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ABSTRACT

The dynamic changes in chromatin play a significant role in lineage commitment
and differentiation. These epigenetic modifications control gene expression through
recruitment of transcription factors. While the active mark H3K4me3 is present
around the transcription start site on the gene, the function of the H3K36me3 mark
is unknown. A number of H3K36-specific histone methyltransferases (HMTs) have
been identified, however the focus of this study is the HMT Hypb. To elucidate the
role of H3K36me3 in mediating expression of developmentally-regulated loci, native
chromatin immunoprecipitation (N-ChIP) was performed at a subset of genes. Upon
differentiation, we observe that H3K36me3 becomes enriched at the 3’ end of
several muscle-specific genes. To further investigate the role of H3K36me3 in
myogenesis, a lentiviral-mediated knockdown of the H3K36 HMT Hypb was
performed in muscle myoblasts using shRNA. Upon Hypb knockdown, we were
surprised to observe enhanced myogenesis. N-ChIP was also performed on
differentiated Hypb knockdown cell lines in order to look at H3K36me3 enrichment
on genes involved in muscle differentiation. N-ChIP data show a drop in H3K36me3
enrichment levels on myogenin and Ckm genes. The possible occupancy of Hypb on
the coding regions of muscle-specific genes was experimentally observed by cross-
linked chromatin immunoprecipitation (X-ChIP) on differentiated C2C12 cells and

subsequently confirmed by X-ChIP on knockdown
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lines where the occupancy was lost. A model is proposed that links the observed

phenotype with H3K36me3.



TABLE OF CONTENTS

ABSTRACT

TABLE OF CONTENTS

LIST OF FIGURES AND TABLES

LIST OF ABBREVIATIONS X-Xi
ACKNOWLEDGMENT xii
CHAPTER 1
1. INTRODUCTION 1-13
1.1 The genome and epigenome 1
1.2 Muscle differentiation 2-3
1.3 Chromatin organization and histone variants 4-6
1.4Epigenetic modifications 6-8
1.4 Trithorax and Polycomb group of proteins 8-9
1.5 Trimethylation of histone H3 at Lys 36 9-11
1.6 The HMT Hypb and its role in transcription 11-13
RESEARCH RATIONALE 14
HYPOTHESIS AND OBJECTIVES 15
CHAPTER 2
MATERIALS AND METHODS 16-25
2.1 Antibodies 16

iv



2.2 Cell culture 16

2.3Lentivirus production and lentiviral-mediated shRNA knockdown 16-17

2.4 RNA isolation and RT-qPCR assay 17-20
2.5 Western blot analysis 21
2.6 Histone extraction 21-22
2.7 Immunocytochemistry 22
2.8 Native chromatin immunoprecipitation 23
2.9 Cross-linked chromatin immunoprecipitation 23-24
2.10 Statistical analysis 24-25
CHAPTER 3

RESULTS 26-51

3.1 The H3K36me3 mark is enriched on the coding regions of muscle-specific

genes during upon differentiation of C2C12 cells 26-31

3.2 Stable knockdown of histone methyltransferase Hypb in C2C12 cells 32-33

3.3 Hypb is responsible for majority of the global H3K36me3 methylation

marks in differentiated C2C12 cells 34-35

3.4 Enhanced myogenesis phenotype upon lentiviral-mediated stable

knockdown of Hypb in C2C12 cells 36-40

3.5 The H3K36me3 mark is lost on the coding regions of muscle-specific genes

in the shHypb cell line 41-43

3.6 Enrichment of the HMT Hypb occurs in the coding regions of muscle-

specific genes 44-48




3.7 Enrichment of Hypb at the coding regions of Myog and Ckm genes is lost

upon its knockdown 49-51
CHAPTER 4

DISCUSSION 52-58
FUTURE DIRECTIONS 59-62
REFERENCES 63-68
APPENDIX 69-80

vi



LIST OF FIGURES

1.1 Epigenetic landscape and cell commitment as depicted by Waddington 1
1.2 The process of muscle differentiation 2
1.3 Establishment of muscle program by histone methylation 3
1.4 Simple to Complex: From a DNA helix to a chromosome 5
1.5 Epigenetic modifications and their gene landscape 7
1.6 Inhibition of spurious transcription in yeast by H3K36me3 12
3.1A Chromatin resolution for N-ChIP experiments 29
3.1B (i) Amplicon sizes of Myog ChIP-qPCR primer sets 30
3.1B (ii) Amplicon sizes of Ckm ChIP-qPCR primer sets 30
3.1C H3K36me3 N-ChIP on differentiation time course in C2C12 cells 31

3.2A Lentiviral-mediated shRNA knockdown of histone methytransferase

Hypb in C2C12 cells 33
3.2B shRNA knockdown of Hypb at the protein level 33
3.3 Western blot of global histone extract 35

3.4A Lentiviral-mediated stable knockdown of Hypb comparing them to the

control (TRC) 38

3.4B RT-qPCR showing mRNA expression of differentiation markers in stable

TRC and shHypb lines 38

3.4C Western blot displaying levels of differentiation markers in 72-hour

differentiated TRC and shHypb lines 39

vii



3.4D Fusion index graph showing the average number of nuclei per myotube

in TRC and shHypb knockdown lines 39
3.5 H3K36me3 enrichment on the Myog gene by N-ChIP 42
3.6A (i) Sonication optimization of chromatin for X-ChIP 46

3.6A (ii) Sonication optimization for X-ChIP: Ideal sample for X-ChIP

experiments 46

3.6B Hypb enrichment on the Myog gene in wild-type differentiated (day 3)

C2C12 cells by X-ChIP 47

3.7 Hypb enrichment on the Myog and Ckm genes in 72h differentiated, stable

TRC and shHypb knockdown lines by X-ChIP 50

4.4 Proposed model for the enhanced myogenesis phenotype upon Hypb

knockdown 56

Appendix

A1l Lentiviral-mediated stable knockdown of Ash1l comparing them to the

control (TRC) 69

A2 Fusion index graph showing the average number of nuclei per myotube in

TRC and shAsh1l knockdown lines 70

A3 Lentiviral-mediated shRNA knockdown of histone methytransferase Ash1l

in C2C12 cells 71

A4 H3K36me3 enrichment on the Myog and Ckm genes by N-ChIP in TRC and

shAsh1l cell lines 72

viii



A5 H3K36me3 enrichment on the Myog and Ckm genes by N-ChIP in the stable

double knockdown line (shHypb+shAsh1l) 74

A6 H3K36me3 enrichment on the Myh3 gene by N-ChIP 76

A7 Ash1l enrichment on the Ckm gene (Top) and Myog gene (Bottom) in wild-

type differentiated (day 3) C2C12 cells by X-ChIP 77

A8 Ash1l enrichment on the Myog gene (Top) and Ckm gene (Bottom) in 72h

differentiated, stable TRC and shAsh1l knockdown lines by X-ChIP 79

LIST OF TABLES

Table 1. Substrates recognized by different H3K36-HMTs 10

ix



LIST OF ABBREVIATIONS

5hmC - 5-Hydroxymethylcytosine

Ash?2l - Absent, small, or homeotic-2 like

Ashl1l- Absent, small, or homeotic-1 like

ChIP-Seq - Chromatin immunoprecipitation sequencing
Ckm - Muscle creatine kinase

COMPASS - Complex proteins associated with Set1

DAPI - 4’,6’-diamidino-2-phenylindole dihydrochloride hydrate
DM - Differentiation medium

DMEM - Dulbecco’s Modified Eagle Medium

DNA - Deoxyribonucleic acid

ESCs - Embryonic stem cells

FBS - Fetal bovine serum

GM - Growth medium

H3K27me - Trimethylation of histone H3 on lysine (K) 27
H3K36me3 - Trimethylation of histone H3 on lysine (K) 36
H3K4me3 - Trimethylation of histone H3 on lysine (K) 4
H3K9me - Monomethylation of histone H3 on lysine (K) 9
HATSs - Histone acetyltransferases

HDACs - Histone deacetylases

HMT - Histone methyltransferase

HOX - Homeobox

HYPB - Huntington yeast partner B

KDM5A - Lysine (K) specific demethylase 5A

KDM5B = Lysine (K) specific demethylase 5B

MAPK - Mitogen-activated protein kinase

MEF2 - Myocyte enhancer factor 2

MHC - Myosin heavy chain

MLL - Mixed lineage leukemia

MNase - Micrococcal nuclease

MRF4 - Myogenic regulatory factor 4

Myf5 - Myogenic factor 5

Myh1 - Myosin heavy chain isoform 1

MyoD - Myogenic differentiation 1

Myog - Myogenic factor 4

N-ChIP - Native chromatin immunoprecipitation

Pax7 - Paired box protein 7

PBS - Phosphate buffered saline

PcG - Polycomb group of proteins



PHD - Plant Homeo Domain

PMSF- Phenylmethanesulfonylfluoride

RNA - Ribonucleic acid

RNA Pol II - RNA Polymerase I1

RT-qPCR - Real time quantitative polymerase chain reaction
SDS-PAGE - Sodium dodecylsulphate - polyacrylamide gel
electrophoresis

shRNA - short-hairpin ribonucleic acid

TET - Ten eleven translocation

TrxG - Trithorax group of proteins

X-ChIP - Cross-linked chromatin immunoprecipitation

xi



ACKNOWLEDGMENT

Firstly, [ would like to thank my thesis supervisor, Dr. F. Jeffrey Dilworth for
providing me with the opportunity to work in his laboratory as a graduate student. |
consider myself fortunate and honoured to have had him as a mentor. From
reviewing progress reports and critiquing work-in-progress talks to helping me
make important decisions regarding projects, he has offered continual guidance and
support throughout the two years of my research experience. Without his
professional and able guidance, this journey would have remained incomplete. |
cannot thank you enough Jeff.

Next, I like to thank my thesis advisory committee members, Dr. Lynn
Megeney and Dr. Duncan Stewart who have steered my thesis progress in the right
direction by providing constructive comments during advisory committee meetings.

Next, I would like to thank all the Dilworth lab members, and by that I mean
all the post-doctoral fellows—Arif, Herve, Kulwant, Soji, and Qi-Cai, who with their
rich experience and enthusiasm made the research environment less intimidating
and more knowledgeable. [ also like to thank our humble and extremely cooperative
lab manager, Lifang Li, who spent countless hours getting all the reagents in time for
my experiments.

Last but not the least, I like to thank my parents, who have always motivated
me towards my career goals and instilled in me the confidence to do the same. I also
like to thank my sister who has always been at the giving end whenever I needed
helpful advice. Finally, I like to thank my late grandfather who has been a role model

and a source of motivation throughout my time as a graduate student.

xii



INTRODUCTION

The genome and the epigenome

All cells in a multicellular organism possess the same genome, but
what differs one cell type from the other is the epigenome. This disparity in cell
structure and function is owed, in part, to epigenetics. The epigenome provides an
additional rank of gene regulation to the underlying genome of an organism. This
concept of epigenetic landscape was first proposed by Waddington (1)(Fig. 1.1),
whereby he mentioned that the processes of cell commitment and differentiation is
an epigenetic phenomenon rather than a genetic one. He also went on to define
epigenetics as a study of stable, heritable changes in gene expression without any
change in the genetic makeup (2). These epigenetic modifications are classified into
many different types namely, DNA methylation, histone methylation, acetylation,

ubiquitinylation, phosphorylation, and sumoylation (3).
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Fig. 1.1. Epigenetic landscape and cell commitment as depicted by Waddington

The ball in the figure represents a cell before an epigenetic landscape whereby it encounters different
paths that result in different fates (cellular lineages) (2) (© Cell publishing group, used with
permission, all rights reserved. See Ref. 2 for details).



Muscle differentiation

Muscle differentiation is an intricate process that begins with a muscle
satellite stem cell undergoing activation upon injury of activity that prompts cell
cycle exit resulting in myoblasts. These cycling myoblasts undergo further
differentiation and fuse to form multinucleate myotubes. These events of
commitment, differentiation, and fusion are under the control of muscle-specific
transcription factors. Myf5 and MyoD act redundantly in muscle cell fate
specification, whereas, myogenin and MRF4 in conjunction with MEF2 regulate

muscle differentiation (4) (Fig.1.2).
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Fig. 1.2 The process of muscle differentiation

Upon injury satellite stem cells are activated and form myoblasts which exit upon cell cycle
withdrawal, differentiate to form myocytes. These myocytes then fuse to form long terminally-
differentiated myofibers. Pax7 identifies stem cells, while Myog, MyoD, and MRF4 play a major role in
maintaining the muscle program upon differentiation (Adapted from LeGrand et al., 2007) (5).



Bennett et al (1997) (6) and Bengal et al (1999) (7) have shown that p38
MAPK signaling plays an important role in establishing muscle-specific gene
expression. In 2007, our group showed that a trithorax group protein Ash2l, a
component of a histone methyltransferase (HMT) complex, helps p38 in establishing
muscle-specific gene expression (8). Prior to the activation of p38, the muscle-
specific promoter is acetylated on histone H4. Upon activation, p38 MAPK
phosphorylates Mef2d, which then recruits Ash2l-containing HMT complexes to
muscle-specific promoters. Once at the promoters, these chromatin-remodeling
enzymes act to establish H3K4me3 epigenetic mark that leads to the activation of

muscle-specific gene expression (8) (Fig.1.3).
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Fig.1.3 Establishment of muscle program by histone methylation

Cell-cell contact induces cells to exit cell cycle and undergo differentiation where activated
p38 recruits Ash2L-containing HMT complex to muscle gene promoters. These complexes
trimethylate lysine 4 on histone 3, hence, activating the muscle program (8).



Chromatin organization and variant histones

The most basic structural and functional unit of chromatin is called a
nucleosome - a 146 bp fragment of negatively-charged DNA wrapped around an
octamer of positively-charged four histones (H2A, H2B, H3, H4) (9). Due to the
opposite charges, histones bind DNA very tightly. The core histone particle consists
of tetramers of H3 and H4 and dimers of H2A and H2B (10). Each histone consists of
a core globular domain and an N-terminal tail protruding from the former (10). The
nucleosomes interact with each other forming compact secondary structures
spanning 30nm as shown in Fig. 1.4 (9). These secondary structures come together
to form complex tertiary structures called chromosomes (Fig. 1.4). This compaction
of DNA in complex chromatin structures presents a problem in that it renders genes
inaccessible to proteins involved in various processes such as transcription, DNA
repair, and replication. This problem, however, is circumvented by the presence of
histone-modifying enzymes (discussed in brief later) and chromatin remodelers,
that mark the histones and recruit various complexes, respectively, resulting in a
highly dynamic nature of chromatin, thus, making it a key player in epigenetic

regulation of gene expression (11-13).
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Fig. 1.4.Simple to Complex: From a DNA helix to a chromosome

The simplest organization in chromatin is the nucleosome which is 146 bps of
helical DNA wrapped around histone proteins. These nucleosomes are
interconnected through linker DNA and compact to form structures that span 30nm.
These then further condense to form higher-order structures eventually culminating

in a chromosome that is a dense, compact mass of nucleosomes (9) (© Nature
publishing group, used with permission, all rights reserved. See Ref. 9 for details).

In addition to histone modifications and chromatin remodeling, cells create
variation in the chromatin by way of introduction of variant histones (14). In
mammals, three histone H3 variants exist—H3.1, H3.2, and H3.3 (15,16). In cells of

limited potency, histone variant H3.3 is enriched on actively transcribed genes (17-



19). The histone chaperone Hira associates with H3.3 and mediates replication-
independent nucleosome assembly (20,21), whereas, another histone chaperone
CAF-1 associates with H3.1 replication-coupled assembly of nucleosomes (21,22).

Variant H3.2 is found to be coupled to replication (23).

Epigenetic modifications

The globular domain and the histone tail are subject to various post-
translational modifications such as methylation of lysine residues, methylation of
arginine residues, acetylation, ubiquitination, sumoylation of lysines, and
phosphorylation of serines and threonines (24). Acetylation of H3 and H4 and di- or
trimethylation of H3K4 are markers of transcribed genes and hence are called
euchromatin modifications, whereas, H3K27me and H3K9me are markers of
inactive or repressed genes and are referred to as heterochromatin modifications
(25). Most histone modifications have characteristic patterns of localization on the
gene—either at the 5’end, 3’end, or anywhere upstream of the promoter region.
These distinct patterns are considered crucial for transcription. For example,
H3K4mel is present on the enhancer elements and 3’ end of the genes, while the
promoter region is marked by H3K4me3 (26). All methylation marks are catalyzed
by HMTs. The methylation marks established by HMTs are erased by histone
demethylase enzymes (27). The acetylation marks on the other hand are carried out
by histone acetyltransferases (HATs) (28), whose effect is antagonized by histone
deacetylases (HDACs). The function of a HAT is dependent on the number of lysines

modified. All acetylation and phosphorylation marks are known to be characteristic
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of actively transcribed regions of the gene (29). This project focuses on the histone

methylation mark H3K36me3.

Histone methylation is a type of histone modification catalyzed by HMTs that
transfer one to three methyl groups from S-adenosyl methionine to lysine and
arginine residues of histones. Some of the well-known modifications are shown in
Fig. 1.5 alongwith their distribution on the gene and resultant gene transcription

activity (active/repressive) (30).
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Fig. 1.5 Epigenetic modifications and their gene landscape

Distribution of histone modifications mapped onto a hypothetical gene. The arrow
on the gene marks the promoter region and the direction points towards the 3’ end

of the gene. The data is representative of yeast genome (Adapted from Li et al,
2007) (30).



These epigenetic modifications control gene expression through recruitment

of various transcription factors.

Relatively recently, a new epigenetic modification called
hydroxymethylation has been discovered. It is previously known in literature that 5-
Methylcytosine (5mC) is a DNA mark associated with gene silencing and stability
that is present on dinucleotides of CpG islands (31). Recently, it has been shown
that in higher mammals, 5mC can be oxidized to 5-hydroxymethylcytosine (5hmC)
by ten-eleven-translocation (TET) enzymes (32,33). It has also been shown that in
differentiating mouse neural and adipocyte cells, the mark 5hmC associates with
transcription factor binding at distal regulatory regions (enhancers) of respective
genes (34). Therefore, it could have a putative role in establishing tissue-specific

gene expression through enhancer elements.

Trithorax and Polycomb group of proteins

The regulation of Homeobox genes (HOX genes) during early embryogenesis
in Drosophila melanogaster is under the control of transcription factors that
disappear at later stages in development. The HOX gene memory is maintained by
two antagonistic groups of proteins—Trithorax group (TrxG) proteins and
Polycomb group (PcG) proteins that activate and repress transcription, respectively

(35). Trimethylation of histone 3 at lysine 4(H3K4me3) is a hallmark of actively



transcribing gene promoters, whereas trimethylation of histone 3 at lysine 27
(H3K27me3) is a hallmark of repressive genes. TRX was the first member of the
TrxG family to be characterized and it is known to be a positive regulator of HOX
genes (36,37). Although its function was not required to initiate gene expression, it
was needed to maintain HOX gene expression in the body segments later on in
development (38). Both TrxG and PcG proteins regulate many genes in addition to

HOX genes (39).

TrxG proteins are evolutionarily conserved regulators of gene expression
that are categorized into three main classes—ATP-dependent chromatin remodeling
complexes, sequence-specific DNA binding proteins, and histone-modifying
complexes. Setl was the first HMT shown to catalyze mono-, di-, and trimethylation
of H3K4 in the COMPASS (complex proteins associated with Setl) protein complex
in yeast (40). Subsequent studies have found at least six mammalian homologs of
COMPASS exist namely, MLL1-4, hSET1a, and hSET1b (41,42). It has also been
shown that the recruitment of these HMT complexes results in H3K4me3 mark on

active gene promoter regions in various cell types analyzed (40-42).

Trimethylation of histone H3 at lysine 36

H3K36 methylation is a form of post-translational modification that is
conserved from unicellular organisms such as yeast to complex, multicellular

organisms such as humans (43). While trimethylation at H3K4 is present around



the transcription start site towards the 5’ end of the gene, trimethylation at H3K36
is predominantly found in the coding region towards the 3’ end of actively
transcribed genes (44). The former is a marker of transcriptional initiation,
whereas, the latter is characteristic of transcriptional elongation (44). In addition to
this function, this mark has been implicated in alternative splicing, DNA
methylation, and evidently in pathologies, all of which are discussed briefly later in

this section.

According to current literature, there are six known H3K36-specific lysine
HMTs as listed in Table 1 with the specific histone methylations they catalyze. All
these HMTs have a catalytic SET domain in common, but differ in methylation
preferences (mel, me2, or me3). Some of these enzymes have chromatin interacting
domains that recognize the K36 mark and other methylated histone residues, for

example, the PHD finger domains (45).

Table 1. Substrates recognized by different H3K36-HMTs

HMT Histone targets Reference
NSD1 H3K36mel, H3K36me2, H4K20 46-49
NSD2 H3K36me?2 50

NSD3 H3K36me?2 52-54
SETD2/ H3K36me3 55-57
HYPB

ASH1L H3K4me3, H3K36me2, H3K36me3 22-24
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H3K36me3 has been shown to modulate DNA methylation by interacting
with the PWWP domain of the DNA methyltransferase Dnmt3a and increasing its

methylation activity (58).

Luco et al. (2010) demonstrated a role of H3K36me3 in alternative splicing
(59). They proposed a presence of an adaptor system that constitutes a histone
modification, a chromatin-binding protein that is responsible for reading the histone
mark, and a splicing regulator. This complex serves as epigenetic information that is
transmitted to the pre-mRNA processing machinery where specific splicing

regulators are recruited, eventually helping decide the splicing outcome (59).

The HMT Hypb and its role in transcription

Set2, the yeast ortholog of human Hypb was the first H3K36-specific HMT to
be discovered (60). In addition to Saccharomyces cerevisiae, it is the only known
HMT to be present in Neurospora crassa (bread mould) and Schizosaccharomyces
pombe (fission yeast) (61,62). Two reports have shown that in in vitro experiments,
Hypb is able to act as a mono-, di-, and tri-methyltransferase (63,64), however, a
report in vivo has shown it to be a sole H3K36me3 HMT (64). This raises a question
whether it is mandatory to have a dimethyl mark before it is trimethylated or all
three methyl marks are placed by an H3K36me3 HMT at once on the lysine

substrates. The answer to this is not yet clear.
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In yeast, the nucleosomes are methylated on H3K36 by Set2, a HMT
that travels with RNA Pol II by binding to the C-terminal domain of the latter during
transcriptional elongation (65). These methylation marks provide for a
transcriptional memory mark that signals recruitment of HDACs such as Rpd3S (in
yeast) to actively transcribed regions of the gene. This deacetylates the histones in
these regions that erases transcription-elongation associated acetylation and

prevents spurious initiation of transcription at these sites (65).
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Fig. 1.6 Inhibition of spurious transcription in yeast by H3K36me3

Set2 binds active elongating Pol II and marks the nucleosomes with H3K36me3. This signals binding
of the Rpd3S complex facilitating deacetylation of the nucleosomes, hence, preventing spurious
activation of transcription form sites other than the promoter region during elongation (45) (©
Nature publishing group, used with permission, all rights reserved. See Ref. 45 for details).
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In a recent paper, it was shown that one of the HMTs SETD3 plays a role in
muscle differentiation (66). Although recently, it has been shown that the HMT
Hypb plays a role in embryonic vasculature development (67), there has not been
any direct evidence suggesting the role of H3K36me3 mark in muscle development.
As the H3K36me3 mark is catalyzed by the HMT Hypb, we want to determine

whether trimethylation of H3K36 plays a role in myogenic differentiation.
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RESEARCH RATIONALE

Establishment of the muscle differentiation program is a complex event that
starts with a satellite stem cell committing itself to form myoblasts that differentiate
into multinucleate myofibers. Epigenetic mechanisms play a significant role in
regulating gene expression programs not just in muscle, but in almost every cell
lineage of the body. Histone methylations are key modifications that can mark
genes for repression by the H3K27me3 mark or for activation by H3K4me3 or
H3K36me3. This study looks to delineate the role of the H3K36me3 in muscle
differentiation. In order to connect the two, we need a middleman that in this
project is Hypb, a histone methyltransferase. Our approach is to generate cell lines
that show stable knockdown of Hypb and then observe the effects on H3K36me3
and muscle differentiation by targeting muscle-specific genes that have previously
been shown to be epigenetically-regulated. This would help identify the role of Hypb
and HMTs, in general, in the process of muscle differentiation and enhance

knowledge in the public domain regarding muscle development.
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Hypothesis

As the coding regions of muscle-specific genes are marked by H3K36me3,
we propose that this mark plays an important role in modulating

transcriptional events necessary for muscle differentiation.

Objectives

1. Determine the regions of H3K36me3 enrichment on the muscle-specific

genes by native chromatin immunoprecipitation (N-ChIP) experiments

2. Identify H3K36-specific methyltransferases involved in myogenesis based on

their knockdown phenotype in differentiation conditions and identify their

targets based on previous literature and cross-linked chromatin

immunoprecipitation (X-ChIP) experiments

3. Determine the role of the H3K36me3 mark in myogenic differentiation.

15



CHAPTER 2

MATERIALS AND METHODS

2.1 Antibodies

Commercial antibodies used in the experiments include H3K36me3 (Abcam
ab31356), H3 antibody (Millipore 06-755), Hypb (Abcam ab31358), Ash1l (Abcam

ab4477), Myog (Santa Cruz SC-576), and MHC (MF-20).

2.2 Cell culture

The mouse myoblast cell line C2C12 was maintained at less than 70%
confluency in DMEM (10% FBS, 1:100 Pen/Strep) and differentiated in DMEM (2%

horse serum, 1:100 Pen/Strep, no insulin or transferrin).

2.3 Lentivirus production and lentiviral-mediated shRNA knockdown

Low-passage 293T cells were plated and propagated in DMEM(10% FBS,
1:100 Pen/Strep) prior to transfection. 3.6ug of pMD2.G plasmid (Addgene #12259),
5.4ug of psPax2 plasmid (Addgene #12260), and 3ug of a lentiviral vector pLKO.1
were added to a tube. In a separate tube, DNA-Optimem and Lipo-Optimem
solutions were combined and mixed gently. After 20 minutes, DNA-Lipofectamine

2000 complex was added to the 10cm tissue culture plate with GM (w/out
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antibiotics). Trypsinized 293T cells were added and the plate gently rocked. Next
day, GM was replaced with new GM (w/antibiotics). Supernatant was collected 48
hours later and centrifuged at 1600 g for 5 minutes at 4°C. 1mL virus aliquots were
stored at -80°C for infections. These lentivirus expressing shRNA targeting Hypb or
Ash1l were used to infect C2C12 cells that were plated at 40% confluency on the day
of infection. 1mL of viral supernatant was added with 9mL of GM, followed by
addition of polybrene (4ug/mL). 24-36 hours were allowed for lentiviral genes to be
expressed before selecting cells for puromycin (72-96h). The level of stable shRNA

knockdown was later analyzed using RT-qPCR.

2.4 RNA isolation and RT-qPCR assays

Total RNA was extracted using the RNA STAT-60 protocol which a single-step
protocol (68,69). RNA was homogenized in RNA STAT-60 solution. Chloroform was
then added to separate the solution into two phases—the aqueous phase and
organic phase. Total RNA content is found in the former phase, whereas DNA and
proteins are found in the latter. Isopropanol is added to the aqueous phase in a new
tube to precipitate the DNA. The DNA pellet was then washed with 75% ethanol, and
solubilized in water. 500 ng of total RNA was reverse transcribed into cDNA using

random primers and MMLV reverse transcriptase enzyme (69).

Gene expression for all experiments was quantitated by RT-qPCR using SYBR-Green

mix and primer sets. 35 cycles of qPCR were run in order to quantify mRNA
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transcript level data. GAPDH (constitutively-expressed gene) was used in all

experiments as an internal control and all the data was normalized to it.

The following are the sequences of the primers (in 5’-3’ orientation) used for gene

expression analysis:-

Tnnt2

Forward primer: AGG TTG GTC CTG ATG AAG AAG CCA

Reverse primer: ATT CAG GTC CTT CTC CAC ACG CTT

Forward primer: GAG CCT CTG CTC CTC GCT AAG AGT

Reverse primer: AGG CAG AGT GTA ACC CTT GAT GCT

a-Actin

Forward Primer: TTG TGC GCG ACA TCA AAG AGA AGC

Reverse Primer: GAA ACG CTC ATT GCC GAT GGT GAT

:

Forward Primer: CAT CCA GTA CAT TGA GCG CCT ACA

Reverse Primer: AGC AAA TGA TCT CCT GGG TTG GGA

=
o
)
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Forward Primer: ACC TTG CCA AGA AGA AGG ACT CCA

Reverse Primer: TGG ATG CGG ATG AAC TTG CCA AAG

DDX5

Forward Primer: TTC TGA TTG CTA CCG ATG TGG CCT

Reverse Primer: TGG TAC TGC GAG CAG TTC TTC CAA

The following are the sequences of the primers (in 5’-3’ orientation) used for ChIP-

qPCR analysis:-

Myog Prom

Forward Primer: TCA CAT GTA ATC CAC TGG AAA CG

Reverse Primer: CCT GAG CCC CCC TCT AAG C

Myog +1kb

Forward Primer: TCC CAA CCC AGG AGG TAA GTG AAT

Reverse Primer: AAG GGT GAT TGG GAC AGG GCT TAT

Myog +2kb

Forward Primer: AGA CGA AAC CAT GCC CAA CTG AGA

Reverse Primer: AGG AGT CAG CTA AAT TCC CTC GCT

Ckm Prom
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Forward Primer: TAG TCA CAC CCT GTA GGC TCC TCT AT

Reverse Primer: ATT TCT CTC AGT CCC TAC CTG GCT

Ckm +4kb

Forward Primer: AAC CCA AGC TTC CTA TGC TGA CCT

Reverse Primer: TCG GTC TTA TGC TTG TCT GTG GGT

Ckm +5kb

Forward Primer: TTT GAT GTC CGG GTG AGG AGT GTT

Reverse Primer: ATC AAT GAG CTG CTG TTC CTG

IgH Enh

Forward Primer: GCC TGG GCT TGC TTT GTCT

Reverse Primer: TGA CCC CTT TCG CTC ATT G

Bmaj Prom

Forward Primer: CTG CTC ACA CAG GAT AGA GAG GG

Reverse Primer: GCA AAT GTG AGG AGC AAC TGA TC
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2.5 Western Blot analysis

Three-day differentiated C2C12 cells were washed with 1X PBS and
harvested. Cells were transferred to an eppendorf tube and centrifuged at max.
speed (11,500g) for 17 seconds at 4°C. Cell pellet was diluted in lysis buffer and
vortexed briefly every 10 minutes for 30 minutes. Cell lysate was centrifuged at
11,500g for 10 minutes and the supernatant transferred to a new eppendorf tube
and stored at -80°C until future use. These whole cell protein extracts were thawed
and Bradford assay performed on each sample. 10ug of protein sample was loaded
in each well. 5 uL of molecular weight marker was also loaded in one well. Gels were
run at a constant voltage of 75V for 1.5-2 hours or until the dye runs out. Samples
were transferred onto a membrane after running transfer for 2 hours (75V) with
ice-cold blocks. Blots were then blocked for 1 hour in 3% milk in 1X PBS and
incubated in primary antibody overnight at 4°C. Next day, blots were washed for 30
minutes at room temperature with PBS. Following this, the blots were incubated in
secondary antibody (1:2500) for 1 hour at room temperature. Washes were
performed again for 30 minutes. The blots were finally developed and analyzed for

protein level expression.

2.6 Histone extraction

Histones were extracted using the protocol by Abcam (70). Low-passage

C2C12 were propagated and differentiated for 72 hours. They were then harvested
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and washed twice with ice-cold PBS. Cells were then resuspended in TEB(0.5%
Triton X 100 v/v) and 2mM PMSF and lysed on ice for 10 minutes with light stirring.
They were centrifuged at 1200g for 10 minutes at 4°C. The pellet was then
resuspended in 0.2N HCl. Histones were acid extracted overnight at 4°C. Next day,
the samples were centrifuged at 1200g for 10 minutes at 4°C. Supernatant was
removed and protein content determined using Bradford assay. This was followed

by western blot analysis of the histone proteins on a 15% SDS-PAGE gel.

2.7 Immunocytochemistry

Low-passage C2C12 cells were differentiated for 72 hours before being
harvested for immunofluorescence. Cells were washed with 1X PBS 2 times and
fixed with 3.7% paraformaldehyde for 10 minutes at room temperature. Cells were
washed three times with PBS and then permeabilized using 0.3% Triton X-100 at
room temperature for 10 minutes. Cells were again washed with PBS two times
before blocking with 10% FBS in PBS for 1 hour at room temperature. Cells were
then incubated in primary antibody for 2 hours (subsequent washing with PBS three
times) followed by 45 minutes in the secondary antibody (1:1000). Cells were then
washed with PBS three times and counterstained with DAPI nuclear stain for 5
minutes. Cells were then taken for imaging at the AxioCam inverted microscopy

facility.
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2.8 Native chromatin immunoprecipitation (N-ChIP)

Approximately 1 x 107 C2C12 cells obtained at three days of differentiation
were lysed in buffer A (15 mM Tris (pH 7.5), 15 mM NacCl, 60 mM KCI, 250 mM
sucrose, 5 mM MgC(Cl2, 1.5 mM CaCl2, 1 mM DTT and 1 mM PMSF). Nuclear pellet was
obtained by centrifugation and quantified by measuring total ribonucleic acid
content. Chromatin (2 mg) was digested with 1 U MNase (Sigma) for 10 min at 37°C
to give a maximum visible fragment size of 550-600 base pairs (mono-, di-, and tri-
nucleosomes). NaCl was then added to a final concentration of 600 mM, and the
nuclei were incubated with 10 mg of hydroxyapatite resin to form slurry. After
extensive washing, nucleosomes were eluted from the resin with a buffer containing
300 mM NaPO4 (pH 7.2). Eluted nucleosomes were then subjected to
immunoprecipitation with either an anti-H3K36me3 or rabbit IgG.
Immunoprecipitated DNA was then purified and subjected to qPCR analysis. To
calculate relative enrichment, we subtracted the signal observed in the control
immunoprecipitation experiment from that observed with the specific antibody,

then divided the resulting difference by the ChIP input material.

2.9 Cross-linked chromatin immunoprecipitation (X-ChIP)

Enrichment of transcriptional regulators (Hypb, Ash1l) with specific regions of the
genome was performed using X-ChIP. Three-day differentiated C2C12 cells were

harvested and cross-linked for 20 minutes at room temperature with 1%
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formaldehyde. The effect of formaldehyde was neutralized by adding 2.5M Glycine
for 10 minutes at room temperature. Cells were washed with cold PBS and swelling
buffer added (Buffer N - 25mM HEPES pH 8.0, 10mM KCl, 1.5mM MgCI2, 0.1% NP-
40, 1mM DTT, 2mM PMSF, and 1x protease inhibitor cocktail). Cells were then lysed
in lysis buffer (1% NP-40) and resuspended in Buffer N after which they were
MNase-digested for 10mins at 37°C. Cells were then sheared in sonication buffer
using a Bioruptor (Diagenode) to obtain a resolution of 150-400bp. Supernatant was
then immunoprecipitated with 5ug of the respective antibodies (Hypb or Ash1l and
Rb IgG) overnight at 4°C. Next day, beads were subjected to low salt (20mM Tris-HCI
pH 8.0, 150mM NaCl, 2ZmM EDTA, 1% Triton X-100), high salt (20mM Tris-hCl pH
8.0, 500mM NaCl, 2ZmM EDTA, 1% Triton-X 100), and LiCl buffer (10mM Tris-HCI pH
8.0, 1ImM EDTA, 250mM LiCl, 1% NP-40, 1% Na-deoxycholate). Finally, the beads
were washed twice in TE buffer for 10 mins. Following this, beads were eluted for
10 mins at 65°C and crosslinking reversed overnight. Next day, Immunoprecipitated
DNA was then ethanol-purified and subjected to qPCR analysis. To determine
relative enrichment (71), gPCR amplification of immunoprecipitated samples was
normalized to genomic DNA for each individual primer set. Normalized values
obtained from a mock IP (Rb IgG) and then corrected for sample variation through

division by ChIP input.

2.10 Statistical analysis

All values are represented as means + SEM of at least three biological

replicates. Statistical significance of the difference in gene expression between
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control and shHypb cells was estimated by a paired student t-test.
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CHAPTER 3

RESULTS

3.1 The H3K36me3 mark is enriched on the coding regions of muscle-specific

genes upon differentiation of C2C12 cells

The mouse myoblast C2C12 cell line was used to conduct all experiments.
This line was generated as a result of serial passaging of myoblasts isolated from the
thigh muscle of post-injury C3H mice (72). These myoblasts have the potential to

differentiate in culture and form myotubes.

It has been previously reported in the literature that the H3K36me3 mark is
predominantly found in the coding region of the genes towards the distal 3’ end in
various cell lineages (44). However, the same has not yet been shown in muscle.
Therefore, we used the high-resolution technique of N-ChIP in order to further our
understanding of this mark in muscle. This technique is used to determine

epigenetic modifications on histones.

As with any protocol, we needed to optimize the N-ChIP procedure for the
H3K36me3 antibody. Wild-type C2C12 cells were used for optimizing the protocol.
The chromatin was fragmented by MNase digestion (Refer to Materials and

Methods section), after which the DNA was purified and run on an agarose gel. As
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shown in Fig. 3.1A, the chromatin resolution (mono- and di-nucleosomes) was

optimal to proceed to subsequent N-ChIP experiments.

For the purpose of ChIP experiments, we chose to study two genes - Myog
and Ckm. We have shown previously that these two muscle-specific genes become
transcriptionally active upon H3K4me3 marking by an HMT complex (8). Three
different regions spanning each gene were selected and primer sets were designed
against these regions. For the Myog gene, Myog promoter (TSS), Myog +1kb
(1000bp downstream of the Myog TSS), and Myog +2kb (2000bp downstream of
the Myog TSS) were used and for the Ckm gene, Ckm promoter (TSS), Ckm +4kb
(4000bp downstream of the Ckm TSS), and Ckm +5kb(5000bp downstream of the

Ckm TSS) were used for the purposes of ChIP-qPCR.

In ChIP-gqPCR, the amplicon size (size of the fragment that is amplified) is
important to consider. The smaller the amplicon size, the greater the chance to
observe amplification from short DNA fragments - in order for both forward and
reverse primers to bind, the amplicon should be shorter than the average DNA
fragment size. This was also taken into consideration during the optimization of N-
ChIP experiments. The amplicon sizes of the primer sets used is shown in Fig. 3.1B

(i) and (ii).

In order to determine whether H3K36me3 enrichment levels changed at

muscle specific-genes upon differentiation, we performed N-ChIP in wild-type
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C2C12 cells. One set of cells were harvested under growth conditions while the
other set was allowed to undergo three days of differentiation. DNA was purified
and subjected to RT-qPCR experiments. Under growth conditions, no significant
enrichment was observed at any loci on Myog and Ckm genes (Fig.3.1C). However,
upon differentiation, high levels of H3K36me3 enrichment were observed at Myog
+2kb and Ckm +4kb loci on the Myog and Ckm genes, respectively (Fig.3.1C) and
almost no enrichment on Myog and Ckm promoter regions. Rb IgG was used as an
antibody control. To control for non-specific binding, we examined H3K36me3
enrichment at the IgH enhancer as this gene is not regulated in proliferating or

differentiating muscle cells.
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(i) (ii)
Post-MNase HAP EL1+2

Figure 3.1A. Chromatin resolution for N-ChIP experiments Lane 1 =
100bp DNA ladder; Lane 2 = WT C2C12 cells; Lane 3 = TRC cell line;
Lane 4 = shHypb cell line. Immediately post-MNase digestion(i), after
elutions 1 and 2 - used for Ab-beads binding (ii).
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(i)

Fig. 3.1B (i) - Amplicon sizes of Myog ChIP-qPCR primer sets. From left
to right: Lane 1= Myog +2kb; Lane 2= Myog +1kb; Lane 3= Bmaj Prom;
Lane 4 = Myog Prom; Lane 5= 100bp DNA ladder.

Fig. 3.1B (ii) - Amplicon sizes of Ckm ChIP-qPCR primer sets.
From left to right: Lane 1= Ckm +5kb; Lane 2= Ckm +4kb; Lane 3= Ckm
Prom; Lane 4 = Bmaj Prom; Lane 5= 100bp DNA ladder.
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D0 and D3 H3K36me3 in C2C12 cells
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Figure 3.1C. N-ChIP on differentiation time course (day 0 and 3) on 10 x
106 C2C12 cells showing H3K36me3 enrichment levels on Myog and
Ckm gene coding regions (Myog +2kb and Ckm +4kb, respectively)
followed by RT-qPCR. IgH enhancer region is the negative binding
region and hence acts as a negative control. Rb IgG acts as a negative
control for non-specific binding to the antibody.
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3.2 Stable knockdown of histone methyltransferase Hypb in C2C12 cells

To understand the function of the H3K36-specific histone methyltransferase
Hypb in differentiation of C2C12 cells, we knocked it down using a lentiviral shRNA-
based approach and generated a stable knockdown line. Before assessing the
functional effects on C2C12 cells, the knockdown was confirmed at the transcript
level (80-85% knockdown) as well as protein level by RT-qPCR and Western blot,

respectively. TFIIH was used as the loading control (Fig. 3.2A and B).
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Hypb expression

mm TRC
shHypb

on

Relative Express

TRC shHypb

Figure 3.2A. Lentiviral-mediated shRNA knockdown of histonemethytransferase
Hypb in C2C12 cells. Expression of the respective genes in the stable knockdown
lines was compared to the TRC (control) line and plotted in a bar graph as relative
expression. RNA from 100,000 cells/condition was isolated, reverse transcription
performed. The cDNA was then used as a template for RT-qPCR. Samples were run
in triplicates. Error bars represent standard error.

Figure 3.2B. shRNA knockdown of Hypb at the protein level in TRC and shHypb cell
lines. TFIIH was used as a loading control.
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3.3 Hypb is responsible for majority of the global H3K36me3 methylation

marks in differentiated C2C12 cells

In order to look at the global histone methylation levels, histones were acid
extracted overnight (at 4°C) from three day-differentiated (day 3) lines - the TRC
and shHypb cell lines. The histone proteins were immunoprecipitated with the
H3K36me3 antibody. H3 acted as a loading control (Fig.3.3). Global levels of
H3K36me3 were reduced in the shHypb line (Fig.3.3). Therefore, Hypb seems to be
responsible for a majority of all the detectable H3K36me3 in C2C12 cells. This has

also been previously shown by Edmunds et al. in 2008 (73).
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TRC shHypb !

H3K36me3

H3K36me2
H3

Figure 3.3. Western blot of global histone extract. Histones from three-day
differentiated (day 3) TRC and shHypb lines were acid extracted overnight at 4°C
and immunoprecipitated with H3K36me3, and H3 antibodies. H3 acts as a loading
control.
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3.4 Enhanced myogenesis phenotype upon lentiviral-mediated stable

knockdown of Hypb in C2C12 cells

After establishing stable knockdown of Hypb, cells were differentiated for
three days in differentiation medium at which point the cells were harvested for

immunofluorescence, gene expression analysis, and western blot.

Previous work in our laboratory has shown that the Myog and Ckm genes
play an important role in establishing muscle-specific gene expression. During
development, Myog expression is restricted to the skeletal muscle lineage (74).
During myogenesis, their expression levels differ from each other in a temporal
fashion, which makes them a good model for studying muscle-specific gene
expression. The TRC (control) line and the Hypb knockdown (shHypb) line were
fixed and stained for differentiation markers Myog and MHC. The former stains the
nucleus, whereas the latter stains the myotube cytoplasm. DAPI was used as a
fluorescent nuclear counterstain (DAPI binds the A-T rich regions of the DNA) (Fig.
3.4A). After three days of differentiation, a significant difference in phenotype
between the TRC and shHypb lines was seen. A ‘enhanced myogenesis’ phenotype
was observed in the shHypb line where in contrast to the TRC cell line, the cells
formed thicker caliber and longer myotubes with more number of nuclei (Fig.
3.4A). This effect was quantitated by comparing fusion indices (number of
nuclei/myotube) of TRC and shHypb lines (Fig. 3.4D). The fusion index was almost

4-fold higher in the shHypb line (n=50, p<0.05).
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Next, we looked at the gene expression levels of early and late differentiation
markers comparing TRC and shHypb lines after subjecting cells to three days of
differentiation. There was a significant increase in the expression of Myog, MHC,
Ckm, and a-Actin upon Hypb knockdown (Fig. 3.4B). Tnnt2 expression did not
change significantly. Relative expression for all genes was normalized with the

housekeeping gene GAPDH.

At the protein level, MHC expression was higher in the shHypb line. The

Myog protein expression levels did not seem to differ significantly upon Hypb

knockdown. Beta-tubulin was used as the loading control (Fig. 3.4C).
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Figure 3.4A- Lentiviral-mediated stable knockdown of Hypb comparing
them to the control (TRC). All lines were differentiated for 72 hours
before being fixed for immunofluorescence and stained for myogenin
(Red), myosin heavy chain(Green) and nucleus (Blue).

Figure 3.4B- RT-qPCR showing mRNA expression of differentiation
markers in stable TRC and shHypb lines. Expression was normalized
with GAPDH The experiment was performed in triplicates. Changes that
are significant (p<0.05) compared to the control are denoted by an
asterisk.

Figure 3.4C- Western blot displaying levels of differentiation markers
in 72-hour differentiated TRC and shHypb lines. Beta-tubulin is the
loading control.

Figure 3.4D. Fusion index graph showing the average number of nuclei
per myotube in TRC and shHypb knockdown lines (n=50). Changes that
are significant (p<0.05) compared to the control are denoted by an
asterisk.
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3.5 The H3K36me3 mark is lost on the coding regions of muscle-specific genes

in the shHypb cell line

To determine the effect of Hypb knockdown on H3K36me3 mark in muscle-
specific genes, we performed N-ChIP comparing stable TRC and shHypb lines in
differentiation conditions. As expected, H3K36me3 enrichment increased in the TRC
line as we moved away from the promoter region and towards the 3’ end of the
Myog and Ckm genes (n=3, p<0.05) (Fig.3.5). This increase was significant as
compared to the promoter regions for both genes as well as the negative control
binding region Bmaj promoter (Beta-major promoter is one of the regulatory
regions of the beta-globin gene that regulates transcription in the hematopoietic
system but is not regulated in the muscle lineage). The enrichment was significantly
higher at the Myog +1kb and yet higher on the Myog +2kb region. Similarly, the
enrichment on the Ckm gene was observed to be the highest, farthest from the
promoter, at the +5kb loci. Upon Hypb knockdown, a significant loss of the
H3K36me3 was observed at all the loci where significant enrichment was seen in
the TRC line. This was seen at the Myog +1kb and +2kb on the Myog gene as well as
at the Ckm +4kb and +5kb on the Ckm gene (n=3, p<0.05) (Fig.3.5). Therefore,
upon Hypb knockdown, there is a subsequent loss of H3K36me3 in the coding

regions of Myog and Ckm genes in differentiating C2C12 cells.
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Figure 3.5. H3K36me3 enrichment on the Myog gene by N-ChIP. ChIP-
qPCR graph displaying relative enrichment levels of H3K36me3 at three
positions along the Myog gene (Top) and three positions along the Ckm
gene (Bottom) in differentiated (day 3), stable TRC and shHypb
knockdown cell lines. Rb IgG was used as a negative control for
antibody-binding and the levels have been accounted for in relative
enrichment calculations. Beta major promoter is a negative control
binding region. Error bars represent standard error. The experiment
was reproduced three times with similar results. Changes that are
significant (p<0.05) compared to the control are denoted by an asterisk.
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3.6 Enrichment of the HMT Hypb is observed in the coding regions of muscle-

specific genes

In order to investigate the loss of H3K36me3 mark upon Hypb knockdown,
Hypb X-ChIP was undertaken as reduction in H3K36me3 levels on the coding
regions of Myog and Ckm genes could be due to a direct interaction of this histone

methyltransferase with the coding regions of muscle-development specific genes.

Similar to the N-ChIP procedure described earlier, optimization for X-ChIP
was required, mainly due to the additional step of cross-linking in X-ChIP. Cross-
linking of cells ensures tight-binding of otherwise loosely-bound transcription
factors to the DNA such as Hypb. Therefore, in addition to MNase digestion,
sonication of the DNA was also performed. Various sonication conditions were tried
ranging from 10-60 cycles [Fig.3.6A (i)], however, the most optimal size of DNA
fragments was obtained at 40 cycles of sonication post-MNase digestion [Fig.3.6A

(ii)]. These conditions were therefore used for all subsequent X-ChIP experiments.

In order to observe whether we observe enrichment of Hypb levels on
muscle-specific genes upon differentiation, X-ChIP was performed on wild-type
C2C12 cells. Cells were differentiated, after which they were harvested and cross-
linked (Refer to Materials and Methods). Chromatin-IP was performed, DNA
purified, and ChIP-qPCR was undertaken. The loci chosen for ChIP-qPCR analysis

were the same as the N-ChIP experiments. Hypb was enriched at +1kb and +2kb
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regions of the Myog gene. Beta major promoter region was used as a negative
control binding region (Fig.3.6B). Similarly, for the Ckm gene, same loci as N-ChIP
experiments were chosen. Hypb was enriched at +4kb and +5kb regions, consistent
with H3K36me3 enrichment data at these loci. No Hypb enrichment is observed at
Ckm promoter and beta major promoter regions, which is as expected (Fig.3.6B).
Therefore, upon differentiation Hypb appears to occupy the coding regions of

muscle-specific genes.
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Fig.3.6A (i) Sonication optimization of chromatin for X-ChIP. From Left
to Right: Sonication cycles ranging from 10-60 were preceded by
MNase-digestion.

Fig. 3.6A (ii) Sonication optimization for X-ChIP. Ideal sample for X-

ChIP experiments (40 cycles of sonication with MNase digestion).
Reproduced multiple times and used it for all subsequent X-ChlIPs.
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Figure 3.6B. Hypb enrichment on the Myog gene in wild-type
differentiated (day 3) C2C12 cells by X-ChIP. ChIP-qPCR graph
displaying relative enrichment levels of Hypb at three positions on the
Myog gene (Top) and Ckm gene (Bottom). Rb IgG was used as a
negative control for antibody-binding. Beta major promoter is a
negative control binding region. Error bars represent standard error.
Changes that are significant (p<0.05) compared to the control are
denoted by an asterisk.
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3.7 Enrichment of Hypb at the coding regions of Myog and Ckm genes is lost

upon its knockdown

In order to confirm the enrichment of Hypb on the coding regions of muscle-
specific genes, X-ChIP on differentiated control TRC line and the stable knockdown

line (shHypb) was performed.

As seen previously, Hypb enrichment was observed on +1kb and +2kb
regions of the Myog gene and +4kb and +5kb regions of the Ckm gene (Fig.3.6B).
The subsequent loss of Hypb enrichment is observed on these regions in the stable
knockdown line, suggesting Hypb binding at the coding regions of these muscle-
specific genes (Fig.3.7). As expected, Hypb does not enrich at the promoter regions

of both genes as well as Bmaj promoter, the negative control binding region.
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Figure 3.7. Hypb enrichment on the Myog and Ckm genes in 72h
differentiated, stable TRC and shHypb knockdown lines by X-ChIP. ChIP-
gPCR graph displaying relative enrichment levels of Hypb at three
positions along the Myog gene (Top) and Ckm gene (Bottom). Rb IgG
was used as a negative control for antibody-binding. Beta major
promoter is a negative control binding region. Error bars represent
standard error. Changes that are significant (p<0.05) compared to the
control are denoted by an asterisk.

51



CHAPTER 4

DISCUSSION

4.1 Summary of findings

In this study, we have examined role of the histone mark H3K36me3 in
muscle differentiation. In order to establish the importance of this mark to muscle
differentiation, the knowledge of histone methyltransferase responsible for this
mark was pivotal. Therefore, the H3K36-specific HMT Hypb was knocked down.

Interestingly, the Hypb knockdown resulted in enhanced myogenesis.

Next, it was important to compare H3K36me3 levels in myoblasts and
myotubes. Therefore, a differentiation time course experiment was undertaken
where upon differentiation, H3K36me3 enrichment levels went up on coding

regions of two muscle-specific genes Myog and Ckm.

N-ChIP experiments were then performed on the TRC and Hypb knockdown
(shHypb) lines on Myog and Ckm genes to look for H3K36me3 targets. Enrichment
for this methylation mark was markedly higher in the coding regions of these genes
(away from the 5’ end and towards the 3’ end). X-ChIP followed these experiments
in order to see if Hypb is being enriched at these loci and has direct effects. The
results showed, in general, it enriches on the coding regions of Myog and Ckm. In

order to confirm these results, X-ChIP experiments on TRC and the knockdown lines
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were undertaken. Enrichment of Hypb in the coding regions and its subsequent loss
upon Hypb knockdown suggests possible occupancy of this transcription factor in

the coding regions of muscle-specific genes.

In the end, a model for enhanced myogenesis is proposed which could

explain the phenotype observed upon Hypb knockdown in C2C12 cells.

All these experiments have helped us identify the role of H3K36me3 in

muscle differentiation and how epigenetic regulation of muscle-specific genes could

be undertaken by H3K36-specific histone methyltransferases.

4.2 The coding regions of muscle-specific genes are enriched with the

H3K36me3 mark and the H3K36 HMT Hypb upon muscle differentiation

Consistent with previous reports, we observed enrichment of H3K36me3
mark away from the promoter region and on the coding region of the genes of
interest (44). As shown previously the H3K36me3 mark plays a role in
transcriptional elongation where Set2 is recruited to the coding region of the gene,
rather than initiation of transcription, which is initiated by the H3K4me3 mark
catalyzed by Set1 at the promoter region (75). The presence of H3K36me3 mark on
the promoter would mean inability for RNA Pol II to interact with Setl and initiate
transcription at the promoter (75). Our results are also consistent with the

observations of Asp et al (2011) where they provided ChIP-Seq genome-wide
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dataset of H3K36me3 in myoblasts as well as myotubes and showed that muscle-
specific genes such as various myosin heavy chain isoforms, namely, Myh1, Myh3,
Myh4, and Myh7 show H3K36me3 enrichment upon muscle differentiation (76),
whereas, in our study we show Myog and Ckm as two additional genes that are
enriched by this mark. In general, all these genes showed H3K36me3 enrichment in

their respective coding regions.

Although the role of Hypb in muscle in not very well understood, de Almeida
et al (2011) have shown that Hypb enrichment and its subsequent loss follows
H3K36me3 loss on the CD44 gene in HeLa cell lysates (77), similar to what we see

on the coding regions of the Myog and Ckm genes in C2C12 cells.

4.3 Hypb is a major H3K36 trimethyltransferase in C2C12 cells

As has been reported previously in yeast, Set2 is the only HMT that is
responsible for all three methylation events that is, mono-, di-, and trimethylation of
H3K36 (78). Upon knockdown of six HMTs --NSD1, NSD2, NSD3, Smyd2 (Data not
shown), Ash1l (Refer to Appendix A1-A8), and Hypb at the offset of the project, only
two HMTs showed visible changes in cellular phenotype upon their respective
knockdown—these were Ash1l and Hypb. Histones extracted from the whole cell
nuclear extract for control cell line and the shHypb line showed differences in
H3K36me3 levels, whereby a reduction in trimethyl levels was seen in the shHypb

line. This is consistent with what Edmunds et al (73) observed in their study that
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Hypb is responsible for majority of H3K36me3 levels. Therefore, it is reasonable to

conclude that Hypb is a major regulator of H3K36me3 mark in our cell model.

4.4 Hypb could prevent formation of cryptic transcripts by occupying the

coding regions of muscle-specific genes - The ‘enhanced myogenesis’ model

It is well established in literature that H3K36me3 mark plays a role in
transcriptional elongation in yeast (79). In yeast, Set2 (yeast homolog of human
Hypb) associates with phosphorylated RNA Pol II at Serine 2 in its C-terminal
domain and marks the gene with H3K36me3. This mark sends a signal for the
recruitment of Rpd3S, an HDAC complex. This is required for the suppression of
cryptic initiation of transcription. This is achieved through histone deacetylation by
the HDAC complex that makes the chromatin inaccessible to RNA Pol II and the

transcription machinery.

In 2011, however, a study published by Lin et al, showed that this model
could also exist in humans where they showed that a histone demethylase KDM5B is
critical for embryonic stem cell (ESC) self-renewal (80). Under normal conditions,
H3K4me3 mark is restricted to the promoter-region and histone deacetylation takes
place as usual, resulting in repression of cryptic initiation of transcription. However
upon KDM5B knockdown, intragenic H3K4me3 marks bring the transcription
initiation machinery into the coding regions of the gene that interfere with normal

transcription causing inhibition of transcription elongation of KDM5B target genes.
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This results in formation of cryptic transcripts, disrupting ESC self-renewal, and

causing ESCs to differentiate into various lineages.

As the eukaryotic genes, in general, are much longer than in yeast, it is safe to
assume that this mechanism could have an even more significant role in mammalian
cells. Therefore, we hypothesize the same concept could be taking place in our

system where we knockdown the H3K36-histonemethyltransferase Hypb (Fig. 4.4).
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Fig. 4.4 Proposed model for the enhanced myogenesis phenotype

upon Hypb knockdown
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In proliferating myoblasts or early differentiating myoblasts (Panel
A), Hypb marks the muscle-specific genes involved in proliferation namely Myf5,
Pax7, or MyoD, with H3K36me3 mark. This signals recruitment of the HDAC
complex causing deacetylation of the genes, hence suppressing cryptic transcription
from occurring. However, when we knockdown Hypb (Panel B), no H3K36me3 mark
is present to signal deacetylation of the genes, hence our proposition is that cryptic
transcripts are formed. The formation of these unspliced cryptic transcripts reduce
the expression level of the aforementioned genes involved in proliferation and we
would see precocious differentiation. Therefore, at an early stage of differentiation,
Hypb could be acting as a positive regulator of proliferation. At a later stage in
differentiation, however, Hypb binds the coding regions of differentiation marker
genes such as Myog, Ckm (Data shown), and MHC and still prevents initiation of
cryptic transcription. But upon Hypb knockdown, another HMT, for example, Ash1l,
which is an H3K36mel and H3K36me2 methyltransferase (81) takes Hypb place
and marks genes preferentially with H3K36me1l. It is known in the literature that
H3K36me2 is a minimum requirement and is sufficient to prevent cryptic
transcription from taking place (82). Therefore, presence of Ash1l still results in
cryptic transcription, but the differentiation phenotype could be owed to this HMT.
Our data suggests that Ash1l is a positive regulator of differentiation (Fig. A1) as
upon its knockdown, we observe inhibition of differentiation. Therefore, our
proposition is that Ash1l binds the coding regions (Fig.A7) upon Hypb loss, causing

cells to undergo accelerated differentiation, while cryptic transcription takes place
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due to hyperacetylated histones.

Due to the dynamic nature of epigenetic marks, cryptic transcription could
also be seen as an opportunity to regulate the expression of Myog and Ckm genes
during different stages of muscle differentiation. At the initial stages of
differentiation, Myog gene is highly expressed which could be attributed to the
formation of normal gene products. However, during the late stages of
differentiation, cryptic transcription might become active resulting in the formation
of cryptic Myog transcripts that cause reduction in Myog gene expression. Similarly,
for the Ckm gene, cryptic transcription could be active during early stages of

differentiation when the Ckm gene is not highly expressed.

An alternative hypothesis is that Hypb associates with different
factors on different genes. It has been shown in the literature that KDM5B acts as an
activator of transcription in ESCs, whereas, in other cell types it acts to repress
transcription (83-85). Similarly, a demethylase belonging to the same family,
KDM5A, has been shown to act an activator or repressor depending on the gene
context (86,87). This hypothesis overlaps with the previous hypothesis in a way
that on early proliferation genes, Hypb acts to maintain their proliferation, while on
differentiation genes, it acts as a negative regulator of differentiation. Therefore,
Hypb might be interacting with different cofactors on two different genes resulting

in the ‘enhanced myogenesis’ phenotype.
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FUTURE DIRECTIONS

(a) Rescuing Hypb expression in C2C12 cells

Based on the results of this project, Hypb is identified as an important player
in the establishment of H3K36me3 mark and muscle differentiation. One of the most
important experiments in the future to do would be trying to rescue Hypb
expression and observing the effect on muscle differentiation phenotype. This could
be done by overexpressing the plasmid that contains a full-length Hypb transcript.
Subsequent formation of long and thin myotubes could point to a potential link
Hypb loss and the ‘enhanced myogenesis’ phenotype that was earlier observed. Also,
the rescue experiment would confirm that the effect of the lentivirus is primary and
that the enhanced differentiation we observe is not due to any secondary effects of

the virus.

(b) Hypb and Ash1l ChIP-sequencing to look for binding sites and genes involved

Once we know that observed phenotype is actually due to the loss of Hypb,
we would like to perform differentiation time course ChIP-Seq analysis which
compares Hypb binding at day zero (proliferation) to 72h of differentiation in both
wild-type C2C12 cells and shHypb cells. This would help identify possible Hypb
binding sites on a genome-wide basis in C2C12 cells by which potential target genes

could be analyzed and shortlisted. Similarly, differentiation time course ChIP-Seq
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analysis of Ash1l could also be undertaken to know its binding sites, especially when
Hypb expression is lost. This way we could potentially look at the spatial and
temporal binding of both Hypb and Ash1l in C2C12 cells. To confirm the place and
timing of binding, ChIP-Seq on Hypb/Ash1ll overexpressed cells could be
subsequentially performed. These datasets could be correlated to existing
H3K36me, H3K36me2, and H3K36me3 datasets or could be performed as ChIP-Seq
experiments simultaneously. These experiments would help validate the ‘enhanced

myogenesis’ model.

(c) Testing the cryptic transcription model

Our next step would be to test for cryptic transcription and see whether our
proposed model is possible. For this, Northern blot analysis needs to be undertaken
on total RNA samples from the TRC and shHypb knockdown lines during
proliferation as well as after three days of differentiation. The blots will be probed
by primer sets from various regions on Myf5, MyoD, Pax7, Myog, Ckm, and MHC
genes. Cryptic transcripts always appear as shorter transcripts as compared to the
full-length transcript on the Northern blot. Once we identify formation of cryptic
transcripts, we can look for alternate transcription start sites other than the
promoter region of the gene. For example, promoter deletion constructs of
proliferation (Myf5, MyoD, and Pax7) and differentiation (Myog, Ckm, and MHC)
genes could be undertaken followed by luciferase reporter assays. The activity of the

putative promoter regions could be compared to that of the control SV40 promoter.
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Any increase in the activity of these alternative regions might suggest presence of
alternative transcription start sites and hence, generation of multiple unspliced

cryptic transcripts.

(d) Testing for the alternative hypothesis

In order to look for potential interacting partners of Hypb, yeast two hybrid
screening could be performed on wild-type and shHypb C2C12 cells at day zero and
three days of differentiation. The interactions could then be validated using Hypb
endogenous or overexpressed co-immunoprecipitation experiments. Once we have
the performed the yeast-two hybrid screening, we should look for muscle-specific
factors that could be potential interactors of Hypb. The next step would be
performing stable knockdown of the factors using shRNA and observing the
differentiation phenotype. If the phenotype observed is similar to what we observe
for Hypb knockdown cells, we could speculate that they could be potential cofactors
that associate with Hypb either during proliferation or differentiation, depending on
the nature of the cofactor and the gene of which it could be regulating the

expression.

(e) Generation of a tissue-specific Hypb knockout mouse

Lastly, in the longer run, it would be useful to generate a tamoxifen inducible

muscle-specific Hypb knockout mouse by using the Cre recombinase system to
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study the effects of its loss on muscle regeneration in vivo. Muscle regeneration
could be analyzed seven or 14 days post-injury (with a cardiotoxin injection). Based
on the results we observed in our cell model, we speculate that the myotubes would
undergo hypertrophy and it is possible that the muscle fibres would regenerate

faster than their wild-type littermates.
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APPENDIX

Phenotype characterization

MHC ) verlay

N \ N
-
SN
\ =

Figure A1l- Lentiviral-mediated stable knockdown of Ash1l comparing
them to the control (TRC). All lines were differentiated for 72 hours
before being fixed for immunofluorescence and stained for myogenin
(Red), myosin heavy chain(Green) and nucleus (Blue).
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Figure A2. Fusion index graph showing the average number of nuclei
per myotube in TRC and shAsh1l knockdown lines (n=50, p<0.05). The
significance is denoted by an asterisk.
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Fig.A3. Lentiviral-mediated shRNA knockdown of

histonemethytransferases Ash1l in C2C12 cells. Expression of the
respective genes in the stable knockdown lines was compared to the
TRC (control) line and plotted in a bar graph as relative expression. RNA
from 100,000 cells/condition was isolated, reverse transcription
performed. The cDNA was then used as a template for RT-qPCR.
Samples were run in triplicates. Error bars represent standard error.
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Figure A4. H3K36me3 enrichment on the Myog and Ckm genes by N-
ChIP. (Top) - ChIP-gPCR graph displaying relative enrichment levels of
H3K36me3 on three Myog gene loci and three Ckm gene loci (Bottom)
in differentiated (day 3), stable TRC and shAsh1l knockdown cell lines.
Rb IgG was used as a negative control for antibody-binding and the
levels have been accounted for in relative enrichment calculations. Beta
major promoter is a negative control binding region. Error bars
represent standard error. The experiment was reproduced three times
with similar results (p<0.05). The significance is denoted by an asterisk.
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Figure A5. H3K36me3 enrichment on the Myog and Ckm genes by N-
ChIP in the stable double knockdown line (shHypb+shAsh1l). (Top) -
ChIP-gPCR graph displaying relative enrichment levels of H3K36me3 on
three Myog gene loci and three Ckm gene loci (Bottom) in differentiated
(day 3), stable TRC and double knockdown lines (shHypb+shAsh1l). Rb
IgG was used as a negative control for antibody-binding and the levels
have been accounted for in relative enrichment calculations. Beta major
promoter is a negative control binding region. Error bars represent
standard error. The experiment was reproduced three times with
similar results (p<0.05). The significance is denoted by an asterisk.
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Figure A6. H3K36me3 enrichment on the Myh3 gene by N-ChIP. ChIP-
qPCR graph displaying relative enrichment levels of H3K36me3 on
three Myh3 gene loci in differentiated (day 3), stable TRC and shAsh1l
knockdown cell lines. Rb IgG was used as a negative control for
antibody-binding and the levels have been accounted for in relative
enrichment calculations. Beta major promoter is a negative control
binding region. Error bars represent standard error.
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Figure A7. Ashl1l enrichment on the Ckm gene (Top) and Myog gene
(Bottom) in wild-type differentiated (day 3) C2C12 cells by X-ChlIP.
ChIP-gPCR graph displaying relative enrichment levels of Ash1l on three
Myog gene loci. Rb IgG was used as a negative control for antibody-
binding. Beta major promoter is a negative control binding region. Error
bars represent standard error.
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Figure A8. Ashl1l enrichment on the Myog gene (Top) and Ckm gene
(Bottom) in 72h differentiated, stable TRC and shAsh1l knockdown
lines by X-ChIP. ChIP-qPCR graph displaying relative enrichment levels
of Hypb on three Myog gene loci and three Ckm loci. Rb IgG was used as
a negative control for antibody-binding. Beta major promoter is a
negative control binding region. Error bars represent standard error.

80



