfite conversion

RNA methylation, RNA folding, footprint sequences’

PTES identification

Splice variants, circular RNA prediction'®®

FragSeq

Intra- and inter- RNA base pairing’®®

RNaseR assay

Circular transcriptome studies'®" 1%

Native chromatin preparation

Purifies CARs, PolyA” ncRNAs™'

Cellular compartmentalization of transcripts, chromatin

AR interaction® &’

RNA-ChIP Protein-dependent RNA interaction with chromatin’®
Native RNA-ChIP Protein-dependent RNA interaction with chromatin®
ChIRP RNA-dependent chromatin interaction®

CHART RNA-dependent chromatin interaction®®
HITS-CLIP Cross-linking of directly mtergctmg RNA-protein
complexes
PAR-CLIP Cross-linking of directly interacting RNA-protein

complexes %

ASSAGE, Asymmetric strand specific analysis of gene expression; GRO-Seq, Global Run-on sequencing; NET-
Seq, Native elongating transcript sequencing; RACE, Rapid amplification of cDNA ends; BRIC-Seq, 5’-Bromo-
uridine Immunoprecipitation chase-deep sequencing; SAGE, Serial analysis of gene expression; PTES, Post-
transcriptional exon scrambling; CARs, Chromatinassociated RNAs; FISH, Fluorescent In Situ Hybridization;
ChIP, Chromatin immunoprecipitation; ChIRP, Chromatin Isolation by RNA purification; CHART, Capture
hybridization analysis of RNA targets; HITS-CLIP, High-throughput sequencing of RNA isolated by crosslinking
immunoprecipitation; PAR-CLIP, Photoactivatable-Ribonucleoside-Enhanced crosslinking and
immunoprecipitation.
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1.2.1 Abstract

Epigenetic regulation of gene expression is central to cardiovascular physiology and
pathology. Recent advances in genome-wide mapping of transcription factors and
covalent modification of the chromatin point to an important role for histone
acetylation and methylation patterns in determining key developmental programs of
cardiac lineage. Recent experimental evidence demonstrate that dynamic regulation
of the chromatin landscape is similarly critical for pathological cardiac gene
expression in response to stress. At the forefront of such research are the histone
deacetylase enzymes (HDACs), whose pharmacological inhibition is currently topical
and promising for treatment of heart failure. HDACs interact with a complex co-
regulatory network of transcription factors, chromatin remodeling complexes, and
specific histone modifiers to regulate gene expression in the heart. A prominent
example is the Ezh2 histone methyltransferase (HMT), which was recently proposed
to have a significant role in cardiac physiology in adults and cardiac lineage
specification during embryo development. This review comprehensively explores the
regulatory impact of histone modifications in cardiac development, health and
disease. With a focus on transcriptional control in rodent models of heart disease we
discuss recent experimental findings emphasizing specific components of diverse
regulatory complexes that mediate chromatin modification in the myocardium.
Following recent implication of numerous HMTs and HDACs in heart disease, there
is a growing potential for epigenetic drugs to manipulate pathological gene

expression.
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1.2.2 Introduction

The mechanical force required for heart function is achieved by complex contractions
of cardiac muscle fibers within the myocardium (heart muscle). As predominant
constituents of heart muscle, cardiomyocytes are the primary determinants of
cardiac contractility. During normal development the heart achieves anatomical
specialization by separation to four individual chambers, the left and right atria and
the left and right ventricles. Chamber specification is tightly coordinated by temporal
and spatial expression of cardiac transcription factors such as Tbx5, Gata-4, Mef-2,
Csk/Nkx2-5 and Hand, which collectively determine specific gene expression
patterns.'™ Precise regulation of myocardial transcription is critical for homeostatic
control in adults because cardiomyocytes reach terminal differentiation and lose their
ability to divide shortly after birth.> Consequently epigenetic regulation of gene
expression is thought to be critical and changes to the chromatin template such as
post-translational histone modifications are associated with pathological ventricular
remodeling after myocardial infarction.® For example, cardiac-specific deletion of
Ezh2 and Ptip, key factors required for histone methylation impaired heart function in
mouse models.® ” Expression of hypertrophy marker genes such as the S-MHC and
Anp was elevated in Ezh2 knockout mice, while Ptip knockout mouse hearts
exhibited conduction defect. Indeed, de novo mutations in genes encoding histone
methyltransferase enzymes (HMT) required for H3K4 and H3K27 methylation such
as MLL2, Suv420H1, Kdm5s and Kdm5b were identified with high incidence in
severe congenital heart disease patients.? Together, these recent data identify novel
epigenetic regulators in the heart and support strong participation for chromatin

modifications in regulating physiological and pathological cardiac gene expression.

Throughout one’s lifetime, the heart is subject to a variety of physiological demands
such as exercise or pregnancy. In addition, pathological surroundings such as
pressure overload (aortic valve stenosis, hypertension), myocardial infarction,
myocarditis and idiopathic dilated cardiomyopathy induce cardiac adaptations.® '°
Cardiovascular disease typically stimulates enlargement of cardiomyocytes and
consequent thickening of the myocardium, referred to as cardiac hypertrophy. While

both physiological and pathological mechanisms result in increased cardiomyocyte
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size by hypertrophic growth, pathological cardiac hypertrophy is regarded as a
maladaptive response leading to irreversible remodeling of the ventricular chambers
and eventually heart failure. Accordingly, pharmacological inhibition of hypertrophic
cardiomyocyte growth has proven promising for heart failure patients.'’ At the level
of gene expression, cardiac hypertrophy is characterized by re-establishment of the
fetal gene program required for cardiomyocyte growth.'® Generally, the phase of
hypertrophy is followed by the induction of pro-fibrotic and pro-inflammatory
pathways leading to the formation of interstitial fibrosis within the myocardium with

increased risk of cardiac morbidity and mortality.' '

Pharmacological inhibition of outside-in signaling pathways involving G-protein
coupled receptors (GPCRs) such as p-adrenergic receptors, ion-channels such as L-
type Ca®* and Na*/H* exchangers, as well as cytoplasmic protein kinases such as
CAMKII are known to attenuate cardiac hypertrophy and heart failure.” '® However,
these drugs are often ineffective and can inhibit pathways that are either redundant
in cardiomyocytes or mediating compensatory changes. Recent studies have
identified several enzymes that chemically modify histone proteins and non-histone
proteins (eg. transcription factors) as key regulators of pathological gene expression
in cardiac hypertrophy.’” ® In addition to ATPase-dependent chromatin remodelers
such as Brahma-related gene 1 (Brg1) and Parp,'® histone protein tails are targeted
by enzymes for chemical modifications such as acetylation and methylation in
cardiac hypertrophy and heart failure.?#* The functional bridge between chromatin
modifiers and signaling mediators is established through transcription factors that
either suppress or promote gene expression.?® Factors such as Mef2 and Gata4 are
thought to physically associate with enzymes that modify histones for activation of
gene targets.?*?® These data support diverse regulation of gene transcription by
complex interactions involving transcription factors, co-regulatory determinants,
chromatin remodelers, as well as histone modifying enzymes in the myocardium.
Thorough understanding of these complex interactions at the chromatin template is
likely to improve identifying therapeutic targets for the treatment of cardiac

hypertrophy and heart failure.
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1.2.3 Chromatin remodeling of the hypertrophic heart

Chromatin architecture in higher eukaryotes is fundamental to nuclear functions of
gene expression, DNA repair, recombination and replication.?®?® Consisting of a
family of ATPase-dependent chromatin remodeling complexes, SWI/SNF regulate
transcription in the heart in concert with co-activator and co-repressor complexes.?®
As essential components of the SWI/SNF complex, Brahma (Brm) and Brg1 are
considered critical chromatin remodeling machinery for vertebrate heart formation. A
recent study,” revealed dosage-sensitive interdependence between BRG1 and
cardiac transcription factors such as Gata4, Nkx2-5 and Tbx5. Specifically, Brg1
haploinsufficiency in mice reduced Tbx5 / Gata4 binding to target gene promoters
and vice versa. The study precisely demonstrated that the relative allelic balance
between Brg1 and cardiac transcription factors is essential for promoter binding and
gene regulation in the heart. Recently, Brg1 was implicated in the prototypical shift in
cardiac myosin heavy chain (MHC) isoform expression in a TAC model of
pathological hypertrophy.'® Similarly, the DNA-binding protein Parp1 required for
chromatin remodeling in the healthy myocardium was implicated in activation of the
pathological g-MHC gene in the hypertrophied heart by interaction with Brg1 at the g-
MHC promoter.'® Equally, interaction between Brg1 and HDAC enzymes functions to

suppress a-MHC gene expression in cardiac hypertrophy. '

Ventricular hypertrophy is characterized by profound changes in gene expression
including the up-regulation of fetal genes such as Anp, Bnp, p-MHC, as well as
suppression of genes required for cardiac function and adult heart homeostasis.'? *°
For example, a-MHC and Serca2a are maintained at high levels in healthy hearts,
whereas hypertrophy reduces expression of these genes. Such gene-suppressive
events are regulated by SWI/SNF containing Brm/Brgi-associated histone

19 31 Recruitment of Brm to the

deacetylase (HDAC) co-repressor complexes.
proximal promoters of Anp and Bnp serves to increase transcription, whereas
recruitment of Brg1 to a-MHC was associated with transcriptional suppression in
models of cardiac hypertrophy.®’ How chromatin-remodeling complexes are
regulated for binding at specific gene sites in response to hypertrophic stimuli

remains unclear. In addition to proposed recruiting functions of transcription factors
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and DNA-binding proteins, recent experiments also implicate histone-modifying
proteins in such chromatin interactions. For instance, contextual association of
chromatin factors with either histone acetyltransferase (HAT) or HDAC enzymes may
determine the expression of cardiac genes.” In addition to ATPase-dependent
chromatin remodeling complexes, recent observations also suggest novel
interactions for histone modifying proteins such as Ezh2 and Asxl2 at MHC
promoters and these proteins are thought to be regulated for binding under disease
conditions.® ¥ These data support a complex network of chromatin associations

underlying hypertrophic gene regulation.

1.2.4 Post-translational histone acetylation

Histone tail modifications facilitate nuclear processes that are largely dependent on
the accessibility of DNA to transcription factors, as well as co-regulatory and
remodelling complexes.?® The chemistry of chromatin dynamics has been studied in
model systems and is best characterized in context of histone acetylation, which has
revealed several mechanistic insights into chromatin structure and function. Perhaps
the best studied of all histone-modifying enzymes are the HATs and HDACs, which
are strongly implicated in gene expression changes associated with pathological
cardiac hypertrophy.'® ?° Histone acetylation neutralizes the positive charge of lysine
residues, consequentially weakening the charge-dependent association of histone
proteins and DNA to increase the accessibility of the genome to co-regulatory

determinants.?®

With the advent of massive parallel sequencing (Seq) coupled with chromatin
immunoprecipitation (ChlP) of global changes to histone modifications, numerous
cis-acting regulatory sequences important for cardiomyocytes gene expression have
been identified.** ** Creb-binding protein (Cbp) and p300 are HATs required for
precise regulation of homeostatic gene expression in the left and right ventricles.®®
Gene sequences enriched for acetylated histones also revealed binding of cardiac
transcription factors Srf and Gata4 most likely mediated by p300 acetyltransferase

activity at these promoters.®* * Indeed, promoter enrichment for p300 is critical for
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gene regulation associated with the development of ventricular chambers.®
Inactivation of p300 and/or Cbp genes in mice is developmentally lethal at E9 and
E11 days respectively and cardiac-specific deletion at later stages of development
confers severe abnormalities of the heart.*® Transgenic expression of p300 induces
cardiac hypertrophy in mice, whereas dominant-negative p300 mutants blocked
agonist-induced cardiac hypertrophy suggesting p300-HAT activity as a key mediator
of cardiac hypertrophy.®” In accordance with the role of co-regulatory complexes in
cell- and promoter-specific regulation of gene expression, P300 interacts with
specific cardiac transcription factors such as Gata4, Mef2D, MyoD, and Mef2C to

activate gene expression in the heart.?* %% %

Elevated myocardial stress in the adult heart increases P300 activity resulting in
hypertrophy-associated gene activation.*® Accordingly, disruption of protein
fragments responsible for p300 interaction with Gata transcription complexes in
primary rat cardiomyocytes attenuated phenylephrine-induced hypertrophy.*' As a
specific inhibitor of p300, curcumin prevents heart failure in rats by inhibiting
hypertrophy-induced acetylation and DNA-binding of p300-Gata4 complexes.*?
Indeed, ventricular function was further improved when ACE-inhibitors were
administered in combination with curcumin to rodent models of post-myocardial
infarction.”® With clear association of histone modifications to maintenance of the
cardiomyocyte gene expression program, defining the regulatory events that
contribute to cardiac hypertrophy could lead to better strategies with greater

specificity to improve consequences of heart disease.

1.2.5 Histone deacetylation and cardiac gene expression

At the forefront of cardiac chromatin research are HDACs, key mediators of
hypertrophy-induced gene expression.** Pharmacological inhibition or genetic
knockout of HDACs attenuates expression of numerous loci associated with
hypertrophy.'® *° HDACs are responsible for a series of enzymatic activities that
remove acetyl groups from the e-N-acetyl-L-lysine residue of histone and non-histone

proteins. Whereas deacetylation of histone tails is generally linked with gene



Chapter one n

suppression, deacetylation of residues harboured by non-histone proteins (e.g.
transcription factors) can often serve to activate gene expression.”® HDACs are
broadly classified into four groups according to their function and sequence
similarity.”” The catalytic activity of class |, class Il and class IV HDACs are zinc-
dependent, while class Il HDACs (known as sirtuins) are nicotinamide adenine
dinucleotide (NAD*) dependent.*® The class | HDACs comprises HDAC-1, -2, -3 and
-8, each harbouring a deacetylase domain, localised to the nucleus, and functionally
linked with transcriptional suppression.*® Class Il HDACs are further subdivided into
class lla (HDAC-4, -5, -7, -9) and class llb (HDAC-6 and HDAC-10). These
subclasses can shuttle between the cytosol and nucleus of the heart, skeletal
muscle, and brain tissue, and are linked with cardiac defects.”® Class Il HDACs
(Sirt1-Sirt7) are a class of NAD* dependent enzymes found in both nucleus and
cytoplasm while class IV HDACs (HDAC-11) are structurally distinct from the other
groups and also localized to the nucleus and cytoplasm.*® *® Under the current
paradigm class | HDAC enzymes are considered mediators of hypertrophy whereas
class Il HDACs are generally regarded as anti-hypertrophic.?® °' Similar to HATs
such as p300 and Cbp, several HDAC enzymes are known to interact with cardiac
transcription factors and co-regulatory determinants to control expression of genes

associated with hypertrophy and heart failure.'® %

Recent studies describe numerous key co-regulatory components of the heart that
serve distinct functions in gene expression. Cardiac-specific deletion of class lla
HDACSs in mice increased expression of genes regulated by the cardiac transcription
factor, Mef2 and concomitant sensitivity to cardiac hypertrophy. By contrast,
transgenic expression of class lla HDACs prevented activation of Mef2 target genes
to attenuate cardiac hypertrophy.®® *® Although these data suggest that inhibition of
HDAC activity would increase cardiac hypertrophy, recent studies of pan-HDAC
inhibition in mouse models described an anti-hypertrophic role mediated by
transcriptional changes in gene expression.”* These experimental observations
importantly founded the hypothesis that distinct histone deacetylase activities could
mediate pro- and anti-hypertrophic signaling within the stressed myocardium.

Accordingly, class | HDAC inhibition alone effectively attenuated cardiac hypertrophy
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by Angiotensin Il infusion and aortic banding in pre-clinical models.'® *° These
observations suggest that pro-hypertrophic effects of class | HDACs to be of higher
catalytic efficiency than the anti-hypertrophic role of class Il HDACs. Development of
class-selective HDAC inhibitors resulted in the identification of stress-responsive
roles for many HDAC enzymes as well as the genes and proteins associated with
these enzymes in cardiovascular diseases. Table 1 lists the HDAC enzymes whose
expression and function are regulated during hypertrophy and associated with heart
disease. Although clinical trials with HDAC inhibitors reported promising
improvements in ventricular function in heart failing patients, poor drug tolerance
often results in side effects such as nausea, fatigue, thrombocytopenia and limited
patient survival.’® °® Because HDACs are required for normal cellular function and
operate in multiple cell types of the heart, understanding the precise molecular
targets of individual HDAC isoforms is essential to the development of selective

inhibitors specific to cardiomyocytes for better therapy in the clinic.

1.2.6 HDAC inhibition - current standing and future perspectives

Despite initial characterization as chromatin modifiers, HDACs are now known to
strongly recognize and deacetylate non-histone proteins such as transcription factors
and contractile proteins. The distinct class-specificity and diverse substrate binding
of HDAC enzymes confer versatility in mediating stress responsive signaling through
a wide range of pathways. ldentifying pathways regulated by HDAC enzymes
including cardiac apoptosis, autophagy and inflammation offer improvements for
potential therapeutic manipulation. Moreover, both the class | and class || HDACs
may participate in regulating hypertrophy since mice genetically deleted for HDAC5
and HDAC9 developed hypertrophy in response to aortic banding and calcium
signaling, however not in response to the [-adrenergic agonist isoproterenol-
mediated induction.®” Strikingly, administration of the HDAC inhibitor Trichostatin A
(TSA) blocked induction of hypertrophy under all these stimulating conditions.>”
These observations indicate that class 1| HDACs may participate in regulating a
specific subset of hypertrophy pathways depending on the nature of pathological
stimuli. The pro-hypertrophic HDAC1 and HDAC2 are required for normal embryonic

development since mice null for these enzymes died at 9.5 embryonic days.’®
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Moreover, cardiac specific deletion of class | HDACs resulted in neonatal lethality.
These results indicate class | HDACs, although required for pathological signaling in
adult hearts, are developmentally critical as well as required for homeostatic gene

expression.

HDAC inhibition to reduce myocyte hypertrophy also affects non-muscle cells within
the heart resulting in diverse inflammatory responses associated with toxicity.*
Crucially, diverse cellular pathways are regulated by HDACs that are essential for
normal cell functioning. The requirement for high drug concentrations for certain
HDAC inhibitors to effectively reduce disease-inducing pathways is often poorly
tolerated.®® Nevertheless, HDAC inhibition can effectively attenuate pathological
insults to cardiomyocyte reducing myocardial hypertrophy, myocyte death and
fibrosis. Identification of critical pathological mediators using HDAC inhibitors such
as TSA improves knowledge of hypertrophy-associated pathways. Development of
molecule-specific inhibitor compounds selective of pathological pathways could

address the issue of off-target effects.

1.2.7 Post-translational histone methylation in cardiac pathology

Mechanisms of transcriptional activation and repression by methyl-writing and -
erasing enzymes play critical roles in cardiac physiology and pathology.” ®' The
chromatin landscape is dynamically regulated by histone methylation paralleling
temporal gene expression patterns at all different stages within the developing
heart.?> % Recent experiments show global changes to chromatin landscape
associated with differential histone methylation patterns in the failing myocardium.'”
2. 2 Histone methyltransferases such as Smydi and Ptip are thought to
enzymatically regulate gene expression in context of cardiovascular pathogenesis.
Post-translational histone methylation established by these and similar enzymes is a
dynamic regulatory mark that is removed by histone demethylases (HDMs). This
covalent chemical modification is diversely linked with the regulation of gene
transcription depending on the residue modified. Methylation of H3K4 is often
associated with gene expression, whereas addition of the methyl-moiety to H3K9

and H3K27 are linked with transcriptionally repressive chromatin conformations.?®
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For example, trimethylation of H3K4 (H3K4me3) is indispensable for expression of
Kcnip2, a gene encoding Kv-channel interacting protein 2 required for cardiac
repolarization.” Expression of Kcnip2 is reduced under heart failing conditions and
associated with reduced H3K4me3 modification at the promoter. By contrast,
ischaemic reperfusion in mouse models induced the expression of the G9a HMT and
concomitant H3K9me3 enrichment at the Sirt-1 promoter paralleling Sirt-1

transcriptional repression.®*

The specific methylation of H3K27 by the Ezh2 polycomb-group (PcG) HMT is
required for cardiomyocyte lineage-specification during mouse embryogenesis.®®
Genetic deletion of Ezh2 in mouse heart identified the necessity of the enzyme for
suppression of pro-hypertrophic genes including Anp, Bnp and B-MHC.® The
complexity of cardiac epigenetic regulation is extended by recent observations of
H3K36 methylation, typically associated with transcription elongation, co-existing
with genomic methylation at critical cardiac genes in the human failing heart.?' A key
finding of the study was that methylation at CpG dinucleotide sequence and H3K36
residues of the Dux4 locus correlating with mRNA expression in human failing heart
could be inhibited by DNA methyltransferase blockade in vitro.?! These results
suggest that diverse histone lysine methylating enzymes are required for proper
myocardial function, however such enzymes are often deregulated during
cardiovascular pathology. Although the co-regulatory complexes that exert H3K36
methylation remain uncharacterized, a growing list of histone modifiers show altered

expression and/or functional activity in cardiovascular diseases (Table 2).

Distinct classes of enzymes that catalyze demethylation of histone tail residues are
also important regulators of cardiac gene expression, exemplified by elevated
expression of the Jmjd2a histone demethylase enzyme in mouse hearts with
increased pressure-overload.®' Jmjd2a is an H3K9me3 demethylase that functions in
transcriptional activation. In healthy hearts, Fh/1 gene expression is suppressed by
H3K9me3 enrichment at the promoter.®’ In TAC mouse model, experiments showed

increased Jmjd2a binding and reduced H3K9me3 modification at the Fh/1 gene
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promoter in parallel with increased Fh/T mRNA expression.®’ Co-regulatory
complexes similarly mediate transcriptional changes under disease conditions via

removal of histone methylation at lysine 27 (H3K27me3).%°

1.2.8 Lessons from EZH2 knockout mouse models

Co-ordinated actions of polycomb repressive complexes (PRC) and co-regulatory
proteins functionally suppress hundreds of genes in humans.®” These regulatory
complexes include two main families, PRC1 and PRC2.®® PcG-mediated gene
silencing is conferred by intrinsic histone methyltransferase activity; the PRC2
holoenzyme is a complex of HMTs that include Suz12 and Eed with either Ezh2 or
Ezh1 required for H3K27me3 modification.®” ®® In the adult mouse heart, expression
of hypertrophy-associated genes (Anp, f-MHC) and pro-fibrotic genes such as Tgf33
are suppressed by Ezh2-mediated H3K27me3 modification.® ®> *° Genetic deletion of
Ezh2 in mice increased cardiomyocyte growth accompanied by induction of
hypertrophy-associated gene expression. Moreover, elevated pro-fibrotic gene
expression such as Tgf3, Spp1 and Postn and cardiac fibrosis was observed in
Ezh2-deficient mice.® Ezh2 is expressed in the heart as early as E9.5 days and
specific inactivation in cardiac progenitors is associated with reduced H3K27me3
accumulation during cardiomyocyte differentiation implying a role in cardiac-lineage
specification in embryogenesis.® Whereas cardiac-specific Ezh2 deletion in adult
hearts promotes hypertrophy, its inactivation in cardiac progenitors confers severe
heart malformations in later stages of heart development.® ® Such results indicate
the epigenetic silencing of genes by Ezh2 as a critical determining factor for the

development and function of the heart.

1.2.9 Chromatin complexity of cardiac MHC genes

The cardiac MHC genes, a and g, encode ATPase subunits that assemble with
myosin complex to regulate cardiac contractility.”” Both MHC proteins vary in
ATPase activity with a-MHC exhibiting three times faster ATPase activity than f-
MHC isoform.” The a- and - MHC genes are organized in tandem on chromosome
14 of human and mouse.”' Expression of these genes is antithetically regulated in

the developing, healthy and diseased heart (Figure 1). Whereas expression of the -
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MHC isoform predominates developing myocardium, «a-MHC expression is
maintained at high levels in adult hearts. Cardiac hypertrophy induces g-MHC gene
expression with concomitant suppression of a-MHC and this isoform shift negatively
impacts myocardial contractility.”” Indeed, human failing hearts express lower a-
MHC isoform in comparison to healthy individuals.”> "* Thus the regulatory
mechanisms governing the dynamic interchange between the a- and - isoforms are
highly relevant to myocardial function in health and disease. Remarkable complexity
has been observed in the regulation of the MHC locus. Recently, non-coding RNA
(ncRNA) expression from the intergenic bi-directional promoter (bdP) transcribing
antisense (AS) p-MHC transcript was described as a regulator of cardiac MHC
genes.”® ’® The intertgenic bdP harbours binding sequences for cardiac transcription
factors such as GATA4 and also associates with epigenetic enzymes such as the
HDAC2, HDAC9, Brg1 and Ezh2 (Figure 1). Furthermore, chromatin remodeling
complexes such as the SWI/SNF components directly associate with the intergenic
bdP in the hypertrophied heart.”® 3 Recent findings by assays using mouse
ventricular tissues suggest that Ezh2 functions in the suppression of S-MHC in
normal adult heart tissues.® Cardiac-specific inactivation of Ezh2 in mice is
associated with increased -MHC and reduced a-MHC gene expression and cardiac
hypertrophy. Consistent with these observations, the reactivation of hypertrophy
markers in Ezh2 knockout mice is associated with reduced H3K27me3 at promoters
of genes such as Anp and Bnp suggesting Ezh2-mediated gene suppression is
required for cardiac homeostasis.® Further work examining the interaction of ncRNA
and epigenetic factors that recognize and regulate the expression of MHC will further

reveal the signaling cues in physiological and pathological hypertrophy.

1.2.10 Conclusions

Characterization of specific modulators and transcriptional outcomes associated with
chromatin modification in the heart offers novel potential for therapeutic treatment of
cardiac disease. Current understanding of transcriptional changes in the diseased
myocardium implicates specific enzymes and modifications in the complex regulation

of heart specific promoters and transcription factors. HDAC inhibition has shown
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promise having been successfully translated from pre-clinical to clinical studies,
however numerous and severe off-target effects are reported. Evidently further
investigation of distinct HDAC classes allowing identification of specific targets and
inhibitors is required. Inhibition of histone methylatransferases such as Ezh2 using
pharmacological compounds shown promising results in cancer treatment.”” Only
recently, a function for this enzyme in the heart has been reported, however the role
in cardiovascular disease requires further clarification. With a multitude of enzymes
and specific modification of histone tails characterized in vertebrates, it is likely that
an extensive network of chromatinized factors govern transcriptional changes

associated with myocardial stress.
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1.2.12 Figure 1. Dynamic chromatin modifications underlie the physiological

and pathological MHC gene regulation in the heart.
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1.2.13 Figure legends

Figure 1. Dynamic chromatin modifications underlie the physiological and
pathological MHC gene regulation in the heart.

Protein-coding (green) and non-coding transcripts (red) encoded by cardiac MHC
genes. The expression of cardiac a- and g-MHC genes is dynamically regulated in
(A) development (B) health and (C) disease. Binding of several transcription factors
and co-regulatory determinants such as Gata, Ctf1/Nf1, Rar, T3R, Mef-2, Hand2,
Jarid2 and p300 are identified within the bi-directional promoter (bdP) of the a- and
B-MHC intergenic region (big blue ellipse).”®®" Chromatin remodeling proteins such
as Brg1 and histone modifiers such as Ezh2 and HDACs have been reported to
directly bind to the bdP and thought to mediate pathological MHC gene shift in
response to stress. Indeed, the bdP is dynamically regulated for histone
modifications such as H3K9/14 acetylation and H3K4, H3K27 and H3K9 methylation.
Several DNase Hypersensitive sites (DHS, highlighted in vertical bars) have been
mapped to the promoters of f-MHC and a-MHC genes as well as with the bdP
sequence. Presence or absence of DHS correlates with MHC expression during
heart development and is associated with MHC gene expression in adult hearts,
however the role of DHS in disease remains undetermined.?® %% An additional feature
of the MHC genes is that both the a- and -MHC genes encode microRNAs, miRNA-
208a and miRNA-208b (red) whose expressions and functions are associated with
heart health and disease.?* The association of epigenetic enzymes as complex
within the intergenic bdP is thought to suppress the expression of AS g-MHC and a-
MHC genes leaving sense transcription and expression of -MHC gene in cardiac

pathology.
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1.2.14 Table 1: Histone deacetylation is a key determinant of pathological gene
expression in the heart

HDAC activity Disease association Target gene/protein Study model
in disease (}/{)

(a) In vivo TAC and B-adrenergic infusions
HDAC1 (1) Cardiac hypertrophy, (@) Nex1 ($)* (b) In vitro PE induction and HDAC1 over
Autophagy (b) Beclin1 ()% expression

(a) Cardiomyocyte Phenylephrine treatment, In

vivo aortic constriction*®

(a) KIf ({)> Anp (})® (b) Cardiomyocyte endothelin stimulation
HDAC2 (%) Cardiac Hypertrophy, (b) Yy1 (1) > Bnp (})* (c) Isoproterenol and TAC induction of cardiac
fibrosis and autophagy (c) Inpp5f (§)> Gsk3B (4)% hypertrophy in HDAC2 null/Tg mice
(d) Atg5 & Beclin 1 genes (4)* (d) In vitro PE induction, TAC in Beclin 1-Tg
Hsp70 (4)® mice; In vivo hypertrophy induction with

isoproterenol, Angll or TAC.

Contractile

dysfunction,

HDAC3 (1) hypertrophy and Tnfa ()¥ Cardiomyocyte lipopolysaccharide stimulation
fibrosis
Suv39H1”° Ischemic reperfusion in mice, Hypoxia induction
HDAC4 (1) Ischemia DISCUSS Hifta ()" in HDAC4 suppressed cardiomyocytes
JMJDs here

Hypertrophy, Ischemia Nkx2.5/p300 > Nex1 (1)% In vivo TAC and B-adrenergic infusions

HDACS (1) In vitro PE induction®
Cardiac allograft Foxp3 ({) - regulatory T-cell production HDACS9 null mice, human cardiac allograft

HDACS9 (1) rejection e
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1.2.15 Table 2. Role of histone methylation and demethylation in cardiac

pathology
Enzyme & Histone Disease Target Global histone Role in
activity in Modification association gene/protein Study model profile in model disease
disease (1/|) t/1)
Cav-1 null mice
Goa (1)* H3K9me Ischemia Sirtuin-1 (|) and ischemic H3K9me3 (1) Pro
reperfusion
Ezh2° H3K27me3 Unknown Anp, Bnp, o- Ezh2 null mice Unknown Unknown
and g-MHC hearts
AsxI2% (}) H3K27me3 Ischemic and a- and B-MHC AsxI2 null mice H3K27me3 Unknown
idiopathic DCM hearts )
Jmjd2a®" % H3K9 Hypertrophy, Anp gene
1) demethylase ICM Fhl1 gene (1) TAC mice Unknown Pro
Jmjd1a®” (1) | H3K9demethyl Human failing H3K9me3
Jmjd2b®® (1) ase ICM, DCM Anp, Bnp myocardium, TAC ) Pro
mice
Utx & Jmjd3 H3K27 Hypoxia induction H3K27me1,2,3 Pro
) demethylase Hypoxia eNOS (1) in PAC 1)
Cofactor of Electrophysiolog Cardiomyocyte
H3K4 ical property, sensitization with H3K4me3 () Anti
Ptip (})’ methyltransfer Ventricular Kenip2 (|) Isoproterenol/caffe
ase, KMT2C/D arrhythmia ine
Smyd1 (4)* H3K4 Arrhythmia, lon-channel Biopsies from No changes to Pro
methyltransfer | depolarization® protein coding ESHF patients H3K4me1,2,3
ase genes
Proteins of No changes to
Smyd297 H3K36me Unknown translation Smyd2 null mice H3K36me1,2,3 Unknown
H3K4me machinery H3K4me1,2,3
H3K79
DotiL (})® methyltransfer DCM Dystrophin () IDCM H3K79me2,3 () Anti
ase ({)
Distinguishable Induced ESHF patient
HMT/HDM H3K4me3 & genome-wide hypertrophic explants & Dahl H3K4me3 & Unknown
(Unknown) H3K9me3* patterns in gene expression | salt-sensitive rats H3K9me3*
ESHF patients
Distinguishable
HMT/HDM H3K36me3®' genome-wide Dux4 (|) ESHF patient H3K36me3®' Unknown
(Unknown) patterns in explants (what
ESHF patients explants)

IDCM, idiopathic dilated cardiomyopathy; ESHF, end-stage heart failure; TAC, transverse aortic

constriction; FHL1, Four-and-a-half LIM domains 1; Cav1, caveolin1; PAC, proangiogenic cells;

ICM, Ischemic cardiomyopathy.
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1.3 AIMS

Significant literature highlight epigenetic modifications such as the DNA methylation,
histone methylation / acetylation in combination with chromatin interactions of
ncRNAs modulate the expression of genes implicated in cardiac hypertrophy. Our
understanding of epigenetic regulation of genes particularly in the settings of cardiac
hypertrophy remains preliminary, although prominently studied in complex diseases
such as the cancer. This project was developed with particular interest to address
the epigenetic modifications associated with genes implicated in cardiac
hypertrophy. The aims and experimental results presented in this thesis
progressively address the associations of histone modifications as well as the
expression and interaction of ncRNAs investigated in wild-type mouse heart
ventricles to pre-clinical models of cardiac hypertrophy and its attenuation by HDAC

inhibition.

The aims of this project were to:

(i) Study the chamber-specific gene expression patterns in mouse heart ventricles
and determine the histone acetylation and methylation profile associated with gene

promoters.

(ii) Determine the histone methylation patterns associated with the gender-specific
expression of coding and non-coding transcripts from MHC genes in mouse heart

ventricles.

(iii) Investigate the role of long ncRNAs in modulating gene transcription by
chromatin interaction during cardiac hypertrophy and its attenuation by trichostatin A

administration.
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Cardiac ventricular chambers are epigenetically
distinguishable
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The left and right ventricles are muscular chambers of the heart that differ significantly in the extent of pressure work-
load. The regional and differential distribution of gene expression patterns is critical not only for heart development, but,
also in the establishment of cardiac hypertrophy phenotypes. The cells of the myocardium employ elaborate regulatory
mechanisms to establish changes in chromatin structure and function, yet, the role of epigenetic modifications and specific
gene expression patterns in cardiac ventricles remains poorly understood. We have examined gene expression changes
and studied histone H3 and H4 acetylation as well as dimethylation of lysine 4 on histone H3 on promoters of -Myosin
heavy chain gene (0.-MHC), B-Myosin heavy chain gene (B-MHC), Atrial natriuretic peptide gene (ANP), B-type natriuretic pep-
tide gene (BNP) and Sarcoplasmic reticulum Ca(2+) ATPase gene (SERCA2a). The recruitment of histone acetyltransferase
(HAT) enzyme p300, which is a transcriptional coactivator, was also studied on the hyperacetylated promoters using im-
munopurification of soluble chromatin in the left and right ventricles of the mouse. We present evidence for the first time
that the pattern of gene expression is closely linked with histone modifications and propose the left and right chambers

of the heart are epigenetically distinguishable.

Introduction

The mammalian heart is composed of four chambers, which
undergoes spatial and wemporal-specific changes in gene expres-
sion to handle differing physiological conditions. The complexity
of gene expression changes in the left and right ventricles (LV
and RV) of the heart is also exemplified during the developmen-
tal stages from embryonic development to aging. Recent experi-
mental evidence now suggests that gene expression signatures
are exquisitely controlled in the developing and diseased heart.
Firstly, 2 number of proto-oncogenes and eatly growth response
genes, including atrial natriuretic peptide (ANP) and B-myosin
heawy chain (B-MHC) genes are active during the developmental
stage, inactivated at maturity and re-activated in the senescent
stage.! Secondly; under pathological conditions, multiple signal-
ing pathways are activated leading to myocardial hypertrophy,
dysfunction, matrix remodeling and ultimately heart failure >4
Thirdly, cardiac myocytes respond to a variety of stresses by
hypertrophic growth, during which cells increase in size, rather
than dividing, w adopt a demand for an increased workload with
distinct patterns in gene expression.’ Recentstudies have revealed
different gene expression profiling between the ventricles under
baseline and diseased conditions.®

Despite these and other recent advances uncovering the sig-
naling pathways and transcription factors that mediate specific
gene expression patterns, as well as the events associated with
remodelling in the heart, the underlying molecular mechanism

*Correspondence to: Assam El-Osta; Email:
Submitted: 06/29/09; Revised: 10/22/09; Accepted: [1/12/09

still remains poorly defined. Mounting evidence now suggests
that chemical variation t chromatin in the form of histone
modifications are considered critical to the underlying regulatory
events associated with the heart.” These studies expand the cur-
rent understanding of cardiac gene expression by adding a level of
epigenomic complexity.® The precise nature of cardiac chamber-
specific histone acetylation and gene expression remains poorly
understood. In this paper we specifically hypothesize thatcham-
ber specific gene expression in the heart is distinguishable in the
form of hyperacetylation events on histones H3 and H4 as well as
methylation of histone H3 that corresponds with increased tran-
scription in the left ventricle. We observe distinguishable hyper-
acetylation events in the left ventricle of the mouse heart that
parallel increased recruitment of the histone acetyltransferase
p300 and gene expression.

Results

Transcriptional profiling of the mammalian IV and RV of the
heartshows distinct differences in gene expression.’ Since we were
keen to study transcriptional events associated with epigenetc
modifications of the histone H3 and H4 tail, and, specifically by
histone acetylation, we included in the analysis the .- and B-MHC
genes, ANP and BNP, the SERCA2a genes. We first determined
the level of gene expression by isolating and preparing RNA from
carefully dissected LV and RV tissues. To determine which genes
had an expression level that was statistically significant between

Previously published online: wwwilandesbioscience.com/ournalsicc/article/10612
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LV and RV, we used a quantitative real-time RT-PCR assay to
study gene expression. ANP and BNP expression is tightly associ-
ated with increased expression in the hypertrophied heart,' how-
ever, its mode of expression and transcriptional control remains
poorly underswod. To determine whether AN? and BNP gene
expression is associated with hyperacetylation of histones to these

wwwi.landesbioscience.com

Figure . Ventricular chambers of the mouse heartare epigenetically
distinct and this is tightly asso ciated with changes in gene expression.
{A) BNP and ANP mRNA levels in the LV and RV tissues were assessed
by realtime qPCR. *p < 0.0001 versus RV; **p < 0.0023 versus RV. (B)
Chromatin im munopurification of acetylated H3K9/K 14 histones in the
LVand RV tissues assessed by realtime qPCR. *p < 0.0024 versus RV;
#*p < 0.0005 versus RV. (C) Chromatin immuno purification of H3K4m?2
in the LVand RV tissues assessed by realtime qPCR. *p < 0.0053 versus
RV; *#p < 0.028] versus RV. (D) Chromatin immuno purification of
acetylated H4 in the LV and RV tissues assessed by realtime qPCR. *p <
0.0018 versus RV; #*p < 0.000I versus RV.

promoters, we first defined the gene expression levels in the mouse
LV and RV dissections. Figure 1A shows that ANP and BNP
genes are differentially expressed, and, these genes are specifically
elevated in the IV of the mouse heart. To study histone acetyla-
tion changes in greater detail on the ANP and BNP promoters,
we sought the immunopurification of soluble chromatin prepared
from the LV and RV of the heart. To determine whether genes
are differentially modified at specified histones residues we there-
fore sought to develop an in vivo method of ChIP from dissected
LV and RV dssues. Although ChIP has been used successfully
t map histone acetylation profiles in the mammalian genome
of different cell types in cultre, the application of this assay is
significantly more challenging to apply to limited cell numbers
from dissected and.difficult to homogenize heart tissues. A key
feature of the ChIP technique is the optimised conditions set for
crosslinking of chromatin with formaldehyde and its sonication

“ to_shear genomic DNA into lengths suitable for realtime PCR

quantification.

The acetylation of histones is an important posttranslational
meodification with important functional consequences associated
with chromatin structure and transcriptional competence. To
specifically determine whether histone acetylation is increased
on the ANP and BNP promoters in cardiomyocytes of the LV,
ChIPs were performed with antibody to acetylated H3K9/K14
and the association with these genes were determined by quan-
titative realdme PCR (Fig. 1B). Isolated soluble chromatin was
significantly enriched for acetylated H3K9/K14 with the ANP
and BNP promoters and commensurate with increased gene
expression in the LV. Histone H3K4m?2 (dimethylation) is typi-
cally concordant with transcriptionally active and euchromatic
regions of the genome. To specifically examine the identity of
methylation marks from LV and RV tissues, we immunopuri-
fied chromatin enriched for H3K4m?2. Concordant with H3K9/
K14 acetylation and gene expression, H3K4m2 was consistently
elevated on the ANP and BNP genes from LV dssues (Fig. 1C).
Histone H4 hyperacetylation is often associated as well with
changes in gene expression, which is often found to co-exist with
H3 acetylation on some genes. To determine the relevance of H4
acetylation, we also immunopurified hyperacetylated H4 chro-
matin from the IV and RV tissues (Fig. 1D). Consistent with the
hyperacetylation data for histone H3 our ChIP analysis indicated
that ANP and BNP promoters were significantly enriched for H4
acetylation. These data suggest that the IV and RV are epigeneti-
cally distnct on the ANP and BNP genes.

Cell Cycle 613
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Figure 2. Expression of the myosin heavy chain genes in the ventricu-
lar chambers of the mouse heart is not hyperacetylated for H3 and

H4 histones. (A) o- and B-MHC mRNA levels in the LV and RV tissues
were assessed by realtime qPCR. *p < 0.009 versus RV. {B) Chromatin
immunopurification of acetylated H3K9/K 14 histones in the LV and RV
tissues assessed by realtime qPCR. (C) Chromatin inmunopurification
of H3K4m2 in the LV and RV tissues assessed by realtime qPCR. *p <
0.0303 versus RV; #p < 0.009] versus RV. {D) Chromatinimmunopuri-
fication of acetylated H4 in the LV and RV tissues assessed by realtime
qPCR.

Although it has been recently suggested that epigenetic pro-
cesses might account the expression of the two genes thatcode for
MHC in the heart, the mechanism of regulation remains poorly
defined " We reasoned thatchanges in - or B-MHC gene expres-
sion would be correlated with increased histone hyperacetylation
on these promoters. Figure 2A shows that ¢t- and B-MHC genes
are differentally expressed, and, that the 0t-MHC gene is spe-
cifically elevated in the LV of the mouse heart. To confirm that
increased 0.-MHC gene expression was associated with histone
acetylation, chromatin from the IV and RV were immunopuri-
fied using an antibody specific for hyperacetylated H3K9/K14,
and association with the ¢t- and B-MHC promoters were deter-
mined using quantitative real ime PCR (Fig. 2B). Individual
ChIP experiments performed for H3K4m?2 show specific enrich-
ment for dimethylation of lysine 4 on histone H3 (Fig. 2C).
ChIP analysis indicated thatvalthough there is a specific increase
in «-MHC expression in the LV, there was no association with

H3 and H4 hyperacetylation (Fig. 2D). These data suggest that -

the expression of the ¢t-and [3-MHC genes is indeed enriched for
H3K4m2 and independent of histone hyperacetylation in the LV
and RV tissues of these same promoters. Thus, of the genes exam-
ined, histone hyperacetylation including dimethylation of H3K4
are enriched on ANP and BNP gene activity, whereas, H3K4m2
is restricted to ¢~ and 3-MHC gene sequences.

The results to our experiments thus far indicate that increased
expression of the ANP and BNP genes are correlated with
increased histone H3 and H4 hyperacetylaton in the LV, and,
that the acetylation profile is distinct of that for the active ¢t-MHC
gene. To differentiate the role of histone acetylation on genes that
are increased in the LV, with that of genes that do not signifi-
cantly alter in expression, we analysed for histone acetylation on
the SERCAZ2a promoter in IV and RV dssues. Consistent with
the idea that SERCA2a expression is comparable, we observed
no significant change in gene expression in the IV and RV of the
mouse heart (Fig. 3A). To confirm histone hyperacetylation was
indeed stable in the IV and RV, ChIP analysis was performed
for SERCA2a gene promoter region. Although SERCA2a showed
enrichment for acetylated histones H3 and H4 in both the ven-
tricles, neither H3 acetylation (Fig. 3B), H3K4m2 (Fig. 3C)
nor H4 acetylation (Fig. 3D) showed any difference in enrich-
ment levels associated on SERCA 24 chromatin in the IV and RV
tissues.

p300 histone acetyltranseferase. The results to these experi-
ments indicate that histone acetylation could play acritical role in
determining the chromatin structure and its accessibility to tran-
scriptional machinery resulting in gene activation. The histone
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acetyl-transferase (HAT) p300 knock out mice died between the
9 and 11.5 days of gestation showing its critical role in the devel-
oping heart.* The histone acetyltransferase activity of p300 was
extensively studied in a knockin approach and itshowed thatonly
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a single allelic deficient mouse that lacks acetyltransferase (AT)
domain in p300 is necessary to resultin an abnormal heart. It was
also observed that the lethality was irreversible even after p300
delivery showing the importance of AT activity in controlling
gene expression.” These particular findings interested us towards
checking whether they play any important role in determining

wwwi.landesbioscience.com

Figure 3. Expression of SERCA2a in the ventricular chambers of the
mouse heart is not epigenetically distinct. (A) SERCA2a levels in the
LV and RV tissues were assessed by realtime qPCR. {B) Chromatin
imm unopurification of acetylated H3K9/K 14 histones in the LV and RV
tissues assessed by realtime qPCR. (C) Chromatin immunopurification
of H3K4m2 in the LV and RV tissues assessed by realtime qPCR. {D)
Chromatin immunopurification of acetylated H4 in the LV and RV tis-
sues assessed by realtime qPCR.

the acetylation status in cardiac venuicular gene expression.
Having already established thatimmunopurified chromatin from
the LV for the ANP and BNP promoters are specifically enriched
with acetylated histones, we wished to determine whether this
was consistent with the recruitment of the transcriptional co-
activaror, p300, which possess histone acetyltransferase activity.”*
The most specific approach to determine the recruitment of p300
on ANP and BNP promoters is by the immunopurification of
soluble chromatin from IV and RV tissues of the mouse heart.
Solubilized chromatin from separated ventricles was specifically
immunopurified using antibody against p300 acetyltransferase,
and the association with the AN and BNP promoters was deter-
mined by quantitative realtime PCR (Fig. 4). Chromatin from
both ANP and BNP promoters were significantly enriched for
p300 acetyltransferase. This correlative enrichment of p300 at
the same promoter regions of ANP and BNP which already have
been found to be enriched, for acetylated H3 and H4 suggests
that the ventricular gene expression might in part be controlled
by histone acetylating enzymes to maintain a stable acetylation

- profile. Together, these experimental data indicate that the IV

and RV of the mouse heart are epigenetically distinct and this is
tightly associated with changes in gene expression.

Discussion

In this study we hypothesized that gene expression changes in IV
and RV tissues of the mouse heart could be associated with spe-
cific histone modification events, namely H3 and H4 acetylation
and dimethylation of lysine 4 on histone H3. Examining five dif-
ferent promoters we could demonstrate that increased ANP and
BNP gene expression in the IV were associated with increased
histone acetylation and H3K4m2, whereas, with SERCA2z gene
expression which did not significantly change in LV and RV tis-
sues show no concordantchange in acetylation or dimethylation.

Alchough it has been suggested that the expression of the ¢t~ and

B-MHC genes could be associated with epigenetic changes in the
heart with no direct experimental evidence," our results indicate
that increased ¢-MHC gene expression in the IV relative to that
of RV was correlated with H3K4 methylation.

Asymmetric gene expression patterns in the chambers of the
heart provides a mechanism to cope with the differing physiolog-
ical conditions and has been implicated in the response w pheno-
typic changes in pressure and volume in the failing myocardium.
Furthermore, embryonic heart development is also specified by
distinct gene expression patterns, which is critical for proper heart
formation. Although we are beginning to understand how gene

expression signatures are coordinated during the different devel-

opmental stages or patterned with in cardiac pathophysiology,
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we still do not know the molecular mechanisms that direct these
changes in venmicular tissues. Using a specialized ChIP proce-
dure we determined that solubilized chromatin immunopurified
with antibodies that specifically recognize acetylated H3 and H4
histones show increased acetylation of ANP and BNP in the LV.
The close correlation between increased histone acetylation and
the commensurate changes with gene expression is most easily
explained by the recruitment of the p300 histone acetyltrans-
ferase'? on these promoters in the LV. ANP and BNP are com-
monly used as markers for pathological myocardial hypertrophy.
However, this change in gene expression is notaccompanied with
upregulation of B-MHC, a more reliable gene marker for fetal
heart or for pathological hypertrophy. The expression of ANP
and BNP are correlative with work-load pressure.

Recent evidence now suggests that chromatin variation, and,
more specifically histone modifications are unique properties in
the gene regulatory events linking the functional consequences
of chromatin structure and gene expression changes with cardiac
function.®* The distinct epigenetic changes that we have identi-
fied show for the first time that the identity of the LV and RV tis-
sues is not only specified by changes in gene expression, butalso in
the histone modifications on specific promoters. Understanding
the elaborate mechanisms that regulate structural and chemical
variation of chromatin in the heart remains poorly understood
and remains a significant challenge to determine how the epige-
netic code determines normal development and function of the
heart, and how epigenetic changes interplays with physiological
and pathophysiological phenotypes of the heart.

Materials and Methods

Preparation of ventricles. We used the 8-week-old mice of Swiss
Webster strain (Pelfreeze Biologicals). Atria were removed from
the ventricular base. RV was carefully dissected from the LV by
cutting down the interface of wicuspid valve.

Total RNA preparation. Approximately 30 mg of tissue
from RV and LV were homogenized separately to a clear solu-
tion in TriZol and cells were opened in the presence of RNaseIn
(Promega). Total RNA was prepared using R Neasy minikit prep-
aradon columns (Qiagen). DNA in total RNA was subsequently
digested using Turbo Dnase kit (Ambion). First strand cDNA
synthesis was performed for 1 [Lg of purified total RNA from
each pool using M-MLV Reverse transcriptase kit (Invitrogen,
Car-28025-02).

Real-time quantitative PCR analysis for gene expression.
Following first strand cDNA synthesis, SYBR Green real-time
quantitative PCR was performed using the 7500 Fast SYBR
green Real-time PCR system (Applied biosystems prism 7500)
using cDNA primers specific for genes at-MHC, B-MHC, BNP,
ANP and SERCA2z in LV and RV tissues. Endogenous control
gene 18S ribosomal RNA’ and GAPDH were included for nor-
malization. Data showed no significant variation between both
of the tested controls. The primer sequences were, for 0t.-MHC,
forward: 5'-CCA CCT GGG CAA GTC TAA CAA, reverse:
5" TGT AGT CCA CGG TGC CAG C; for B-MHC, forward:
5.GAT GTT TTT GTG CCC GAT GA, reverse: 5-ACC GTC
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Figure 4. Histone acetyltransferase p300 is recruited and increased on
the active ANP and BNP genes in the left ventricle determined by ChIP
assay. Chromatin immuno purification of p300 acetyltransferase in the
LV and RV tissues assessed by realtime qPCR. *p < 0.0001 versus RV;
**p < 0.0533 versus RV,

TTG CCA TTC TCC G-3'; for BNP, forward: $"TCC AGA
GCA ATT CAA GAT GCA, reverse: 5-CTT TTG TGA GGC
CTT GGT CC; for AND, forward: 5-ACA GCC AAG GAG
GAA AAG GC; reverse: 5-CCA CAG TGG CAA TGT GAC
CA; for SERCA?2a, forward: §'-CCC CCT GGG AGA ATA
TCT GG, reverse: 5'-GAT CTG GAA AAT GAG CGG CA;
for GAPDH, forward: 5-TGA AGC AGG CAT CTG AGG
G; reverse: 5'-CGA AGG TGG AAG AGT GGG AG; for 185
tRNA, forward: 5" TCG GAA CTG AGG CCA TGA TT-3;
reverse: 5'-CTT TCG CTCTGG TCCGTC TT-3".
Chromatin immunoprecipitation. An equal amount of tissue
as a starting material (approximately 100 mg) from LV and RV
were diced separately inice cold PBS (wfo calcium and mag-
nesium ions) and fixed with 1% formaldehyde for 10 minutes.
Crosslinking was quenched by weating the tissue with 0.1 M
glycine for 10 minutes. Tissue resuspended in SDS lysis buffer
containing 1% SDS, 10 mM EDTA, 50 mM Tris-HCI pH 8
containing protease Inhibitor cocktail (Cayman). Tissue were
homogenized (Polytron PT 2100) and cell lysis was performed in
ice for 15 minutes. Chromatin shearing was performed by sonica-
tion (Diagenode, Denmark) to obtain chromatin fragments range
from 200-500 bp in length using conditions set to high power,
constantly for 35 minutes. Soluble chromatin was resuspended
in ChIP dilution buffer containing 0.01% SDS, 1.1% Triton
X-100, 1.2 mM EDTA, 16.7 mM Tris-HCI pH 8.0 and 167 mM
NaCl. Soluble chromatin immunoprecipitation (ChIP) was car-
ried out on sheared chromatin diluted 10 times in ChIP dilution
buffer with protease inhibitors with the following antibodies:
H3K4me2 (Abcam 7766), H3K9/Kl4Ac (Upstae 06-599),
H4Ac (Upstate 06-866) and p300 (Upstate 05-257). Protein
A/G magnetic beads (Dynabeads, Invitrogen) also included
capturing Ab-chromatin complex. The non-specific IgG control
included as negative control. 1/10% of the chromatin used to IP
was kept frozen as input material for realtime interpretations.
After chromatin IP, the samples were given a sequence of five
washes beginning with low and high salt wash buffers containing
0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM Tris-HCI
pH 8.0 with 150 mM and 500 mM NaCl respectively. Following
low and high salt washes, the beads were given lithium chloride
wash which contains 0.25 M LiCl, 1% Tergitol, 1% deoxycholic
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acid, 1 mM EDTA and 10 mM Tris-HCI ph 8.0 followed by
TE buffer (pH-8.0) wash and TE + 0.01% SDS wash. All these
washes were carried out by rotation at 4 degrees except for final
washing with TE + 0.01% SDS at room temperature. Washed
chromatn IP beads and input sample were reverse crosslinked
and eluted in ChIP elution buffer containing 20 mM Tris-HCI,
pH 75, 5 mM EDTA, 50 mM NaCl, 1% SDS for 2 hours at
62°C on a thermomixer ( Thermomixer comfort, eppendorf) that
was set to 1,400 rpm. Proteinase K (Invitrogen) was included in
the elution buffer for reversing protein-DNA cross-links.

Real time quantitative PCR analysis for ChIP DNA. Once
elution and purification of input, antibody bound DNA, and
IgG fractions were performed, SYBR Green quantitative real
time analysis using primers specific for promoter region of genes
o-MHC, B-MHC, BNP, ANP and SERCA2a were carried out.
The amplified sequences with regards to the transcriptional start
site were, for ANP, -45 to +54; for BNP, -194 to -32; for 0-MHC,
-1385 to -1124; for B-MHC, -760 to -659; for SERCA2a, +434 o
+484. Approximately we used 10 ng of input DNA and 0.5-1 ng
of immunoprecipitated DNA for one real time PCR reaction. The
sequences of primers for ChIP DNA were, for at-MHC, forward:
§'-CTC TAT CTG CCC ATC GGC C; reverse: 5-CTC AGT
GCT CCA GCC CCT T; for B-MHC, forward: 5-TGT TGT
AGG TGG CTC CGA GAA; reverse: 5'-AGA CTA ACAACC
TCC GAG CCC; for BNP, forward: 5-AGC TCA GCC GGC
AGG AAT; reverse: 5'-CGT-GTT CTC CCT TGT CTC GGC;
for ANP, forward: 5'-GTG GGC AGA GAC AGC AAA CA;

reverse: AAG CCA AAA GGC CAA GAC G; for SERCA2a, for-
ward: 5-CGT TTCTTG TGC TCC CCA AA;reverse: 5'-GCT
GGGTCATCACTT CTGCC.

PCR-reaction conditions. PCR amplification was performed
using ABI Prism 7500. 2 pmol of each forward and reverse primer
was added to a total volume of 20 L] reaction contining 2x Fast-
SYBR green (Applied Biosystems).

Data analysis and statistics. ChIP recoveries from specified
antibodies in both LV and RV were calculated as % of the rela-
tive input material. % of input in negative conwol ChIPs per-
formed with non-specific IgG antibodies was <1% of the ChIPs
performed with relevant antibody, and was considered as neg-
ligible. Since both the ventricles showed a considerable level of
enrichment giving a Ct (cycle threshold) value of about 28 on
ChIP samples compared t 24 in the Input samples, the relative
enrichment between the two ventricles was calculated by doing
the ratio of ChIP recoveries in LV and RV. The fold difference
in enrichment or ratic between tissues can be analysed with a
simplified method using the formula 2 - [(CT,, _ -CT . )
~(CT e~ CT 1y cup)]- Data are shown as +/-SE. Statistical sig-
nificance and p-values were calculated by unpaired ttests using
Graphpad prism.
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2.2 Conclusion

The results presented in this chapter show post-translational histone modifications in
left and right chambers of the heart regulate chamber-specific gene expression
patterns. The next aim of this study was to determine whether or not the post-
translational modifications regulate gender-specific gene expression patterns in
mouse heart ventricles. Experiments to this end were conducted in the male and
female mouse ventricles and gene expression was assessed. These results are

presented in the upcoming Chapter Three.
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CHAPTER THREE

Antisense Non-coding RNA and H3K27me3 Modification Distinguish Sexually

Dimorphic Cardiac Myosin Heavy Chain Gene Expression

3.1 Introduction

Gender differences in cardiovascular health and disease are well documented and
understanding of these differences is likely to improve therapeutics in men and
women." In general, females are regarded as less vulnerable to pathological cardiac
remodeling and the male disadvantage has been recently linked to hormonal
regulation.? Indeed, cardiac pathogenesis such as cardiomyocyte apoptosis and
necrosis characteristic of hypertrophy are known to occur predominantly in male
hearts than in females under disease conditions.® The primary determinant of sex-
specific molecular mechanisms are sex steroid hormone receptors that present in
cardiomyocytes. Sex steroid hormones such as estrogen, progesterone and
testosterone mediate several cardiac metabolic pathways including stress
responsive signaling.* As a result, male and female hearts respond distinctly to sex-
specific hormones as well as to their varying levels within individuals leading to
intracellular signaling pathways that significantly differ between the two genders.
Distinct activation in signaling pathways ultimately affects nuclear processes

including gene expression, collectively driving the susceptibility in males.®

Disease induced sex-specific gene expression has been well studied in rodent
models. For example, age-matched male and female mice exposed to increased
ventricular pressure overload developed a similar hypertrophic phenotype in both
genders however the expression of hypertrophy markers such as Anp and g-MHC
was higher in males compared to female hearts.® The same study reports significant
down regulation of the calcium-channel protein-coding gene SercaZa in males
compared to the females. In diabetic rats with contractile dysfunction of the heart,
expression of f-MHC was higher in males compared to females and thought to
contribute to increased severity in male rat hearts.” These molecular distinctions

between genders during disease pathogenesis implicate potential imbalances to
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treatment responses in men and women.® We hypothesized that epigenetic
mechanisms such as post-translational histone modifications associated with the
expression of non-coding RNAs (ncRNAs) in the heart could mediate sex-specific

regulation of gene expression.

In this study, we determined the gender-specific expression patterns of genes
implicated in cardiac hypertrophy such as Anp, Bnp, Serca2a, a-MHC and S-MHC in
the left and right ventricles (LV and RV) of mouse heart. Expression of ncRNA
encoded within cardiac MHC genes has been recently linked with MHC isoform shift
in normal and pathological left ventricles.® The expression of RNA from the antisense
DNA strand complementary to the -MHC gene using a bi-directional promoter (bdP)
is associated with a-MHC to p-MHC shift. We measured the sense (mMRNA) and
antisense (ncRNA) transcript expression of cardiac MHC genes in mouse left
ventricles. The study further examined the promoters of MHC genes and report that
the bdP of the MHC intergenic region is differentially maintained for gene
transcription in male and female ventricles. Chromatin immunoprecipitation (ChlP) of
intergenic bdP support our hypothesis that specific histone modifications are
associated with the differential expression of cardiac MHC genes in male and female
mouse hearts. We also show that the ncRNA expression from the cardiac MHC

genes is regulated distinctly in both genders.

3.2 Methods

3.2.1 Animal models

For studies involving Swiss Webster (SW) mice ventricles, hearts isolated from 8-
weeks old age matched male and female mice were purchased (Pelfreeze
Biologicals). For C57BL/6 study, we obtained hearts from 4-weeks old male and
female mice. Hearts from both strains were stored at -80°C. At least four mice per
group were sacrificed and ventricular tissues were extracted. Gene expression and
ChIP assays were separately performed using ventricular tissues obtained from each
group. Experiments were repeated at least four times using ventricular tissues

extracted from different animals from each group.
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3.2.2 Preparation of ventricular tissues

Hearts were thawed on ice before analysis. The ventricular segment was carefully
separated from the atrial compartment using iris scissors. Excessive blood from
ventricles was removed by washing with ice-cold PBS"/° ©#2*Md2+ seyeral times. LV
and RV tissues were then carefully dissected by cutting down the tricuspid valve
interface. The isolated LV and RV tissues were immediately processed further for

RNA extraction and chromatin immunoprecipitation procedures.

3.2.3 Total RNA extraction and qRT-PCR
The left and right ventricular tissues (~30 mg) isolated from male and female mice

were suspended in ice-cold PBS"/° Ca2+Mg2+

and cut into small pieces. Diced LV and
RV tissues were then suspended in Trizol reagent (Ambion) and homogenized in
separate tubes until the suspension became clear. At this stage, RNase inhibitor
(SUPERase-In, Ambion) was added and cells were let to stand on ice for 15 minutes
to promote lysis. Chloroform (Sigma) was added to the preparation at a 1:5 ratio
(chloroform:trizol) and vortexed vigorously for 1-2 minutes. Samples were left in
eppendorf shaker for 10 minutes with brief mixing of samples once every two
minutes. Samples were then centrifuged at maximum speed for 15 minutes at 4°C
and the supernatant containing the aqueous phase was carefully removed and
added to two volumes of isopropanol. The solution was gently mixed and incubated
at room temperature for 15 minutes on rotation. The samples containing total RNA
were precipitated at -80°C for at least 30 minutes before proceeding with next step.
Precipitated RNA was then pelleted by centrifugation at maximum speed for 30
minutes. Pellets were washed with 500ul ethanol (70 %) and centrifuged again at
maximum speed for 25 minutes. Pellets were then dissolved in 50-100ul of nuclease
free water and the concentration of RNA was quantified using a fluorometer (Qubit,
Invitrogen). DNA in total RNA was digested using Turbo DNase protocol (Ambion).
For cDNA synthesis using random primers, high capacity cDNA reverse transcription
kit (Applied Biosystems) was used according to manufacturer’s recommendations.
For strand-specific RNA quantification, strand-specific primers were used according

to the manufacturers instructions (Thermoscript, Invitrogen).



Chapter three E

3.2.4 Chromatin Immunoprecipitation

Comparable amount of LV and RV tissues (~100 mg) were diced to tiny pieces in
ice-cold PBS"/° ©@2+Ma2+ fo)|owed by chromatin fixation at room temperature using 1%
formaldehyde. Excessive formaldehyde was quenched using 0.1M glycine. Tissue
samples were washed with ice-cold PBS"/° @2*M32+ {5 remove glycine. The samples
were resuspended in ice-cold PBS"° ©@2*M&2+ (1 m|) and homogenized to a clear
solution in presence of protease inhibitor cocktail (Cayman). Homogenate was
pelleted and resuspended in SDS lysis buffer (1% SDS, 10mM EDTA, 50mM Tris-
HCI, pH 8) and incubated on ice for 10 minutes. Homogenates were separated into
300ul volumes in eppendorf and sonicated at maximum power, constantly for 30
minutes using diagenode bioruptor (Denmark). Soluble chromatin as supernatant
was collected carefully after centrifugation and shearing of chromatin was ensured in
the range of 300-500bp using MultiNA (Shimadzu). Approximately 5ug of chromatin
was suspended in ChIP dilution buffer (0.01% SDS, 1.1% Triton X-100, 1.2 mM
EDTA, 16.7 mM Tris-HCI pH 8 and 167 mM NacCl) and immunopurification of histone
modifications was performed using specific antibodies: H3K4me3 (Abcam ab8580),
H3K9me3 (Abcam ab8898) and H3K27me3 (Millipore 07-449). Non-specific IgG was
included for each reaction as control. The antibody-chromatin-proteinA/G conjugates
were subjected to a series of five washes using 1) low salt buffer 2) high salt buffer
3) lithium chloride buffer 4) TE buffer and 5) TE + 0.01% SDS. Crosslinks within the
immunopurified conjugates as well as equivalent amounts of input chromatin were
reversed using ChIP elution buffer (20 mM Tris-HCI pH7.5, 5 mM EDTA, 50 mM
NaCl, 1% SDS) and incubation for 2 hours at 62°C in a thermomixer (Thermomixer
comfort, eppendorf) set at 1400rpm in presence of proteinase K (Invitrogen). The
reverse crosslinked DNA was then purified using DNA binding columns according to
the manufacturer's recommendations (Nucleospin). Purified DNA is eluted in

nuclease free water and final concentration was measured using a fluorometer.
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3.2.5 Realtime qPCR assays for ChIP enriched DNA

Relative enrichment of DNA in input, ChIP and IgG samples was quantified using
Fast SYBR Green gRT-PCR system (ABI Prism 7500). The primer sequences used
to amplify the cardiac myosin heavy chain gene sequences are: Primer A (-3.3 kb a-
MHC): CAAGAGAAAGCAGACAACAG and CGGACTCACTCACTCTTTTT, Primer B
(-2.7 kb a-MHC): AGGGAGGATCACACTGGATG and
TGAGGCTCTACCACCAGTCC,

Primer C (-2.2 kb a-MHC): ATGGTCCTTCTCACCTGTGG and
GGTTTGCCCTCTTCTTCCTT, Primer D (-1.9 kb a-MHC):
CCACTACCCATACCAAGTTT and TATGTCACTGCCTGGTTCT,

Primer E (-1.7 kb a-MHC): GAGCCTCAAGTGACCTCCAG and
CTCCAAGGGACCTGATTCAA, Primer F (-1.2 kb a-MHC):
TCAGTCTGCAGAGCCCCTAT and GGCTGAGGGAGAAAGGGTAT, Primer G (-0.8
kb a-MHC): GCTGTGCAGCTGTTCAGTTC and CAGGCCATCATCCAATCTCT,
Primer H (-0.3 kb a-MHC): TATTAAGCCTGGAAGAGAAG and
GCAGATAGAGGAGAGACAGG, Primer | (-0.1 kb a-MHC):
CTCTATCTGCCCATCGGCC and CTCAGTGCTCCAGCCCCTT, Primer J (+0.1kb
a-MHC): CACCTAGAAGGAAACTGC and CCAGTGTTTCTTGTGGAA, Primer K
(+0.7 kb a-MHC): CAATCTTCCAGTGAGCCACA and
CTGGACGGAGAGAGGAACAG, Primer L (1.4 kb a-MHC)
CTTAGGGAAAGGGGTTGGAG and GGAAGACAGCGTCTTTCTGG.

3.2.6 Data analysis and statistics

Enrichment of bdP sequences in ChlP purified material using specific antibodies was
calculated as percent ratio relative to input chromatin. Enrichment in non-specific IgG
controls was ensured to be negligible. Percent input ratio was calculated for control
and treatment groups after ChIP and fold enrichment data was generated by
normalizing treatment groups to control by AACt method using 2”-[(Ctcontrol input-
Ctcontrol bound)~(Cttreatment Input-Ctireatment bound)], Where Ct is the cycle threshold as
determined by realtime qPCR. Resulted fold enrichment data from each group has

been evaluated with a two-tailed, unpaired Student’s t test using QuickCalcs
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(GraphPad). Data presented as Mean+SEM for each group. A value of p < 0.05 was

considered statistically significant.

3.3 Results

3.3.1 Gender-specific MHC gene expression in SW strain

To determine the level of gene expression between the two genders, we quantified
relative mRNA levels for Anp, Bnp, Serca2a, a-MHC and p-MHC genes using
realtime gPCR (qRT-PCR). Firstly, the expression pattern for the genes between the
two genders was compared in LV tissue of the mice heart. In LV, the expression of
Anp, Bnp and Serca2a genes was comparable in male and female mice (Figure 1A),
while the expression of B-MHC in male LVs was found to be higher than in female LV
tissues (Figure 1B). Conversely, a-MHC gene expression is down regulated in male
LV. We then assessed the gene expression in total RNA extracted from right
ventricles of male and female mice. Consistent with patterns observed for LV, the
Anp, Bnp and SercaZa genes show comparable mRNA expression in male and
female RV (Figure 1C). The expression of -MHC gene is high while the expression
of a-MHC gene is maintained at low levels in male RV (Figure 1D). These data
suggest that the expression of f-MHC is maintained at high levels in both LV and RV
of male mice, whereas a-MHC gene expression is higher in female ventricular
tissues. The gene expression profile in male and female hearts was conducted using
ventricular tissues obtained from Swiss Webster mice, an outbred strain with high
degree of genetic heterogeneity.'® We asked if the sex-specific difference in cardiac
MHC gene expression is indeed consistent between inbred and outbred mouse

strains.

3.3.2 Gender-specific MHC gene expression in C57BL/6 strain

We assessed mRNA expression for Anp, Bnp, Serca2a, a-MHC and p-MHC genes
in LV isolated from male and female C57BL/6 mice. The expression of natriuretic
peptide genes, Anp and Bnp is higher in male LV compared to female LV tissues
(Figure 2A). Paralleling the SW strain, the 5-MHC gene expression was maintained
at high levels while a-MHC expression was lower in male LV obtained from C57BL/6

mice (Figure 2B). We then quantified gene expression in total RNA extracted from
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male and female RV of C57BL/6 mice. The expression of Anp was higher in male RV
than in female RV (Figure 2C). The expression of Bnp and Serca2a genes showed
no difference between the two genders. The expression of g-MHC gene is higher
when compared to female RV whereas the a-MHC gene showed no difference in

expression (Figure 2D).

3.3.3 Differential expression of AS §-MHC transcript between the genders

The results so far suggest differential expression of cardiac genes in male and
female mice. Our gene expression data suggest variable mRNA expression for Anp
and Bnp genes in the two strains of mice studied. The variability in gene expression
between distinct strains such as the inbred and outbred is well documented,
particularly for genes implicated in cardiovascular biology.”"" Here we show
increased expression of -MHC and down regulated a-MHC expression in male LV
isolated from both strains. We assessed if the expression of antisense -MHC (AS B-
MHC) in male and female LV. Using strand-specific RNA detection and amplification
by PCR, the sense and AS S-MHC RNA could be detected and quantitatively
compared between the two genders. As described in Figure 3, the expression of AS
p-MHC gene in male C57BL/6 mice was down regulated. This is consistent with
recent reports and suggestive of an inverse correlation in the expression of AS g-
MHC transcript with the transcription of 8-MHC gene.® '* ' We then determined if
this differential expression of cardiac MHC genes in male and female LV could be
associated with epigenetic mechanisms such as post-translational modification of

histones.

3.3.4 Histone H3K27 tri-methylation of bdP distinguishes MHC gene
expression

We assessed if the bdP that produces AS B-MHC transcript show specific histone
modifications. The transcription start site (TSS) for AS -MHC gene is mapped
approximately 2kb upstream to the a-MHC gene.'* '® Chromatin immunoprecipitation
with antibodies specific to histone modifications revealed increased enrichment for
H3K4me3 marks at the bdP in male C57BL/6 mice (Figure 4A). The H3K4me3 mark

is generally associated with actively transcribing genes, however in male C57BL/6
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LV, the expressions of AS S-MHC and a-MHC genes were reduced'® Conversely,
the repressive H3K9me3 modification was reduced at the MHC intergenic bdP
sequence isolated from male LV tissue (Figure 4B). We next examined for additional
histone modifications and report specific association of H3K27me3 modifications
within the intergenic bdP of cardiac MHC genes in male LV tissue (Figure 4C). We
then examined for additional histone modifications and report specific association of
H3K27me3 modifications within the intergenic bdP of cardiac MHC genes in male LV
tissue (Figure 4C). Strikingly, ChlP results revealed enrichment for H3K27me3 at
two specific regions; one corresponding to the bdP at C and D regions (~1kb
downstream to AS -MHC TSS) and the second peak observed at regions G and H
(~1kb upstream to a-MHC TSS). This observation is consistent with reduced
expression of AS g-MHC and a-MHC genes in male mice because H3K27me3 is
strongly associated with transcriptional repression.’” Collectively these data suggest
that the MHC intergenic region is maintained as H3K4me3 enriched chromatin,
whereas the transcriptional repression of AS pB-MHC and o-MHC genes is
determined by H3K27me3 modification that spatially distinguishes these gene

promoters in male left ventricles.

3.3.5 Discussion

Our experiments in LV tissues prepared from male and female mice associate post-
translational histone modifications with the differential expression of genes between
the two genders. Specifically, chromatin immunopurification of histone proteins
suggests H3K27me3 as a key distinguishing modification of the intergenic bdP of
cardiac MHC genes. This difference in H3K27me3 enrichment is correlative to the
expression of a-MHC and S-MHC genes in male and female mouse LV. Importantly,
we show that the expression of a long ncRNA, AS g-MHC is differentially regulated in
male and female LV tissue. These data suggest epigenetic mechanisms such as
histone modifications and long ncRNA expression as additional mediators underlying
the complexity of gender-based myosin heavy chain gene expression. Epigenetic
regulation of gender-specific gene expression has been observed in a variety of
tissues such as the liver and kidney, and the majority of genes involved in drug

metabolism and osmotic regulation exhibit differential expression in male and female
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mice.’® In the heart, epigenetic transcriptional regulation during developmental
stages is tightly coordinated.’ However, very little is known of the epigenetic
mechanisms regulating gender-specific gene expression. Our experiments reveal a

new level of epigenetic complexity in driving gender-based regulation of transcription.

The function of ncRNAs during development and disease has emerged as a key
topic in recent years. Non-coding RNAs such as Braveheart and AS B-MHC regulate
key gene expression patterns in the development and disease of the heart.” ° Here
we show that the expression of AS -MHC transcript is regulated in a gender-specific
manner. Importantly, emerging literature indicate ncRNAs to be key functional RNAs
that specifically mediate H3K27me3 modifications and thereby epigenetic silencing
of gene expression in a variety of tissues.?’ Notably, expression of ncRNAs is
regulated during disease conditions and the contribution to disease pathogenesis
offers tremendous potential to therapeutically manipulate these transcripts.?® Here
we describe for the first time that the expression of a long ncRNA is regulated in a

sex-specific pattern.

Key cardiac genes in mouse ventricles show differences in expression patterns when
compared between the different strains of inbred and outbred mice. These
observations are not striking because significant literature identify and discuss these
variabilities in gene expression across different strains of mice. In our studies, the
expression of Anp and Bnp genes showed increased levels in male ventricles of
C57BL/6 mice whereas SW mice show no differences in expression levels between
the two genders. Studies that compared gene expression between five different
inbred mouse strains resulted in 88 differentially expressed genes out of 6144 genes

expressed in all the mice.?®

A strong epigenetic link to cardiac MHC gene regulation has been established.
Features of open and closed chromatin state such as the presence or absence of
DNase hypersensitive site (DHS) have been observed within the intergenic bdP
region of a- and B-MHC genes, and are thought to correlate with gene expression.?*

Recently, histone modifications such as hyperacetylation (H3K9/14ac) and
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methylation (H3K4me3, H3K9me3) have been demonstrated to associate with the
MHC intergenic regions and are thought to regulate the transcription of MHC genes
under altered thyroid states.’® Our data on chromatin modifications are consistent
with these observations for H3K4me3, however these observations do not correlate
with the expression of AS -MHC and a-MHC genes. Indeed, the expression of
these genes in male and female left ventricles is associated with H3K27me3

modifications.
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3.3.7 Figure Legends

Figure 1. Differential ventricular expression of cardiac MHC genes in the male
and female Swiss Webster mice. (A) Relative mRNA expression for ANP, BNP
and SERCA2a genes in male and female mouse LV determined by qRTPCR. (B)
Relative mRNA expression for cardiac a- and -MHC genes in male and female
mouse LV determined by gRT-PCR. (C) Relative mRNA expression for ANP, BNP
and SERCA2a genes in male and female mouse RV determined by gRT-PCR. (D)
Relative mRNA expression for cardiac a- and §-MHC genes in male and female
mouse RV determined by qRT-PCR. *P<0.003. All experiments were independently

performed, N=7.

Figure 2. Differential gene expression in male and female C57BL/6 mice. (A)
Relative mRNA expression for ANP, BNP and SERCAZ2a genes in male and female
mouse LV determined by qRT-PCR. (B) Relative mRNA expression for cardiac o-
and p-MHC genes in male and female mouse LV determined by gRT-PCR. (C)
Relative mRNA expression for ANP, BNP and SERCAZ2a genes in male and female
mouse RV determined by gRTPCR. (D) Relative mRNA expression for cardiac a-
and B-MHC genes in male and female mouse RV determined by qRT-PCR.

*P<0.001. All experiments were independently performed, N=5.

Figure 3. Relative expression of AS f-MHC in male and female LV tissue
isolated from C57BL/6 mice. Total RNA extracted from male and female LV tissues
were amplified for AS -MHC using strand-specific PCR assay and relative

expression was assessed by qRT-PCR. N=5; *p<0.0029.

Figure 4. The intergenic bdP of cardiac MHC genes show association of
specific histone modifications. (A) Schematic illustration of primer positions (A-L)
used for ChIP walk. (B) H3K4me3-ChlIP, *P<0.01; **P<0.02 (C) H3K9me3-ChlP,
*P<0.003; **P<0.02 and (D) H3K27me3-ChlIP assays in C57BL/6 male and female
LV tissue assessed by qRT-PCR. *P<0.02; **P<0.03. N=4.
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Figure 1
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Figure 2
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Figure 3
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3.3.11

Figure 4
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3.4 Conclusion

The results obtained from male and female LV tissues suggest strong epigenetic
regulation conferred by post-translational H3K27me3 modifications associated with
the MHC intergenic bi-directional promoter. The next aim was to assess the
hypothesis whether the H3K27me3 histone modifications at the intergenic bdP of
MHC genes and/or elsewhere in the genome could be regulated during pathological
hypertrophy in the heart. Because the isoform shift in MHC expression is associated
with pathological hypertrophy, we explored the interaction of ncRNAs and
H3K27me3 modifications in detail in a mouse model of pressure overload using
transcverse aortic constriction (TAC) and studied the patterns by administering
histone deacetylase inhibitor, Trichostatin A (TSA) in TAC mice. These results are

the focus of the upcoming Chapter four.
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ABSTRACT

The Polycomb-group protein, Ezh2, is required for epi-
genetic gene silencing in the adult heart by unknown
mechanism. We investigated the role of Ezh2 and non-
coding RNAs in a mouse model of pressure overload
using transverse aortic constriction (TAC) attenuated
by the prototypical histone deacetylase inhibitor,
trichostatin A (TSA). Chromatin immunoprecipitation
of TAC and TAC+TSA hearts suggests interaction of
Ezh2 and primary microRNA-208b (pri-miR-208b) in
the regulation of hypertrophic gene expression. RNAi
silencing of pri-miR-208b and Ezh2 validate pri-miR-
208b-mediated transcriptional silencing of genes
implicated in cardiac hypertrophy including the
suppression of the bi-directional promoter (bdP) of
the cardiac myosin heavy chain genes. In TAC
mouse heart, TSA attenuated Ezh2 binding to bdP
and restored antisense p-MHC and «-MHC gene ex-
pression. RNA-chromatin immunoprecipitation ex-
periments in TAC hearts also show increased pri-
miR-208b  dependent-chromatin binding. These
results are the first description by which primary
miR interactions serve to integrate chromatin
modifications and the transcriptional response to
distinct signaling cues in the heart. These studies
provide a framework for MHC expression and regula-
tion of genes implicated in pathological remodeling of
ventricular hypertrophy.

INTRODUCTION

The heart undergoes dramatic remodeling under physio-
logical and pathological stress that is associated with

changes in gene function (1). Pressure overload by trans-
verse aortic constriction (TAC) upregulates the expression
of hypertrophy markers such as Anp (Nppa) and Bnp
(Nppb), whereas it downregulates Serca2a gene expression
(2). Cardiac hypertrophy is associated with a shift in
myosin heavy chain (MHC) gene expression (3).
Chromatin-modifying enzymes and non-coding RNAs
(ncRNAs) are thought to mediate gene regulatory func-
tions in cardiac hypertrophy (4,5). Chromatin remodeling
complexes such as Brgl and HDAC enzymes are known
to regulate genes implicated in hypertrophy by directly
associating to the intergenic bi-directional promoter
(bdP) of the a- and B-MHC genes (6). Expression of anti-
sense (AS) RNA (A4S B-MHC) from the bdP is associated
with S-MHC gene expression in hypertrophic and hypo-
thyroid animals (7,8). Together with the evolutionary
conserved Myh7b gene, these three myosin genes are
regulated by MyomiRs, a family of intronic miRNAs
(miR-208a, miR-208b and miR-499) that govern cardiac
hypertrophy, growth and muscle performance (9,10).
The histone methyltransferase enzyme, Ezh2, regulates
gene expression in mature cardiomyocytes (11). Although
the functional relevance of the polycomb-group (PcG)
histone methyltransferase enzyme, Ezh2, in the healthy
heart was recently shown, its role in heart disease
remains poorly characterized. Ezh2-deficient mice show
increased cardiac growth with upregulated expression of
hypertrophic and fibrotic genes such as Anp, Bnp, B-MHC
and Tgfb3 (12). How these genes are precisely regulated
by Ezh2 as well as the underlying mechanisms in the hyper-
trophied heart is not well understood. To study the role of
Ezh2, we induced pressure overload by TAC in mice and
attenuated the hypertrophy-associated gene expression
using histone deacetylase (HDAC) inhibitors. HDAC in-
hibitors such as trichostatin A (TSA) can reverse patho-
logical hypertrophy and ameliorate cardiac function (13).
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Structurally diverse HDAC inhibitors can attenuate the
induction of hypertrophy markers such as Anp, Bnp and
the embryonic B-MHC genes (14-16).

In this study, we examined the expression of a number
of genes implicated in cardiac hypertrophy and assessed
chromatin interaction of long ncRNAs in complex with
PcG silencing proteins such as Ezh2. Results from TAC
animals as well as in vitro loss-of-function studies suggest
a novel role for Ezh2 and the primary microRNA-208b
(pri-miR-208b) transcript. Administration of TSA in TAC
mice attenuated the expression of pressure overload-
induced hypertrophic and fibrotic genes. These results
describe for the first time the interaction of pri-miR-
208b targeting specific chromatin modifications and regu-
lation of genes implicated in pathological remodeling of
ventricular hypertrophy. These studies provide new
insights for specific long non-coding RNAs (IncRNAs)
underlying the exchange of regulatory complexes
involved with chromatin modification and the control of
gene transcription in cardiac hypertrophy.

MATERIALS AND METHODS
TAC surgery

Chronic pressure overload was induced by transverse
aorta constriction (TAC) performed on C57BL6 male
mice at 10-12 weeks of age. TAC mice were injected sub-
cutaneously with either dimethyl sulfoxide (DMSO) or
TSA (dissolved in 50% DMSO), twice daily at 0.6 mg/
kg/day for a period of 4 weeks. Establishment of hyper-
trophy and attenuation by TSA was confirmed by echo-
cardiography by measuring left ventricular (LV) wall
thickness and dimensions end-diastole and end-systole
(17). Sham control animals underwent the same surgical
procedures without constriction of the aorta and exhibited
no hypertrophy. Non-invasive echocardiographic test was
performed at the end of the 4-week study period. Mice
were anesthetized with isoflurane (4% for induction and
1.7% for maintenance). Using iE33 ultrasound system
(Philips) and a 15-MHz liner-array transducer, 2D short-
axis view of the left ventricle (LV) was obtained and
M-mode traces were acquired as we previously described
(18). LV diameters at diastole and systole (LVDd, LVDs)
or wall thickness at diastole was measured, and fractional
shortening and LV mass were calculated. Results are pre-
sented as mean +SEM.

Scal+ cell fractionation and isolation

Stem cell antigen-1 positive (Sca-1+) progenitor cells
were isolated by magnetic activated cell sorting system
using anti-Sca-1 microbeads (Miltenyi Biotech) from
differentiated mouse embryonic stem cells by the removal
of 103U/ml leukemia inhibitory factor (ESGRO,
Millapore), as previously described (19). In all, 80-95%
of isolated cells positive for Scal antigen were evaluated
by flow cytometry and immunostaining. Sca-1+ and mES
cells were cultured on 1% gelatin-coated dishes with
Dulbecco’s modified Eagle’s medium supplemented with
ES-qualified fetal bovine serum (FBS), knockout serum
replacement, non-essential amino acids, antibiotics

(penicillin/streptomycin) and B-mercaptoethanol (Gibco)
at 37°C in humid air with 5% CO,. To obtain higher
numbers of Sca-1+ cells, these cells were allowed to grow
in culture without leukemia inhibitory factor for two to
eight population doublings.

Mouse neonatal ventricular cardiomyocyte isolation,
culture and treatment

Day 1-—C57BL/6 pups were sacrificed by single cut
decapitation procedure and their chests were opened.
Hearts were suspended in Hanks solution. Ventricles
were carefully dissected and suspended into Hanks+
Trypsin solution followed by 4°C incubation overnight
on the orbital shaker. Day 2—Tissues were suspended in
Hanks + Collagenase medium for tissue dissociation, and
resulting cell suspension was collected. This step was
repeated until complete tissue dissociation was achieved.
The digested extract was pelleted, and adding Dulbecco’s
modified Eagle’s medium/10% fetal calf serum (FCS)
deactivated the collagenase. The cells were plated in
P150 culture dish and incubated for 50 min at 37°C to
allow fibroblasts to adhere to the bottom of the dish.
Cell suspension was collected and incubated again for
45min at 37°C to allow the remaining fibroblasts to
adhere to the dish. After second incubation, cell suspen-
sion was collected into a sterile container.
Bromodeoxyuridine (Brdu) (3.15mg/ml) 100ul/10ml
media was added, and cells were plated at the density of
0.5 x 10%/ml, 2ml/well (6-well plate). Cardiomyocytes
were allowed to settle for 2-3 days followed by serum
starvation before TSA treatment was initiated. The
serum-starved neonatal ventricular cardiomyocytes were
incubated for 48 h in media containing DMSO (vehicle)
or TSA (100 nM).

Total RNA preparation

For in vivo studies, mice heart LV tissue was homogenized
in Trizol reagent (Invitrogen) in the presence of RNase
inhibitor (SUPERase-In, Ambion). For in vitro studies,
cultured mouse cardiac progenitor cells were trypsinized
and pelleted by centrifugation, and then resuspended with
Trizol reagent. Vigorous phenol-chloroform treatment to
obtain RNA-containing aqueous phase was followed by
purification of RNA using RNeasy Mini Kit preparation
columns (Qiagen). DNase treatment ensured removal of
residual DNA, and total RNA was accurately quantified
using Qubit fluorometer (Invitrogen).

RNA quantification by quantitative reverse
transcriptase-polymerase chain reaction

For gene expression studies, total RNA (1-2pg) was
reverse transcribed using high capacity cDNA synthesis
kit (Applied Biosystems) in a 20-pl reaction volume con-
taining random primers. For strand-specific quantitative
reverse transcriptase-polymerase chain reaction (qRT-
PCR) of MHC genes, forward and reverse primers were
included in separate reactions, and cDNA synthesis was
performed at 60°C using Thermoscript cDNA preparation
system (Invitrogen) and real-time quantification was
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performed using Fast SyBr-Green qPCR system (Applied
Biosystems). Gene expression levels are expressed as fold
difference where relative RNA levels between the control
and treatment groups were normalized. The specificity of
template amplification was assessed by melt curve
analysis. To ensure the RNA strand-specific cDNA syn-
thesis, negative primer controls and negative enzyme
controls were included and assessed for negligible non-
specific amplification. Oligonucleotide sequences are
listed in Supplementary Data. For miR detection,
~10ng of RNA was included in Tagman MicroRNA
Reverse transcription kit (PN 4366596). miR-specific RT
reactions were carried out for miR-208a (RT000511),
miR-208b (RT002290) and control small ncRNA
snoRNA135 (RT001230). Relative levels were amplified
in PCR using Tagman small RNA Assays for miR-208a
(TM000511), miR-208b (TM002290) and snoRNA135
(TMO001230). The pri-miR-208b transcript was detected
using strand-specific amplification as well as Taqman
primary microRNA assays (Applied Biosystems).

Chromatin immunoprecipitation

For in vivo studies, LV tissue was carefully dissected and
finely diced. Formaldehyde fixation (1%) was carried out
in phosphate buffered saline (w/o Ca>"/Mg>") by rotation
for 10 min at room temperature, and quenching of exces-
sive formaldehyde was achieved using glycine (0.125 M)
(17,20). Fixed tissues were washed with ice-cold phosphate
buffered saline and homogenized to a clear solution in
warm sodium dodecyl sulphate (SDS) lysis buffer contain-
ing 1% SDS, 10mM ethylenediaminetetraacetic acid
(EDTA), 50mM Tris-HCI, pH 8, containing protease
inhibitor cocktail (Cayman). Homogenate was placed on
ice to ensure proper cell lysis. For in vitro studies, cultured
cells (~80% confluent) were formaldehyde (1%) fixed and
quenched by adding glycine. Collected cell pellet was lysed
in warm SDS lysis buffer. Cell lysates prepared from LV
as well as from cultured cells were separated into 300-pl
aliquots, and sonication of chromatin was achieved using
the bioruptor (Diagnode) with constant power settings.
Sheared soluble chromatin was size-fractionated using
MultiNA (Shimadzu) to ensure proper sonication of
chromatin (~500 bp). Soluble chromatin (5-pg) was resus-
pended in chromatin immunoprecipitation (ChIP) dilution
buffer containing 0.01% SDS, 1.1% Triton X-100,
1.2mM EDTA, 16.7mM Tris-HCI, pH 8.0, and
167mM NaCl. Immunopurification of soluble chromatin
was performed using antibodies for specific histone modi-
fications, H3K9/l14ac (Millipore 06-599), H3K4m3
(Abcam ab8580), H3K9m3 (Abcam ab8898) and
H3K27m3 (Millipore 07-449). Antibodies for histone-
modifying enzymes are Ezh2 (Abnova PAB0648),
HDAC?2 (Sigma H3159) and HDACI1 (Upstate 06-720).
The antibody-bound chromatin fraction was precipitated
using dynabeads coated with protein A/G (Invitrogen).
Conjugates were washed with increasing salt conditions
followed by LiCl and SDS washes. Input and antibody-
bound isolates were heated at 64°C/2h in elution buffer
containing proteinase K, and the reverse cross-linked
DNA was purified by column fractionation
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(Nucleospin). ChIP-enriched DNA sequences were
detected by amplification using real-time qPCR system.
Percentage input (% input) was calculated for each
ChIP experiment, and results are expressed as relative
fold enrichment/ratio for the target sequences compared
between the treated versus control groups. The non-
specific IgG immunoprecipitation served as control for
non-specific background enrichment.

Chromatin RNA immunoprecipitation (RNA-ChIP)

Mice heart LV tissue and cardiac stem cells were formal-
dehyde fixed, quenched with glycine and resuspended with
SDS lysis buffer as described above. To ensure RNA
integrity and to protect from RNase degradation, only
freshly prepared buffers containing RNase inhibitors
were used. Cell lysates were sonicated in the size optimized
for RNA (~1000-bp long), and residual DNA from
sheared chromatin was removed by mild DNase treat-
ment. Antibodies that recognize histone H3 (Abcam
ab1791) and Ezh2 (Abnova PAB0648) were used in the
immunoprecipitation procedure (4°C/4-5h) to purify
RNA associated with chromatin. Conjugates were reverse
cross-linked, and RNA was purified using Qiagen RNeasy
columns followed by removal of DNA (Roche). Strand-
specific reverse transcription of chromatin-associated
RNAs and input RNA was performed using
Thermoscript reverse transcription protocol (Invitrogen).
Relative enrichment of long ncRNAs such as 4S g-MHC
and pri-miR-208b was assessed using qRT-PCR. Strand-
specific amplification was ensured using controls as
described above.

short-hairpin RNA-mediated knockdown strategy

The knockdown of Ezh2 protein, ncRNAs AS B-MHC
and pri-miR-208b in Scal+ vascular progenitors was
achieved by MISSION short-hairpin RNA (shRNA) ex-
pressing lentivirus vectors (Sigma) as described previously
(21). Target sequences are as follows: Ezh2, 5-GCTAGG
CTAATTGGGACC-3" (TRCN0000039041), shRNA for
AS B RNA 5-CTGCTAGTTAGTATCCTACGC-3" and
shRNA for miR-208b 5-CCGAATATAAGACGAACA
AAA-3". The knockdown of Ezh2 in the cells was verified
by qRT-PCR and immunoblots. The knockdown of A4S -
MHC and pri-miR-208b was verified by strand-specific
gqRT-PCR assays, as described above. Cells transduced
with the MISSION Non-target shRNA control vector
(Sigma) served as controls.

Nuclear and cytoplasmic cellular fractionation

Preparation of cytosolic and nuclear fractions was
performed as described previously (21). Sca-1+ cells
(1 x 107) were resuspended in hypotonic buffer containing
S5mM Tris HCl, pH 7.5, 20mM KCI, 2mM MgCI2,
0.25mM EDTA, 0.125mM ethylene glycol tetraacetic
acid (EGTA), 1mM Dithiothreitol (DTT), 0.5mM
Phenylmethanesulfonylfluoride (PMSF), 0.05% NP-40
and protease inhibitor (Cayman) for 10min at 4 C. The
cytosolic fraction (supernatant) and the nuclear pellet
were separated by centrifugation at 600 g for 5min. The
pellet was extracted with buffer containing 20 mM Hepes
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KOH, pH 7.9, 25% glycerol, 520 mM KCI, 5mM MgCI2,
0.1mM EDTA, ImM DTT, 0.5mM PMSF, 0.2% NP-40
and protease inhibitor for 15min at 4°C. The nuclear
fraction was recovered by centrifugation at 15000g for
15 min. The nuclear and cytosolic fractions were verified
by immunoblot procedure using anti-Brm and anti-
MeCP2 (nuclear markers) as well as anti-glyceraldehyde
3-phosphate dehydrogenase (GAPDH) (cytoplasmic
marker) antibodies.

In vitro dsDNA/RNA binding assay

The intergenic bdP fragment (~2kb) corresponding to
positions —726 to —2756 relative to a-MHC transcription
start site was amplified using PCR. One picomole of
intergenic bdP fragment was incubated at 37°C for
30min with 100 pmol of pri-miR-208b (CCUCUCAGG
GAAGCUUUUUGCUCGCGUUAUGUUU-BiotinTg)
or non-specific (UCCCCUGUGGGUGGGGGUGGGG
GGUCUUU-BiotinTg) RNA oligonucleotides (Sigma).
The RNA/DNA hybrids were immunoprecipitated using
streptavidin-coated beads (Life technologies) in the
presence or absence of RNase H or RNase V1. The bdP
sequence was amplified using real-time qPCR, and the
fold enrichment was determined between the specific and
non-specific oligo-enriched samples.

Statistical analysis

Data were presented as =SEM in each group. All data
were evaluated with a two-tailed, unpaired Student’s
t-test using QuickCalcs (GraphPad). Statistical signifi-
cance was obtained by comparing groups viz Sham
versus TAC and TAC versus TAC+TSA. For in vitro
studies, data compared viz non-targets versus shRNA
and shRNA versus shRNA+TSA. A value of P<0.05
was considered statistically significant.

RESULTS

TSA regulates the hypertrophy-induced expression
of MHC ncRNAs

The mouse pressure overload model by TAC accelerated
LV  hypertrophy and heart failure (Table 1).
Administration of TSA following TAC surgery reduced
the severity of cardiac hypertrophy (Figure 1A). In TAC
animals, we examined the expression of hypertrophy-
associated genes, and demonstrated that increased Anp,
Bnp and reduced Serca2a mRNA expression were
attenuated by TSA (Supplementary Figure S1) (13). We
confirmed in TAC animals that induction of hypertrophy
altered MHC gene expression (elevated B-MHC as well as
reduced a-MHC gene expression) was attenuated by TSA.
Consistent with previous reports (7), expression of AS -
MHC from the bdP of the MHC intergenic region was
reduced in TAC animals and TSA prevented this reduction.
We quantified the expression of miR and report the induc-
tion of pri-miR-208b and miR-208b transcripts but not
miR-208a in TAC animals were attenuated by TSA admin-
istration (Figure 1B) (22). The epigenetic regulation of Anp,

Table 1. Echocardiographic parameters and LV mass in TAC
exposed TSA hearts

ECG parameters Sham TAC + vehicle TAC+TSA
Number 10 12 12

Heart rate (beats/min) 578 £12 565+ 11 552 +8 )
LVDd (mm) 41£005 45£0.1* 3.9 £0.07%"
LVDs (mm) 274008 3.6+ 02% 2.6 +0.08
Fractional shortening (%) 34 = 1 20 + 1* 32+ 17
Wall thickness (mm) 0.72 £ 0.02 1.01 = 0.04* 0.90 + 0.02*
LV mass (mg) 116 + 4 208 + 13* 147 + 6*F

TAC, transverse aortic constriction; LVDd and LVDs, left ventricular
diameter at diastole or systole; *P < 0.01 versus Sham group; 'P <0.05
versus TAC + vehicle group.

Bnp and MHC genes by Ezh2 enzyme in wild-type animals
was recently reported (11,12). The PcG protein, Ezh2, tri-
methylates histone H3 at Lysine 27 (H3K27m3) and
mediates gene suppression (23). In TAC animals, we
examined the interaction of Ezh2 as well as H3K27m3
modification on Anp, Bnp and MHC gene promoters by
ChIP-qPCR. Ezh2 binding was reduced in hypertrophic
animals on the Anp and Bnp genes and this was not re-
covered in TSA-administered mice (Figure 1C). We also
assessed H3K27m3 on Anp and Bnp promoters by ChIP
and observed consistent reduction in TAC mice as well as
in TSA-administered animals (Figure 1D). These results
suggest that the induction of Anp and Bnp genes in TAC
animals is associated with reduced Ezh2 binding and
H3K27m3 modification.

Expression of AS f-MHC is determined by the binding of
Ezh2 at the bdP

We screened the intergenic bdP region of the MHC genes
by ChIP-gPCR (Figure 2A). We report increased Ezh2
interaction on the intergenic bdP in TAC animals and this
was attenuated in TSA-administered mice (Figure 2B). This
binding pattern was consistent with H3K27m3 enrichment
(Figure 2C). We determined additional repressive histone
marks. We report unremarkable enrichment of H3K9m3
on the bdP in TAC mice (Supplementary Figure S2).
Ezh2 was recently demonstrated to interact with HDAC
complexes on suppressed genes (24,25). To test the inter-
action of HDACs on the bdP sequence, LV chromatin
was immunopurified from TAC mice using antibodies that
recognize HDACs. The intergenic bdP was enriched for
HDAC?2 binding and not HDACI1 in TAC mice, which
was abrogated by TSA (Figure 2D). Consistent with the
changes in HDAC?2 binding to the bdP, reduced binding
on Anp and Bnp promoters in TAC and TSA mice was
observed (Figure 2E). However, neither Ezh2 nor HDAC2
mRNA  expression were altered in these mice
(Supplementary Figure S3). In summary, these results
suggest the reduced binding of Ezh2 and HDAC?2 correlates
with the induction of Anp and Bnp genes, whereas, the
increased binding of these determinants participate in the
suppression of A4S B-MHC and a-M HC gene expression in
the hypertrophic heart.
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Figure 1. TAC-induced hypertrophy is associated with the release of
Ezh2 at ANP and BNP genes. (A) Pressure overload-induced cardiac
hypertrophy in mice was attenuated by TSA administration. Image of
Sham (control) and TAC hearts as well as reduced left arterial
thrombus following TSA administration (black bar = S5mm). (B)
Hypertrophy-induced expression of miR-208b and pri-miR-208b tran-
scripts in the LV of TAC mice was attenuated by TSA administration;
*P <0.001. (C) ChIP for Ezh2 enzyme followed by real-time qPCR for
Anp and Bnp promoters shows reduced binding of Ezh2 in TAC mice;
*P <0.02. (D) ChIP for H3K27m3 followed by real-time qPCR for Anp
and Bnp promoters shows reduced H3K27m3 enrichment in TAC mice.
(n=4);, *P<0.02.

The AS B-MHC transcript associates with chromatin

Recent evidence suggests that ncRNAs serve to integrate
transcriptional  responses conferred by chromatin
modification (26). Notably, Ezh2 is thought to associate
with long ncRNAs to regulate gene expression (27,28).
To determine whether ncRNA expression in the hyper-
trophied heart could be directing Ezh2 methyltransferase
to the bdP, soluble chromatin from LVs of TAC mice
was immunoprecipitated using histone H3 antibody.
Specific interaction of the AS B-MHC with chromatin
was distinguishable from the sense B-MHC transcript
(Supplementary Figure S4). The AS B-MHC transcript is
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>5kb in length; therefore, we designed primers targeting
the 5'- and 3'-ends of the transcript to examine chromatin-
dependent association in TAC animals as well as in
animals treated with TSA (Figure 2F). We detected two
regions (end 1 and end 2) at the 3’ sequence of AS B-MHC
transcript interacting with chromatin and this was reduced
in LV chromatin isolated from TAC animals (Figure 2G).
To extend these studies to the 5-end, we validated the
interaction of the AS B-MHC transcript with chromatin
isolated from LV tissue. Increased association of the A4S
B-MHC transcript with chromatin in TSA-administered
TAC mice was consistent with S-MHC expression.
These results suggest that the AS B-MHC transcript
could be interacting with the B-MHC gene to regulate
histone modifications and gene expression. The g-MHC
gene contains sense strand specificity, which is thought to
also regulate its gene expression, so we examined two
ncRNA transcripts that originate from the sense strand,
a long pri-miR-208b as well as the short miR-208b. The
interaction of the pri-miR-208b with chromatin was
determined by RNA-ChIP using histone H3 antibody.
TSA administration in TAC mice attenuated pri-miR-
208b interaction with chromatin (Figure 2H). In
contrast, the mature 22-nt miR-208b sequence was un-
detectable in chromatin isolated from the LV tissue of
these animals. Next, we examined whether pri-miR-208b
binds to Ezh2 enzyme in the heart. The immunopur-
ification of soluble chromatin using antibody that recog-
nizes Ezh2 shows specific interaction of pri-miR-208b
transcript in the hypertrophic heart and this could be
attenuated by the HDAC inhibitor, TSA. Taken
together, these data suggest several scenarios that could
mediate the expression of genes associated with hypertro-
phy. First, the Ezh2 methyltransferase directly suppresses
the expression of target genes including A4S g-MHC and a-
MHC in response to hypertrophy. Alternatively, the ex-
pression of ncRNAs such as 4S g-MHC and/or pri-miR-
208b transcript could direct Ezh2 interaction to distinct
gene promoters such as the intergenic bdP.

Interaction of A4S f-MHC at the bdP is independent
of Ezh2

We explored chromatin-associated RNAs in Scal+ pro-
genitor cells because the immunoprecipitation procedure
requires significant numbers of adult heart cells and the
integrity of soluble chromatin was reduced because of
collagenase treatments in cardiomyocyte isolation proced-
ures (29). Ezh2 loss-of-function experiments using SiRNA
(Ezh2KD) were performed in mouse Scal+ progenitor
cells (Supplementary Figure S5). Ezh2 knockdown effi-
ciency (93%) was determined using qRT-PCR (Figure
3A). ChIP results showed significant binding of Ezh2 at
the intergenic bdP in non-target cells. We observed
reduced AS B-MHC and a-MHC expression in Ezh2KD
cells (Figure 3A). In Ezh2KD cells, HDAC inhibition by
TSA increased the expression of AS g-MHC and a-MHC
genes and this was consistent with the enrichment of
histone H3K9/14ac and H3K4m3 at the intergenic bdP
(Supplementary Figures S6 and S7). This observation cor-
responds with Ezh2 binding to the bdP suppressing 4S5
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Chapter Four m

B-MHC, whereas the activation of AS B-MHC requires
H3K9/14ac modification in Ezh2KD cells. Ezh2
knockdown significantly reduced H3K27m3 enrichment
at the intergenic bdP (Figure 3B). Consistent with our
in vivo experimental results, we observed increased expres-
sion of Anp and Bnp genes in Ezh2KD cells (Figure 3C).
ChIP experiments show reduced H3K27m3 on the Anp
and Bnp genes in these cells (Figure 3D). Stimulation by
TSA increased H3K9/14ac (Figure 3E). Taken together,
these experimental results suggest Ezh2 confers chromatin
silencing events by H3K27m3 to regulate transcriptional
responses. Expression of profibrotic genes such as 7Tgfb3,
Sppl as well as Sin and Six1 is thought to be regulated by
Ezh2 in the adult mouse heart (12). We report in Ezh2KD
cells, Tgfb3 was upregulated, whereas Spp1 and Six/ genes
were suppressed. In TAC animals, the expression of
Tgfb3, Sppl and Sin was increased while TSA administra-
tion attenuated gene expression (Figure 3F). These results
in the mouse are consistent with in vitro observations and
suggest Ezh2 could play a role in regulating H3K27m3-
mediated gene expression in the hypertrophied heart. We
hypothesized that Ezh2 binding confers the expression of
hypertrophic as well as profibrotic genes through inter-
action with ncRNAs, such as AS B-MHC and pri-miR-
208b. To test this, we examined the interaction of both
transcripts associated with immunoprecipitated soluble
chromatin prepared from Ezh2-deficient cells. The
specific interaction of AS B-MHC transcript at the
3-end remained unchanged on chromatin (Figure 3G).
Interestingly, TSA increased AS B-MHC expression as
well as its interaction with chromatin which was
correlated with reduced B-MHC gene expression. We
observed a strong reduction of interacting pri-miR-
208b transcript on chromatin, which was not changed
by TSA treatment. These results suggest that the inter-
action of A4S B-MHC transcript with chromatin in-
versely correlates with B-MHC gene expression in
TAC+TSA animals. In addition, experiments in
Ezh2KD cells also indicate the interaction of pri-miR-
208b transcript with chromatin was dependent on Ezh2
enzyme. In conclusion, the AS B-MHC interaction with
chromatin was associated with S-MHC gene expression
in mice and this was regulated by Ezh2 binding at the
intergenic bdP in pathological hypertrophy.

Because A4S B-MHC transcript binding to chromatin
is reduced in the hypertrophic heart, we hypothesized
that knockdown of A4S B-MHC (AS B-MHC KD) could
regulate the binding of Ezh2 at key cardiac genes. To do
this, we used shRNA-mediated knockdown strategy to
achieve efficient reduction of the A4S B-MHC (86%) tran-
script. Knockdown of A4S B-MHC did not alter Ezh2
binding nor its determinant H3K27m3 on the intergenic
bdP as determined by ChIP-qPCR (Supplementary
Figures S8 and S9). These results indicate that Ezh2
binding to intergenic bdP as well as to Anp and Bnp
genes occurs independently of AS B-MHC transcript.
Compatible with our hypothesis that A4S B-MHC
transcript is not guiding the interaction of Ezh2 with
chromatin, we show reduced association of the AS p-
MHC transcript with chromatin in AS g-MHC KD cells
(Supplementary Figure S10). Interestingly, the interaction
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of the pri-miR-208b transcript with chromatin remained
unaltered in AS B-MHC KD cells, whereas TSA exposure
reduced this association. These data suggest that the 4S
B-MHC transcript does not guide Ezh2 to the bdP of the
MHC gene.

Interaction of Ezh2 with chromatin is determined by
pri-miR-208b

Next, we examined whether pri-miR-208b could direct
Ezh2-mediated H3K27m3 modification on key cardiac
genes. Primary miR transcripts are processed to mature
miRNAs processed to mature miRNAs (~22nt in length)
by RNase III family enzymes such as Drosha and Dicer
(30). Using shRNA construct, we targeted the knockdown
of the pri-miR-208b and miR-208b transcripts (90%
reduction) in 208b-KD cells (Figure 4A). We used
RNA-ChIP to determine the association of pri-miR-
208b transcript with chromatin and show significant
reduction in 208b-KD cells (Figure 4B). We then
examined gene expression by qRT-PCR. While miR-
208b deletion in mice show no changes in MHC gene ex-
pression (10), the loss of pri-miR-208b in 208b-KD cells
increased the expression of bdP (A4S B-MHC and «-MHC
genes) and downregulated B-MHC (Figure 4A). We
examined whether the chromatin interaction of AS
B-MHC transcript resulted in f-MHC suppression in
these cells. Association of the AS B-MHC transcript
with chromatin was increased and inversely correlated
with B-MHC gene expression in 208b-KD cells
(Figure 4B). These changes to MHC gene expression
suggest that the chromatin interaction of pri-miR-208b
may be critical for epigenetic regulation of the intergenic
bdP. Next, we assessed whether the loss of pri-miR-208b
transcript altered Ezh2 and H3K27m3 association with
the intergenic bdP region. ChIP results confirmed
reduced Ezh2 binding at the bdP (Figure 4C) and this
was consistent with reduced H3K27m3 modification in
208b-KD cells (Figure 4D). This was associated with
H3K27m3 marks in these cells (Figure 4D). Release of
Ezh2 from the intergenic region was consistent with
H3K9/14ac increase in TSA-stimulated cells and increased
AS B-MHC and a-MHC gene expression (Figure 4E).
These results suggest the interaction of Ezh2 with the
intergenic bdP requires pri-miR-208b transcript for gene
silencing. We then determined whether the loss of pri-
miR-208b transcript could deregulate other Ezh2 gene
targets, and show increased Anp and Bnp gene
expression (Figure 5A). Furthermore, additional Ezh2-
regulated genes including the expression of 7gfb3 and
Sppl genes were increased, whereas Six/ and Sin
remained unchanged in 208b-KD cells. Taken together,
these experimental results support the idea that the
pri-miR-208b transcript regulates gene expression by its
interaction with Ezh2 and chromatin. Consistent with
this idea, binding of Ezh2 and its determinant,
H3K27m3, was reduced on the Anp and Bnp promoters
in 208b-KD cells (Figure 5B and C). Therefore, the loss of
pri-miR-208b results in changes to expression of Ezh2-
regulated genes such as Anp, Bnp, Tgfb3, Sppl as well as
AS B-MHC and a- M HC genes. We examined whether pri-
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Figure 3. Chromatin association of A4S S-MHC transcript is independent of Ezh2 and regulates B-MHC gene expression. (A) Gene expression was
assessed by qRT-PCR in non-target (nt), Ezh2-deficient (Ezh2KD) and Ezh2KD cells stimulated with TSA. *P <0.001; **P <0.01. (B) H3K27m3-
ChIP for intergenic bdP in Ezh2KD cells. *P <0.001; **P <0.01. (C) qRT-PCR detection of mRNA for Ezh2-regulated genes. *P <0.001;
**P <0.015. (D) H3K27m3-ChIP for Anp and Bnp promoters in non-target (nt), Ezh2-deficient (Ezh2KD) and Ezh2KD cells stimulated with
TSA; *P<0.015. (E) H3K9/14ac-ChIP for Anp and Bnp promoters in non-target (nt), Ezh2-deficient (Ezh2KD) and Ezh2KD cells stimulated
with TSA; *P <0.005. (F) mRNA expression for Ezh2 cardiac gene targets determined by qRT-PCR in mice LV. *P <0.005. (G) Loss of Ezh2
reduces the binding of pri-miR-208b but not A4S p-MHC on chromatin binding of pri-miR-208b, whereas the binding of A4S B-MHC transcript
remained unaffected. *P <0.01. All experiments independently performed n = 5.

miR-208b-dependent chromatin binding of Ezh2 could recently documented (31,32). Increased expression of en-
regulate the expression of cardiac stem cell markers in dogenous cardiac stem cell (eCSC) genes such as Oct4 and
TAC animals because an essential role for Ezh2 in adult Sox2 was observed, whereas Nanog was downregulated in
muscle and neuronal regeneration after injury has been 208b-KD cells (Figure 5D). TSA administration
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*P <0.001; **P <0.01. All experiments independently performed n = 5.

downregulated the expression of Oct4 and Sox2 while de-
repressing Nanog expression in 208b-KD cells. We
extended these observations in LVs of TAC mice and
report increased Oct4, Sox2 and decreased Nanog expres-
sion consistent with our in vitro observations (Figure 5E).
Release of Ezh2 from gene targets in TAC animals as well
as the activation of Ezh2-regulated genes in 208b-KD cells
suggests that the pri-miR-208b transcript could regulate
the chromatin binding of the Ezh2 enzyme. The precise
role of pri-miR-208b in regulating eCSC marker expres-
sion remains to be investigated.

Regulation by pri-miR-208b transcript

Our results suggest a regulatory function for the pri-miR-
208b at the transcriptional level mediated by the PcG
protein, Ezh2 as well as post-transcriptional regulation
in the hypertrophied heart. To further characterize the
functions of pri-miR-208b, we studied gene expression
changes in 208b-KD cells because mature miRNAs

suppress mRNA expression by binding to 3-UTR
sequences (30). Because miR-208b is a repressive deter-
minant of Medl3 (THRAPI) genes (9,10), we examined
gene expression in 208b-KD cells. Figure 6A shows
elevated Medl3 expression in 208b-KD cells suggesting
regulation is dependent on mature miR-208b. We also
assessed the expression of exonic and intronic MedlI3
gene sequences. The expression of intronic MedI3 does
not change in 208b-KD cells (Figure 6B). These data
suggest that miR-208b silences Medl3 expression post-
transcriptionally. In contrast, we observed elevated ex-
pression of intronic and exonic sequences of the a-MHC
gene in 208b-KD cells (Figure 6B) suggesting that pri-
miR-208b transcriptionally regulates gene expression.
These data are also consistent with reduced Ezh2 inter-
action at the bdP in 208b-KD cells (Figure 4C). The
expression of Ezh2 remains unchanged in 208b-KD cells
(Figure 4A). To determine whether gene targets of pri-
miR-208b are regulated transcriptionally, we isolated
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assessed by qRT-PCR in 208b-KD cells. *P <0.003; **P <0.015. (B) Ezh2 binding to Anp and Bnp promoters was reduced in 208b-KD cells;
*P <0.002. (C) H3K27m3-ChlIP in 208b-KD cells followed by real-time qPCR detection of Anp and Bnp promoters; *P <0.01. (D) Loss of pri-miR-
208b is associated with the expression of stem cell genes. *P <0.007. (E) mRNA expression for eCSC markers in Sham, TAC and TAC+TSA mice.

*P<0.001; **P <0.01. All experiments independently performed n = 5.

nuclear and cytosolic RNAs (21). We observe predomin-
ant expression of miR-208b in cytosolic fractions of Scal+
cells, whereas the pri-miR-208b transcript was detected in
both the nuclear and cytosolic preparations (Figure 6C).
As expected, the expression of snoRNA was enriched in
the nuclear compartment (Supplementary Figure SI1),
whereas the expression of 18s rRNA was cytosolic
(Supplementary Figure S12). As controls for the nuclear
and cytosolic fractions, we show by protein immunoblot-
ting the isolation of Brm and GAPDH, respectively
(Supplementary Figure S13). Taken together, these
results suggest the mature miR-208b transcript is less
likely to regulate gene silencing in the nucleus. We then
examined whether pri-miR-208b transcript could directly
interact with the intergenic bdP sequence. First, in silico
analysis indicates specific 5-end complementarity between
the pri-miR-208b transcript and the intergenic bdP at

sequences —1227 to —1330 relative to the o-MHC tran-
scription start site (Figure 6D). Second, we designed a
synthetic  RNA oligomer using the pri-miR-208b
sequence to determine its binding efficiency to the bdP
using in vitro dSDNA/RNA immunoprecipitation assay.
This procedure involves hybridization of biotin-
incorporated RNA oligonucleotides with DNA, which
are immunoprecipitated with streptavidin beads (33).
Following immunoprecipitation, the isolates are treated
with ribonucleases, RNase H or RNase V1. The endo-
nuclease RNase H specifically catalyzes the cleavage of
RNA in RNA/DNA hybrids, whereas the RNase VI
enzyme does not distinguish base-paired RNA/DNA
hybrids. To quantify enrichment of the bdP, we used
gPCR. Immunoprecipitation indicates the pri-miR-208b
sequence interacts specifically with the bdP, which was
confirmed by RNase H cleavage, as shown in Figure 6E.
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Similarly, treatment with the RNase V1 ribonuclease abol-
ished bdP enrichment. Taken together, these results
suggest the pri-miR-208b transcript interacts with the
bdP template.

These results show for the first time that the association
of the pri-miR-208b transcript with Ezh2 enzyme is linked
to changes in gene function in the hypertrophied LV. This
concept is supported by the observation that loss of pri-
miR-208b transcript is associated with altered chromatin
binding of Ezh2 and derepression of Ezh2-regulated genes.
However, the chromatin interaction of 4S B-MHC occurs
independent of pri-miR-208b and Ezh2 enzyme. To date,
there is little information regarding the chromatin inter-
action of primary miRNAs regulating epigenetic states
and gene expression. Besides functioning as precursor
transcripts for miR processing, the current data support
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novel chromatin regulatory roles for primary miR tran-
scripts in the hypertrophied heart.

While our laboratory is intensely refining the techniques
to isolate heart-derived cardiomyocytes for the specific
purpose to study chromatin-associated RNAs from
small cell numbers, many of the current observations pub-
lished use considerably larger numbers of cultured cells
(34,35). To explore the mechanism of gene regulation,
we studied the mouse neonatal ventricular cardiomyocytes
to show that gene expression changes were consistent with
our observations with Scal+ cells. For example, we
observed the upregulation of a-MHC and AS B-MHC in
TSA-stimulated cells as well as the downregulation of Anp
genes (Supplementary Figure S14). TSA stimulation did
not change the expression of pri-miR-208a and pri-miR-
208b transcripts. While our studies highlight similarities
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Figure 6. Regulation by regulation by pri-miR-208b transcript. (A) Increased expression of MedI3 gene in 208b-KD cells; *P < 0.0038 (B) qRT-PCR
of exonic and intronic sequences shows transcriptional activation of a-MHC gene in 208b-KD cells; *P <0.0005 (C) Wild-type Scal+ cells were
assessed for miR expression in cytosolic and nuclear fractions. *P <0.0007. (D) Pri-miR-208b recognition sequence within the bdP. (E) In vitro
dsDNA/RNA binding assay using biotin-tagged RNA oligomers followed by real-time qPCR of the bdP sequence. Fold enrichment was calculated
relative to non-specific oligonucleotide binding. *P <0.0038. All experiments independently performed n = 4.
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between terminally differentiated muscle and Scal+ pro-
genitor cells, we cannot rule out other regulatory
differences mediating chromatin-associated ncRNAs.

DISCUSSION

The PcG protein, Ezh2, is a key regulatory enzyme
required for tissue-specific gene silencing. We observed
binding of Ezh2 to the Anp and Bnp genes in LV tissues
isolated from adult hearts. Pressure overload by TAC
surgery results in the activation of fetal genes such as
Anp and Bnp consistent with reduced binding of Ezh2
on these genes. Conversely, the repression of adult genes
such as a-MHC and A4S B-MHC in TAC animals is
associated with increased Ezh2 binding and H3K27m3
modification at the bdP (Figure 7). Although HDAC in-
hibition by TSA is known to attenuate the induction of
fetal genes and repression of adult-specific genes such as a-
MHC, the precise molecular regulators targeted by TSA
still remain poorly understood. We show that derepression
of a-MHC and AS B-MHC genes by TSA is associated
with the release of Ezh2 and H3K27m3 modification at
MHC genes. The chromatin binding of Ezh2 in the adult
heart is essential for maintaining the homeostatic gene
expression.

As shown in Figure 7, MHC chromatin content as well
as specific co-regulatory complexes serve to integrate
ncRNAs to distinct transcriptional responses in the
hypertrophied heart. We propose that the pri-miR-208b
transcript as a substrate for histone modification (36). We
observed the pri-miR-208b transcript mediates the a- to
B-MHC switch in the hypertrophied heart. HDAC inhib-
ition by TSA attenuates pri-miR-208b dependent-
chromatin binding in TAC animals. In the hypertrophied
heart, recruitment of Ezh2 is mediated by pri-miR-208b
chromatin interaction. In vitro silencing of either the pri-
miR-208b transcript or Ezh2 enzyme are associated with
gene expression changes that were comparable with pri-
miR-208b and Ezh2 knockdown. Specifically, the reduced
chromatin interaction of pri-miR-208b transcript in miR-
208b-KD cells alters Ezh2 binding to target genes. This
was associated with the derepression of Ezh2-regulated
genes in pri-miR-208b knockdown cells. The loss of 4S
B-MHC transcript in cardiac progenitors did not change
the expression of Ezh2-regulated genes. This suggests that
pri-miR-208b could regulate the binding of Ezh2 and
H3K27m3 at genes. Experimental results derived from
TAC animals suggest increased chromatin interaction of
pri-miR-208b transcript could mediate the release of Ezh2
from Anp and Bnp genes, while increase Ezh2 binding to
the bdP in the hypertrophied heart.

Recent evidence suggests that antisense transcription is
critical for H3K27m3-mediated silencing (37). The long
ncRNA, HOTAIR, interacts with Ezh2 (34,35,38).
While, a mouse ortholog to the HOTAIR transcript
(mHOTAIR) has been reported, its the function in the
heart remains uncharacterized (39). We report no appre-
ciable expression of the HOTAIR transcript in our
experiments. The molecular basis of ncRNA-dependent
chromatin interactions conferring  gene-regulating

Suppressed bdP and AS B3-MHC expression
in cardiac hypertrophy

Brg1/Hdac
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Restored bdP function and AS 3-MHC expression
by HDAC inhibition

H3K9/14ac
H3K4m3

@
f

Brm/p300
co-activator

AS B-MHC
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Figure 7. Schematic representation of the o/ MHC gene regulating
events at the intergenic bdP mediated by ncRNA. Cardiac hypertrophy
is associated with H3K27m3 of intergenic bdP by the PcG
methyltransferase protein, Ezh2 and suppression of coding a-MHC
and non-coding AS B-MHC gene expression. Increased expression of
pri-miR-208b is associated with Ezh2 interaction at the bdP in cardiac
hypertrophy. HDAC inhibition by TSA attenuates cardiac hypertrophy
by restoring the expression of «-MHC and AS B-MHC genes and this
is associated with hyperacetylation of the intergenic bdP as well as the
release of Ezh2/pri-miR-208b complex. Restoration of AS -MHC ex-
pression results in chromatin binding and inhibition of sense g-MHC
transcription.

epigenetic changes in the heart remains incomplete
(40,41). The experimental results presented in this study
suggest that ncRNA could guide chromatin-modifying
complexes to regulate hypertrophy-associated gene ex-
pression (42). Recent studies also indicate that TSA at-
tenuates pathological hypertrophy in mice as well as
regulates the co-repressive Brgl-HDAC complexes inter-
acting with the bdP of the intergenic region (6). The mech-
anism underlying the induction of stem cell population
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within the myocardium in response to increased pressure
overload is poorly understood; however, it is thought to
contribute negatively to ventricular function in the patho-
logical heart (43-45). Our results also suggest a novel role
for HDAC inhibition in regulating cardiac stem cell genes
by mechanisms that involve ncRNA-chromatin inter-
action. Not only is this work of direct therapeutic rele-
vance to hypertrophy, but will also be important for our
understanding of new mechanisms of gene regulation
conferred by interacting ncRNAs that influence chromatin
structure and function.

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.
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4.2 Supplementary Data

Supplementary Figure Legends

Figure S1
Administration of TSA after TAC surgery attenuated the expression of hypertrophy associated gene
expression in mice LV. *p<0.002; **p<0.01.n=5

Figure S2
H3K9m3 histone enrichment at the intergenic bdP was examined from left ventricles of Sham, TAC and TSA
by ChlIP and assessed by gPCR.

Figure S3
Expression of Ezh2 and Hdac2 mRNA in Sham, TAC and TSA animals as determined by qRT-PCR.

Figure S4
RNA-ChIP using histone H3 antibody in left ventricles of control (Sham) animals show specific enrichment for
AS B-MHC transcript in chromatin purified RNA samples.

Figure S5
shRNA-mediated silencing of Ezh2 enzyme is confirmed by immunoblot.
nt=non-target control, Ezh2KD=Ezh2 knockdown cells.

Figure S6
HDAC inhibition by TSA is associated with increased H3K9/14ac enrichment at the intergenic bdP
in Ezh2-KD cells. *p<0.01.n=4

Figure S7
TSA stimulation in Ezh2-KD cells increased H3K4m3 methylation at the intergenic bdP.
*p<0.01;"p<0.02.n=4

Figure S8
Loss of AS B-MHC transcript did not alter the chromatin binding of Ezh2 at the intergenic bdP.
*p<0.007.n=3

Figure S9
Enrichment of H3K27m3 marks at the intergenic bdP remains unaffected in AS B-MHC deficient cells.

Figure S10
The stable chromatin association of pri-miR-208b transcript in AS -MHC deficient cells was reduced when
stimulated with TSA

Figure S11
Nuclear snoRNA is nearly depleted in cytosolic fraction serving as control. *p <0.0007.n =3

Figure S12
18S rRNA expression is predominant to cytoplasmic fraction isolated from Scal+ cells.
*p<0.0007.n=3

Figure S13
Immunoblotting for nuclear Brm, Mecp?2 proteins and cytosolic Gapdh serves as controls for nuclear and
cytosolic fractionation

Figure S14

Gene expression profiles of Scal+ vascular progenitor cells compared to mouse neonatal ventricular
cardiomyocytes (NVCM) after TSA treatment. Relative mRNA levels quantified by qRT-PCR.
*p<0.08.n=3
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Oligonucleotide Sequences
Amplimer sets used for mRNA gene expression

Anp ACAGCCAAGGAGGAAAAGGC GAPDH TGAAGCAGGCATCTGAGGG
CCACAGTGGCAATGTGACCA CGAAGGTGGAAGAGTGGGAG
Bnp TCCAGAGCAATTCAAGATGCA 18S rRNA TCGGAACTGAGGCCATGATT
CTTTTGTGAGGCCTTGGTCC CTTTCGCTCTGGTCCGTCTT
Serca2za CCCCCTGGGAGAATATCTGG Med13 ATCCATCAAGTGCCTGCTTC
GATCTGGAAAATGAGCGGCA GTGCGGACTGAGGATCAACT
EZH2 CTAATTGGTACTTACTACGATAACTTT Oct4 CTCCCGAGGAGTCCCAGGACAT
ACTCTAAACTCATACACCTGTCTACAT GATGGTGGTCTGGCTGAACACCT
a-MHC  CCACCTGGGCAAGTCTAACAA Scat TGCAGAAAGAGCTCAGGGACTGG
TGTAGTCCACGGTGCCAGC TCCATCAGGGTAGGGGCAGGT
pB-MHC  GATGTTTTTGTGCCCGATGA Sox2 AAGGAGAGAAGTTTGGAGCC
ACCGTCTTGCCATTCTCCG TCTGGCGGAGAATAGTTGG
Tgfb3 CCCAACCCCAGCTCCAAGCG Six TTAAGAACCGGAGGCAAAGA
CCTCAACAGCCACTCGCGCA GGGGGTGAGAACTCCTCTTC

Spp1 GCCTGTTTGGCATTGCCTCCTC
CACAGCATTCTGTGGCGCAAGG

Sin GAGGTGGAGAGACTGAGGTCCTTGG
GAAGCTCGGGGCACACAGCAG

Nanog CAAGGGTCTGCTACTGAGATGCTCTG
TTTTGTTTGGGACTGGTAGAAGAATCAG

Amplimer sets used for ChIP

Primer A (-3.3 kb a-MHC) CAAGAGAAAGCAGACAACAG
CGGACTCACTCACTCTTTTT
Primer B (-2.7 kb a-MHC) AGGGAGGATCACACTGGATG
TGAGGCTCTACCACCAGTCC
Primer C (-2.2 kb a-MHC) ATGGTCCTTCTCACCTGTGG
GGTTTGCCCTCTTCTTCCTT
Primer D (-1.7 kb a-MHC) GAGCCTCAAGTGACCTCCAG
CTCCAAGGGACCTGATTCAA
Primer E (-1.2 kb a-MHC) TCAGTCTGCAGAGCCCCTAT
GGCTGAGGGAGAAAGGGTAT
Primer F (-0.8 kb a-MHC) GCTGTGCAGCTGTTCAGTTC
CAGGCCATCATCCAATCTCT
Primer G (-0.3 kb a-MHC) TATTAAGCCTGGAAGAGAAG
GCAGATAGAGGAGAGACAGG
Primer H (+0.7 kb a-MHC) CAATCTTCCAGTGAGCCA CA
CTGGACGGAGAGAGGAACAG
Antisense 3’ end 1 (AS 3’ end 1) GCAACCACAATGGACTTTCC
ACGATGGCGATGTTCTCTTT
Antisense 3’ end 2 (AS 3’ end 2) GCATGCATTGGTTCAGAATG
AGCCGCAGTAGGTTCTTCCT
Anp (+41 to +142) GTGGGCAGAGACAGCAAACA
AAGCCAAAAGGCCAAGACG
Bnp (-6 to +155) AGCTCAGCCGGCAGGAAT

CGTGTTCTCCCTTGTCTCGC
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Supplementary Figures S7-S8
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Supplementary Figures S9-S74
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5. CONCLUSIONS AND FUTURE DIRECTIONS
The work presented in this thesis strengthens the current working hypothesis that the
epigenetic modifications in terminally differentiated tissues such as the heart are
crucial in determining the gene expression changes during pathological cardiac
hypertrophy. The results showing chamber-specific (Chapter two) and gender-
specific expression (Chapter three) of cardiac genes in the heart suggests that
epigenetic regulation is essential in determining the level of expression of genes
under physiological conditions in mouse heart ventricles. These observations initially
established a strong base to further characterize epigenetic events in the
pathological heart using TAC mouse as models of cardiac hypertrophy. Specifically,
the experimental data discussed in Chapters three and four highlight the epigenetic
regulation of key cardiac genes including the MHC expression. Importantly, the
results presented in Chapter four highlights how the observed gene expression
changes in the pathological heart could be mediated by combinatorial post-

translational histone modifications and ncRNA interactions with chromatin.

Cardiac MHC genes show strong epigenetic mode of regulation as marked by
changes associated with the intergenic bdP regulating the isoform-shift during
cardiac hypertrophy. Research into the expression and regulation of MHC genes has
been the focus over the last two decades. Although several observations have
provided insights into the regulation of these genes under both physiological and
pathological states, understanding the precise molecular events regulating the
isoform-shift remains elusive. Additional complexity is apparent from recent reports
suggesting a role for chromatin remodeling proteins and histone modifying proteins
in regulating hypertrophy-associated gene expression including the prototypical MHC
isoform shift. Indeed, emerging evidence highlight the functions of IncRNAs in
pathological hypertrophy with recent descriptions of AS S-MHC transcript in
regulating the MHC isoform shift during pathological states through mechanisms
remain to be determined. Experimental results from RNA-ChIP procedures
presented in this thesis identify AS S-MHC transcript to associate with chromatin.
Results from in vivo as well as loss-of-function in vitro models are in accordance with

interactions of AS B-MHC transcript and chromatin is associated with the expression
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of B-MHC mRNA, and that AS p-MHC transcript functions through chromatin-level

regulation.

MicroRNAs are pivotal modulators of cardiac development and function. Aberrant
miRNA expression is associated with cardiac hypertrophy. Results presented in this
thesis highlight an additional but previously uncharacterized function for the pri-miR-
208b transcript in the mouse left ventricles. Primary microRNA transcripts are
recognized and processed by miRNA-processing complexes and these mechanisms
are initiated through recognition of stem-loop structures intrinsic to these long
primary miRNA transcripts. The increased expression of pri-miR-208b in TAC hearts
as well as the loss of pri-miR-208b in cell cultures support the transcriptional
silencing functions for these transcripts through Ezh2-mediated H3K27me3
enrichment at gene promoters. Indeed, both the silencing of pri-miR-208b as well as
Ezh2 induced the expression of similar sets of genes including the MHC isoform
gene shift. These observations are consistent with the release of pri-miR-208b and
Ezh2 from chromatin as well as H3K27me3 modifications at these genes. Thus,
these findings add further complexity to the epigenetic mode of regulation in cardiac
hypertrophy indicating functional roles for unprocessed primary microRNA transcripts

modulating hypertrophic gene expression in the heart.

Small molecule therapies such as the administration of HDAC inhibitory compounds
are considered potentially beneficial over traditional approaches that target outside-in
signaling receptor molecules (Reviewed in Chapter One). HDAC inhibitors are known
to be highly permeable through nuclear pores and can effectively alter the epigenetic
profiles by modulating transcription factors. Although the administration of pan-
inhibitors is generally effective in attenuating cardiac hypertrophy, it affects multiple
cell types present within the myocardium causing off-target effects. These are
considered as potential limitations for successful translation of HDAC inhibition from
preclinical models to clinical therapy. Because HDACs are required for multiple cell
types under physiological conditions, targeting specific class of HDACs that mediate
pathological signaling in cardiomyocytes could potentially minimize off-target effects.

Over recent years, distinct molecular pathways regulated by specific HDACs have
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been identified and thought to improve the development of class-selective inhibitors
to manipulate pathological signaling mediated by HDAC-dependent pathways
(Reviewed in Chapter One). Results obtained from the current investigation highlight
novel insights into HDAC functions especially in regulating the expression of ncRNAs
such as the miR-208b, pri-miR-208b and the AS pB-MHC transcript. These
observations suggest that the cardioprotection conferred by HDAC inhibition in study
models could also in part be attributed to regulatory mechanisms involving ncRNA

interactions with chromatin.

Overall this project identified key epigenetic modifications associated with the
expression of genes under physiological and pathological states of mouse heart
ventricles. The study examined spatial maps of post-translational histone
modifications and IncRNA expressions associated with the cardiac MHC gene locus.
The results presented in this thesis provide invaluable knowledge toward identifying
the molecular factors that regulate the transcriptional control of cardiac MHC genes.
Both the identification of novel gene regulatory model mediated by primary
microRNA-208b as an epigenetic substrate for modifications as well as the
chromatin interactions of IncRNAs implicated in heart disease are promising avenues
of investigation to improve our understanding of the pathological roles driven by

these molecules in human heart function and disease.
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