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ABSTRACT

The ability of pluripotent cells to differentiate into all cell types is a promising approach to
regenerative medicine. This promise requires that pluripotent cells are faithfully maintained in
a pluripotent state. One epigenetic feature associated with pluripotency in the embryo is the
relative global hypomethylation of cytosine (at CpG dinucleotides, 5meC) that occurs within
the nucleus of the inner cell mass and epiblast. It is surprising therefore that the global levels
of 5meC in embryonic stem cells (ESCs) propagated under conventional methods are as high
as many differentiated somatic cells. It was recently shown that changing media formulations
to include pharmacological inhibitors of the ERK MAP Kinase and GSK signaling pathways

(2i media) decreased global 5meC levels and increased the pluripotency of ESCs.

Conventional chemical methods of 5meC measurement require large numbers of cells and thus
limit the strategies available for investigating the regulation of methylation in ESCs.
Immunolocalization may be more useful for this purpose because it allows assessment of
individual cells and also provides information on the localization of 5meC within each nucleus,
information that can’t be obtained by current chemical methods of 5meC measurement. It was
shown, however, that conventional methods of immunolocalization underestimate the 5meC
levels detected in cells. This is due to antigenic 5meC being present within two pools. One pool
is detected after acid-induced denaturation of chromatin (and this is the pool detected by
conventional immunolocalization). A further trypsin-sensitive pool has been discovered and
the size of this pool is highly variable, depending upon the developmental state and growth
disposition of cells. Using the newly developed antigen retrieval method that incorporates both
acid and trypsin based epitope retrieval processes this project assessed the effects of culture

conditions on global levels and localization of 5meC in ESCs.



In normal plate culture, 2i media caused a progressive loss of global methylation in ESC over
14 passages compared to conventional media (DMEM, serum plus LIF). Changing culture
conditions to favour the formation of embryoid bodies (EBs) in suspension accelerated the loss
of 5meC, and reduced the heterogeneity of staining levels between cells. 2i media also caused
the pattern of 5meC staining within nuclei to change from a generalized staining across the
nucleoplasm to being predominantly associated with heterochromatic foci. This was observed
within both plated cells and suspended EBs. The reduction in the global 5meC level was
accompanied by an increase in immunodetectable 5 -hydroxymethylcytosine (5hmC). These
changes were associated with an increase in the pluripotency of cells, as assessed by alkaline
phosphatase activity. The transfer of ESC from 2i to DMEM medium with serum but without
LIF (a media that does not support pluripotency) caused an increase in the global levels of
5meC in the cells within 24 h. The increase of the global 5meC level occurred before
morphological signs of differentiation or a reduction in alkaline phosphatase activity were

detected.

Assessment of the methylation enzymes of ESCs in several culture conditions that affect the
global methylation of ESCs showed that DNMT3A and DNMT3B, and not DNMT1, were
found to be the major contributors to the changes in DNA methylation levels in ESCs. The
static expression of TET1 suggested that the changes in 5hmC levels in ESCs were determined

by other factors, including the levels of de novo methylation enzymes.

The study shows that the loss of global DNA methylation accompanied increased pluripotency
achieved by ESC in 2i media or in suspension culture of EBs. It shows for the first time that
this was accompanied by the recruitment of 5meC to heterochromatin. It also showed that
global hypermethylation is an early response to conditions that favour the loss of pluripotency,

and occurs before evidence of the loss pluripotency or morphological differentiation. This



finding provides a new framework for further investigation of the epigenetic requirements of

the pluripotent state.
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1. CHAPTER 1: LITERATURE REVIEW

1.1. INTRODUCTION

The use of pluripotent cells has been an important development in the field of regenerative
therapy. Due to their properties of self-renewal and pluripotency, pluripotent cells have the
potential to be a source of all cell types. This makes them a promising solution for the scarcity
of organs for transplant in medicine. These properties, however, could also lead to problems,
as undifferentiated pluripotent cells could form a type of tumour called teratoma inside the host
(Mitjavila-Garcia et al., 2005, Cheng, 1995a). Consequently, one of the biggest concerns in the
use of pluripotent cells in practical therapy is finding a way to effectively direct the
differentiation of pluripotent cells into a desirable cell lineage and prevent uncontrolled
proliferation inside the host. Several techniques have been developed in the past few years to
differentiate embryonic stem cells (ESCs) into specific cell types, including improved culture
conditions (growth factors, substrate, and 3D scaffold) and molecular modification (genes
activation and suppression) (Dawson et al., 2008, Dang and Tropepe, 2006). However, these
techniques have proved inefficient, at least in terms of producing large numbers of transplant-
grade cells (Dang and Tropepe, 2006, Hwang et al., 2008). Therefore, the development of
reliable and efficient ways to differentiate pluripotent cells into clinical-grade cells is still a

work in progress.

In recent years, epigenetics has been found to be one of the major contributors in determining
the fate of cells in both normal development and disease conditions. Epigenetics is defined as
the study of lineage-specific patterns of gene expression that arise during development. These
are mitotically and/or meiotically heritable, and do not cause a change in DNA sequence (Russo
etal., 1996). There are several types of epigenetic factors, including chromatin structure, micro

RNA (miRNA) expression and DNA methylation. Among these epigenetic processes, DNA



methylation is the most intensively investigated epigenetic trait (Klose and Bird, 2006). This
enzyme-mediated process catalyses the addition of methyl groups to DNA and this is mainly
restricted to CpG dinucleotides in mammals, and plays essential roles in maintaining genomic
stability (Altun et al., 2010, Bird, 2002). Cytosine methylation is also involved in a broad range
of physiological processes such as embryogenesis and genome imprinting (Li, 2002). Several
studies suggest that the inactivation of cytosine methylation in various mammalian cells results
in growth defects, cell death, and genomic instability (Eden et al., 2003, Jackson-Grusby et al.,
2001, Dodge et al., 2005). Generally, cytosine methylation acts as a repressive mark that
inhibits DNA transcription, either by preventing transcription factors from binding to the DNA
or by recruiting methyl-binding proteins (MBPs) that change the chromatin structure (Auclair
and Weber, 2012). The repression of DNA transcription by cytosine methylation regulates gene
activation during embryogenesis and in the somatic cells of mammals (Jaenisch and Bird,
2003). Methylation-deficient embryonic stem cells have a limited capacity for differentiation
(Fouse et al., 2008). These results suggest that epigenetics plays an important role in defining
the development and differentiation of stem cells, and an understanding of this mechanism is
likely to be important in decoding the regulation of pluripotency and lineage specification in

ESCs.

This study will focus on DNA methylation as one type of epigenetic modification that affects
the development and differentiation of mouse ESCs. Embryonic stem cells are derived from
the inner cell mass (ICM) of the embryo, and are cultured in vitro until a stable ES cell line is
established (Tang et al., 2010). Evans and Kaufman (1981) reported the first derivation of
murine ESCs from in vitro cultures of mouse blastocysts. In suspension culture, ESCs form
spheroid aggregates called embryoid bodies (EBs) (Doetschman et al., 1985). It has been
shown that differentiation of ESCs into EBs mimics the formation of post-implantation

embryonic tissues (Desbaillets et al., 2000). The initial focus of the present study will be a

2



comparison of the methylation state of plated ESCs, EBs, and embryos. Another interesting
question is whether there is a correlation between the methylation state of ESCs and their
expression of pluripotency genes (Oct4, Sox2, Nanog, and Utfl), methylation enzymes
(DNMT1, DNMT3A, and DNMT3B), and the putative demethylation enzymes (TET1, TET2,
TET3). Furthermore, the effect of differentiation of ESCs on their methylation state is a
promising topic that will be investigated. The aim of this study is to investigate the effects of
various factors including growth conditions, culture media, and differentiation on the
methylation status of mouse ESCs, and the effects of any changes in methylation status on the
expression of several key genes. An understanding of all these mechanisms will provide better

tools to control the differentiation of pluripotent cells in a robust, reliable, and stable manner.

1.2. METHYLATION AND DEMETHYLATION ENZYMES

The following sections will review the current knowledge of the enzymes responsible for

methylation and will discuss current theories regarding mechanisms for demethylation.

1.2.1. Methylation enzymes

There are several methylation enzymes involved in establishing and maintaining global DNA
methylation patterns in the mammalian genome. Methylation of the mammalian genome is
catalysed by enzymes of the DNA methyltransferase (DNMT) family, which consists of three
active members with a conserved catalytic domain: DNMT1, DNMT3A, and DNMT3B
(Auclair and Weber, 2012). There are also several DNMT family members in mammals that

do not exhibit DNA methyltransferase activity, such as DNMT2 and DNMT3L.



1.2.1.1. DNMT1

DNMT1 is generally considered to be responsible for DNA methylation maintenance during
DNA replication. In mouse, DNMT1 is a 190 kD protein that is encoded by 39 exons regulated
by 3 sex-specific promoters (Latham et al., 2008). The most upstream promoter encodes the
DNMT1O0 protein, which is active in oocytes and responsible for maintaining maternal and
paternal methylation imprints during early development in the embryo (Latham et al., 2008).
The second promoter, 6kb downstream of the oocyte-specific promoter, encodes the DNMT1
protein, which is common to ESCs and all somatic cells (Latham et al., 2008). The last promoter
downstream of the somatic promoter encodes a non-translated transcript found in pachytene

spermatocytes.

The mouse DNMT1 protein consists of two domains, a large N-terminal domain that comprises
approximately two thirds of the whole protein and a catalytic C-terminal domain (Error!
eference source not found.). These two domains are connected by a sequence of alternating
glycyl and lysyl residues. In mammals, the N-terminal domain serves as a regulatory domain
and consists of sequences that bind with proteins such as proliferating cell nuclear antigen
(PCNA) (Chuang et al., 1996), histone deacetylase HDAC1 (Fuks et al., 2000, Robertson et
al.,, 2000) and HDAC2 (Rountree et al., 2000), DMAP1 (Rountree et al., 2000), the
transcription factor E2F (Robertson et al., 2000), and the Rb tumour suppressor protein
(Robertson et al., 2000). Furthermore, this domain contains a nuclear localisation sequence that
binds DNMT1 to the DNA replication fork (Leonhardt et al., 1992), a zinc finger CXXC (Cys-
X-X-Cys) domain that is essential for DNA binding and catalytic activity (Lee et al., 2001,
Pradhan et al., 2008), and a bromo-adjacent homology (BAH) domain that acts as a protein-
protein interaction module, specialised in gene silencing (Callebaut et al., 1999). Each of these

components of the N-terminal domain may serve as a component of the DNA methylation



machinery that regulates the mammalian DNMT1 protein in its role as a maintenance DNA
methylation enzyme. The C-terminal domain, which is known as the methyltransferase domain,
is further divided into the catalytic core and the target recognition domain (TRD)/DNA binding

domain (Song et al., 2012).

N-terminal domain C-terminal domain
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A

TSG101 complex)
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(DNMT1-Rb-E2F-HDAC1 complex)

Figure 1-1 domain mapping of DNMT1 sequence.

The DNMT1 protein in humans binds with PCNA, an auxiliary factor for DNA replication and
repair, through amino acids 122 to 322 in the N-terminal domain, specifically the amino acids
Arg®3 GIn'® Thr®, [1e'®’, His!™® and Phe!™ (Chuang et al., 1996). The binding of
mammalian DNMT1 to the PCNA domain is important for the recruitment of DNMT1 to the
newly synthesised DNA and the specificity of DNMTL1 to hemimethylated DNA, as part of the
DNA maintenance process. By binding to PCNA, mouse DNMT1 is recruited to the newly
synthesised DNA, which suggests the involvement of DNMTL1 protein in the preservation of
methylation in the newly replicated DNA (lida et al., 2002). Furthermore, the specificity of
mouse DNMT1 to hemimethylated DNA is regulated by its binding to PCNA, as the specificity
to hemimethyated DNA is lost when the PCNA-binding site of DNMTL1 is removed (Vilkaitis
et al., 2005). A study in human cancer cells revealed that the lack of DNMT1 protein in cancer
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cells induces cell arrest in the G2-phase due to excessive hemimethylated DNA, which in turn
leads to abnormal mitotic entry as the hemimethylated DNA is recognised as damaged DNA,

and finally cell death (Chen et al., 2007).

Besides DNA replication, PCNA is also essential in DNA repair mechanisms (Chuang et al.,
1996). This suggests that mammalian DNMTL is also involved in DNA repair. Intriguingly,
tumour suppressor P21WAFL ‘which is activated by P53 in response to DNA damage, has been
found to inhibit the formation of DNMT1-PCNA complexes and prevents hypermethylation of
damaged DNA (Chuang et al., 1996). This finding suggests that mammalian DNMT1 hampers
the DNA repair process by hypermethylating the damaged DNA, and that P21WA prevents
this by blocking the access of DNMT1 to PCNA (Chuang et al., 1996). This finding suggests
that PCNA is required in both DNA replication and DNA repair, but that DNMT1 should be
prevented from binding to PCNA in the DNA repair process. However, there is evidence that
mouse DNMT1 is involved in mismatch repair as one of the mismatch repair components in
mouse ESCs (Guo et al., 2004). This model is very plausible, because mismatch repair is part
of the DNA replication process and mammalian DNMT1 is involved in maintaining the
stability of newly replicated DNA by preserving its methylation status. This means that
mammalian DNMT1 is involved in DNA repair when the repair process is associated with the
DNA replication process, but not with PCNA-mediated DNA repair mechanisms. Despite the
importance of PCNA in directing DNMT1 to the hemimethylated DNA, this protein is not the
only determinant of DNMT1 preference towards hemimethylated DNA. UHRF1 (formerly
known as NP95 in mouse and ICBP90 in human) guides mammalian DNMT1 towards
hemimethylated DNA, as this protein forms a direct interaction with mammalian DNMT1 and
has a SET and RING finger-associated (SRA) domain that binds to hemimethylated DNA
(Bostick et al., 2007, Sharif et al., 2007). Together with PCNA, UHRF1 directs DNMT1

towards hemimethylated DNA. Moreover, the catalytic domain of DNMTL1 itself has an
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intrinsic affinity to hemimethylated DNA that can be amplified by the interaction with the Zn-

binding domain (Fatemi et al., 2001).

Eukaryotic DNMT1 also binds with histone deacetylase protein complexes. These are multi-
subunit complexes that consist of at least 7 subunits, including HDAC1 and HDAC?2, SIN3,
RbAp48, RbAp46, SAP30, and SAP18 (Zhang et al., 1998). The interaction between DNMT1
and histone deacetylase proteins may occur via the recruitment of methyl-CpG-binding protein
(MeCP2) to DNA that is methylated by DNMT1, followed by binding of this protein with
histone deacetylase protein complex, which triggers the removal of acetyl group from the
histone (Ng and Bird, 2000). However, in mouse, one of the two transcription repression
domains (CXXC domain) of DNMT1 also interacts directly with the HDACL protein (Fuks et
al., 2000). Furthermore, the transcriptional repression activity of mouse DNMT1 is partly
related to the nucleosome remodeling activity of HDACL1 (Fuks et al., 2000). The connection
between these two mechanisms is still not clear; it may be that the interaction of DNMT1 and
HDACL is the prerequisite for the recruitment of MeCP2 protein, or it may be that MeCP2 is
the mediator of the DNMT1-HDAC1 interaction. Nevertheless, as DNA methylation and
histone deacetylation are two important mechanisms of gene silencing, it is possible that they
cooperate with each other in creating a stable silenced epigenetic state. The mechanism of
transcriptional repression caused by histone deacetylation is possibly mediated by the
recruitment of polyamines to the deacetylated DNA, which creates a higher chromatin structure
preventing the recruitment of transcription factors to the DNA (Pollard et al., 1999), or by
removing the acetyl signal itself that is required by bromodomain-containing transcriptional

regulators to activate the transcription process (Winston and Allis, 1999).

In the context of the DNMT1-HDACL1 complex, the A/B pocket region of the Rb protein also

interacts with mammalian DNMT1 between amino acids 416 and 913 (Robertson et al., 2000).



The A/B pocket regulates the cell cycle, differentiation, and apoptosis of the cell, and is a
frequent target of mutations in human tumours (Grana et al., 1998). Therefore, the interaction
between mammalian DNMT1 and Rb protein may be a mechanism for the tumour repression
activity of DNMT1. The specificity of DNMT-Rb complex-mediated repression is linked to
the interaction between Rb and E2F proteins. The Rb-E2F complex associated with HDAC1
represses transcription from promoters that have a E2F-binding site, and many of these loci are
related to proliferation and cell cycle-related genes (Luo et al., 1998). The recruitment of
HDAC1 by the Rb-E2F complex is dependent on the presence of DNMT1 (Robertson et al.,
2000). Thus, DNMT1 is capable of forming a complex with Rb, E2F, and HDAC1 which
determines the specificity of DNMT1 binding to promoters that have E2F-binding sites. The
DNMT1/HDACLI interaction creates a stable repression mechanism at those sequences. This
mechanism may be a sufficient explanation for the involvement of mammalian DNMTL1 in
repressing tumour formation. In summary, there are multiple interactions between DNMT1 and

HDAC1, as shown in Figure 1-2.

Methyltransferase activity

Rb protein binding domain DNMT1 Methylated DNA

F s r 3

Rb-E2F CXXC domain MeCP2

A 1 7 Y

HDAC1 .

A 4

Figure 1-2 multiple interactions between mouse DNMT1 and HDAC1.

Another example of such interactions is the complex formed by the interactions of eukaryotic
DNMT1 with HDAC2 and DMAP1. DMAPL interacts with the first 120 amino acids of

DNMT1 throughout the S phase of the cell-cycle, while the first 286 amino acids of HDAC2



interact directly with the first 1250 amino acids of DNMT1 protein during the late S phase
(Rountree et al., 2000). The DNMT1-DMAP1 complex further interacts with TSG101, which
has tumour suppressor activity (Watanabe et al., 1998). On the other hand, the interaction of
DNMT1 and HDAC?2 in the late S-phase is consistent with the maintenance of the deacetylated
form of histones after DNA synthesis, to form a transcriptionally repressive heterochromatin
(Grunstein, 1998). This example shows how the actions of DNMTL1 can be coordinated with

the cell cycle to allow timely regulation of gene expression (Figure 1-3).

Early S-phase Late S-phase
|

DNMT1-DMAP1-TSG101 complex

DNMT1-HDAC2 complex

Figure 1-3 Interactions of DNMT1 with DMAP1 and HDAC?2 during the cell cycle.

Another sequence in the N-terminal domain of DNMT1 that has a role in binding DNA is the
replication foci binding domain. This domain is located between amino acids 207-455 of the
N-terminal domain, and has been shown to direct mammalian DNMT1 to the replication foci
during the S-phase of the cell cycle (Leonhardt et al., 1992). The removal of this sequence does
not affect the enzymatic activity of mammalian DNMT1 (Bestor, 1992), suggesting that this
sequence may function as a DNA targeting sequence that helps mammalian DNMT1 to localise
to the newly replicated DNA. This role is consistent with the maintenance methylation property
of DNMTL1. However, this sequence is not the only one that targets DNMT1 to the replication
foci. The mouse DNMT1 sequence of amino acids 574-846 has homology with Polybromo-1
protein (PBHD), and this also has the capacity to direct DNMT1 to replication foci, although

it is not as effective as the replication foci binding domain (Liu et al., 1998, Song et al., 2011).



The large number of replication foci binding sites may increase the affinity of DNMT1 to

replication foci.

The CXXC domain is a cysteine-rich region between amino acids 537-575 that has the ability
to bind Zn. This domain has a role in discriminating between unmethylated and
hemimethylated DNA, as the removal of this sequence results in the activation of mammalian
DNMT1 de novo methylation activity (Bestor, 1992). The mechanism of this preference is
explained in mouse by the ability of the CXXC domain to bind methylated DNA and increase
the activity of DNMT1 towards hemimethylated DNA through direct binding of the CXXC
domain with the catalytic domain (Fatemi et al., 2001). This means DNMT1 will methylate
DNA only if the Zn binding protein has access to methylated DNA, leaving fully unmethylated
DNA alone. However, a different scenario is proposed by the authors of another study, in which
the zinc finger domain, in conjunction with BAH proteins, is able to prevent de novo
methylation through two distinct mechanisms: 1) by forming a complex of CXXC-BAH1
between the unmethylated DNA and the catalytic domain of human and mouse DNMT1; and
2) by forming loop structures of BAH2-TRD proteins that prevent the interaction of TRD with
the major groove of the unmethylated DNA (Song et al., 2011). Thus, these two models have
different approaches to deciphering the CXXC domain mechanism in mouse: one model
suggests that the CXXC domain increases the activity of the catalytic domain towards
hemimethylated DNA, while the other model proposes that the preference for methylated DNA
is due to the autoinhibition of the CXXC-BAH complex after binding unmethylated DNA.
Despite the differences, these two models emphasis the function of CXXC domain as a
component that directs DNMT1 to hemimethylated DNA. Perhaps the CXXC domain performs
both mechanisms depending on the characteristics of the DNA that DNMT1 is attached to, by
detecting the methylation state of the target DNA and switching between two mechanisms as

necessary. However, this hypothesis remains to be tested.
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Although a major function of the CXXC domain is to direct DNMT1 towards hemimethylated
DNA, other evidence shows that DNMT1 retains a preference for the hemimethylated substrate
in the absence of this zinc finger element. The hemimethylated CpG recognition mechanism of
the TRD in the C-terminal domain of DNMTL1 is able to compensate considerably for the
absence of the autoinhibitory mechanism of the CXXC domain (Song et al., 2012). This is
consistent with the previous finding that the catalytic domain of DNMT1 itself has a preference
for hemimethylated DNA (Fatemi et al., 2001). These integrated hemimethylated DNA
recognition mechanisms ensure the high specificity of DNMT1 towards hemimethylated CpG,

supporting the role of DNMT1 as a maintenance methylation enzyme.

A different function of the BAH domain is proposed by another study, which shows that it acts
as a protein-protein interaction module that is important in connecting DNA methylation,
replication, and transcriptional regulation (Callebaut et al., 1999). This model is different to
one described above which describes BAH domain as an inhibitor of de novo methylation by
DNMTL. It is important to note that the evidence for the BAH domain promoting
transcriptional regulation is an assumption based on the sequence homology of this protein
with the Orclp protein found in other species such as Saccharomyces cerevisiae (Callebaut et
al., 1999). Therefore, there might be differences between the function of the Orclp protein and
that of the BAH domain in mammalian cells, including the function of directing DNMT1 to
hemimethylated DNA. Nevertheless, it is possible that the BAH domain in mammalian cells
functions as a connection between DNA methylation, replication, and transcriptional
regulation, as mammalian DNMT1 is also correlated with those mechanisms. It is also possible
that the BAH domain works in both scenarios within mammalian cells, supporting the full

functions of DNMT1 in the cells.
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The catalytic domain of DNMT1 contains 10 characteristic sequence motifs, of which 6 are
highly conserved between species (Posfai et al., 1989, Wilson, 1992). The most conserved
region of this domain contains motif IV, which is the catalytic core; motif | and X, which form
the S-adenosyl-L-methionine-binding pocket; and some residues from motif 11-VV (Chen and
Li, 2004). The more variable region between motif VIl and 1X is responsible for target DNA
recognition (Chen and Li, 2004). The catalytic core (motif 1V) is responsible for adding methyl
groups to DNA. Methyl group addition is mediated by a nucleophilic attack at carbon 6 of
cytosine by the enzyme’s cysteine, which forms a C°-carbanion that attacks the methyl group
of S-adenosyl-L-methionine (SAM), resulting in the formation of methylated cytosine and S-
adenosyl-L-homocysteine (Cheng, 1995b, Bestor and Verdine, 1994). The target recognition
domain (TRD) functions as a DNA recognition domain which interacts with the major groove
of DNA and flips the cytosine in the minor groove of the catalytic core in order to allow
methylation (Cheng, 1995a). Further investigation showed that the catalytic domain of mouse
DNMT1 is bound specifically to hemimethylated CpGs (Fatemi et al., 2001). As it has been
mentioned that the catalytic region interacts with the Zn binding domain which directs DNMT1
to hemimethylated DNA, the two regions putatively cooperate in determining the specificity

of DNMT1 towards hemimethylated CpGs.

1.2.1.2. DNMT3A and DNMT3B

The other two members of the active DNA methyltransferase family are DNMT3A and
DNMTS3B. In contrast to DNMT1, which functions as a maintenance methylation enzyme,
these two enzymes have been widely implicated in de novo DNA methylation. DNMT3A and
DNMT3B are highly expressed during the blastocyst stage of development and germ cell
development, which is considered to involve the establishment of new genome wide-DNA

methylation (Li, 2002). DNMT 3-deficient mice have their de novo methylation blocked and
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develop several defects during development, which suggests that the presence of DNMT3
enzymes and de novo methylation are important in mouse embryo development (Okano et al.,
1999, Ueda et al., 2006). Similar results are found in mouse ESCs, where the reintroduction of
DNMT3 enzymes in double knockout (DNMT3A™, DNMT3B™) mouse ESCs results in the
restoration of DNA methylation patterns (Chen et al., 2003). The introduction of the DNMT1
enzyme in those double knockout mouse ESCs could not restore the DNA methylation patterns
(Chen et al., 2003). These findings suggest that DNMT3A and DNMT3B are essential in -
establishing de novo DNA methylation during mouse embryo development. Specifically,
DNMT3B is essential in the early stages of embryo development (Borgel et al., 2010), while
DNMT3A is required in establishing the DNA methylation pattern in maturing gametes
(Kaneda et al., 2004). DNMT3A and DNMT3B have some overlapping activities, which
explains why a deficiency of one of the two proteins in mouse embryonic development is more
tolerated than a deficiency of both proteins (Latham et al., 2008). However, a deficiency of
DNMT3B is more severe than a deficiency of DNMT3A, probably because DNMT3B is the
first de novo methyltransferase expressed in the inner cell mass during mouse embryonic
development (Watanabe et al., 2002). DNMT3A and DNMT3B also have an important role in
mouse DNA methylation maintenance by filling the gap in methylation of hemimethylated

DNA that is missed by the maintenance methyltransferase DNMT1 (Chen et al., 2003).

These two proteins share similar primary structures and domain organisation (Figure 1-4). Both
proteins have a highly conserved N-terminal domain that consists of a variable N-terminal
domain (Chedin, 2011) followed by a PWWP (Pro-Trp-Trp-Pro) domain (Maurer-Stroh et al.,
2003), and a cysteine-rich zinc-finger binding domain (Chedin, 2011). The C-terminal domain
of these enzymes has six highly conserved cytosine C5-DNA methyltransferase motifs, as
previously described in studies of methyl transferases (Posfai et al., 1989), and a target

recognition domain (Kumar et al., 1994).
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Figure 1-4 Domain mapping of DNMT3A and DNMT3B sequences.

Similar to DNMT]1, the catalytic activity of DNMT3A and DNMT3B occurs in the C-terminal
domains of the enzymes. The mechanisms of catalytic activity in the C-terminal domains of
DNMT3A and DNMT3B are also similar to the mechanisms of catalytic activity in the C-
terminal domain of DNMT1. The catalytic core (motif IV) in the domain mediates a
nucleophilic attack on carbon 6 of the target cytosine followed by the flipping of the target
cytosine to the enzyme active site pocket by a conserved glutamate residue (motif V1), leading
to the formation of a covalent DNMT-cytosine intermediate (Klimasauskas et al., 1994). This
intermediate triggers the second nucleophilic attack on the C5 position on the methyl group by

SAM, producing methylated cytosine and S-adenosyl-L-homocysteine (Wu and Santi, 1987).
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Beside their catalytic activity, the C-terminal domains of both DNMT3A and DNMT3B have
also been found to interact with the DNMT3L protein. Upon binding, DNMT3L activates the
DNA methyltransferase activity of DNMT3A and DNMT3B as well as protecting the DNA
that is supposed to be unmethylated by binding histone tails of the unmethylated DNA (Jia et
al., 2007). The catalytic domain of DNMT3A and DNMT3B also contain a putative target
recognition domain (TRD) which spans between motif VIII and IX, and there is diversity in
this region between the DNMT3A and DNMT3B protein sequences, possibly suggesting

different target preferences (Kumar et al., 1994).

The high conservation of the catalytic domains of mammalian DNMT3A and DNMT3B does
not occur with their N-termini (Chedin, 2011). The N-terminal domains are responsible for
targeting the enzymes to chromatin (Latham et al., 2008); therefore, the diversity of N-termini
among these enzymes may determine the specificity of the enzymes. The PWWP region in the
N-terminal domain of DNMT3 is characterised by a structural motif of 100-150 amino acids
containing a highly conserved proline-tryptophan-tryptophan-proline motif (Stec et al., 2000,
Wu etal., 2011). The function of this domain in the DNMT3 enzymes is still poorly understood.
The presence of this positively charged area and the ability of this domain in the mammalian
DNMT3B to bind DNA in vitro have led to the hypothesis that this domain functions as a
DNA-binding module (Qiu et al., 2002). However, most of the DNA-binding area of this
domain is not conserved across species, leading to uncertainty as to whether this DNA binding
property is a general function of the PWWP motif (Slater et al., 2003). In fact, several studies
have found that the PWWP motif has homology to the Tudor domain and chromodomain,
which both have the capacity to mediate protein-protein interactions (Maurer-Stroh et al., 2003,
Nielsen et al., 2002, Selenko et al., 2001, Jacobs and Khorasanizadeh, 2002). Therefore, it is

possible that protein-protein binding is the main function of the PWWP motif. Moreover, this
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hypothesis is consistent with the function of the N-terminal region of DNMT3A and DNMT3B

to localise the enzymes to the chromatin (Latham et al., 2008).

The cysteine-rich zinc-finger binding domain of human DNMT3 family is unrelated to the
CXXC domain of DNMT1 (Xie et al., 1999). Instead it has sequence homology with a similar
domain found in the X-linked ATRX gene of the SNF2/SW1 family (Picketts et al., 1996). This
ATRX domain has a role in a gene repression mechanism which is connected to the function
of DNMT3 proteins. This structure is also called plant homeodomain (PHD), a domain that has
a cysteine-rich zinc finger region that can also be found in Rb-binding protein RBP2 (Aasland
et al., 1995). The connection of this domain with Rb raises the possibility that DNMT3A and
DNMT3B are also involved in chromatin-mediated transcriptional regulation and tumour
repression mechanisms. Moreover, DNMT3A and DNMT3B have been found to interact with
HDAC1 and RP58 through this region (Bachman et al., 2001, Fuks et al., 2001). Since HDAC1
and RP58 have a role in transcriptional regulation, these findings further affirm the
involvement of DNMT3A and DNMT3B in transcriptional regulation processes. Taken
together, the findings suggest that function of the cysteine-rich zinc-finger binding domain is
to mediate the interaction between DNMTS3 proteins and transcription repressor proteins in

order to maintain the chromatin-mediated transcriptional regulation of the cells.

Several isoforms of DNMT3A and DNMT3B proteins have been discovered in mammalian
cells. The murine Dnmt3a gene produces at least two products, DNMT3A and DNMT3A2,
with lengths of 908 and 689 amino acids, respectively (Chen and Li, 2004). The DNMT3A2
isoform is derived from a transcript with different promoters, resulting in the lack of an N-
terminal region in this isoform (Chen et al., 2003). In consequence, this isoform has a different
localisation pattern from its longer counterpart, even though both of them have active de novo

methylation activity. DNMT3A is localised in the heterochromatin, while DNMT3AZ2 is
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localised in the euchromatin (Chen et al., 2002, Latham et al., 2008). This fact suggests that
the N-terminal region of DNMT3A localises the enzyme to the heterochromatin. The difference
in localisation of these enzymes also suggests different functions for these enzymes in embryo
development. Primarily DNMT3A2 is found in co-expression with DNMT3L in the germ cells
during de novo methylation, suggesting that DNMT3A2 functions to generate imprints in the
mouse germ-line (Lees-Murdock et al., 2005, Sakai et al., 2004). This enzyme is also found in
undifferentiated mouse ESCs, while DNMT3A is expressed at low levels in almost all somatic

cells, where DNMT3AZ is not detected (Chen et al., 2002).

The only known active isoforms of DNMT3B in mammals are DNMT3B1 and DNMT3B2,
while the other isoforms are known to be inactive due to the lack of some motifs in their
domains (Chen et al., 2003). In contrast to the expression of DNMT3A isoforms, the formation
of DNMT3B isoforms is mediated through an alternative splicing of its gene product (Chen et
al., 2003). Mouse DNMT3B3 and DNMT3B6 lack parts of the conserved methyltransferase
motif IX (Aoki et al., 2001, Chen et al., 2003), while mammalian DNMT3B4 and DNMT3B5
lack the conserved methyltransferase motifs 1X and X (Robertson et al., 1999, Chen et al.,
2003). These DNMT3B isoforms show patterns of expression depending on the cell type.
Similar to DNMT3A, DNMT3B3 is expressed at low levels in most somatic cells, while
DNMT3B6 is only expressed in mouse ESCs, and DNMT3BL is highly expressed in mouse
ESCs, germ cells, and early embryos along with DNMT3A2 (Chen et al., 2002). Human
DNMT3B4 and DNMT3BS5 are primarily expressed in testis (Robertson et al., 1999). Based on
the expression time and location, DNMT3A2 and DNMT3B1 might be the major enzymes that
establish the methylation pattern of the early embryo, while DNMT3A, in cooperation with
DNMT]1, has a role in maintaining the methylation pattern of the somatic cells (Chen et al.,

2003). The role of the inactive DNMT3B isoforms, however, is still unclear. Nevertheless, the
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localisation of those proteins in specific tissues suggests that they actually have functions in

gene regulation.

1.2.1.3. The catalytically inactive DNMT members

There are several members of the DNMT family that appear to be inactive due to the lack of
methyltransferase activity. There are at least two members of this inactive group, the DNMT2
and DNMT3L proteins. DNMT?2 is a small protein with 415 amino acids, similar to the
prokaryotic DNA methyltransferase domain and lacking a large N-terminal domain (Latham
et al., 2008). Despite the appearance of the conserved catalytic domain of DNA
methyltransferase, methylation activity of this protein in humans is difficult to find (Dong et
al., 2001, Van den Wyngaert et al., 1998). Moreover, genetic analysis showed that disruption
of the Dnmt2 gene in mouse ESCs does not affect the genomic methylation pattern of the cells
or the ability of the cells to methylate newly integrated retrovirus DNA (Okano et al., 1998).
Therefore, the literature suggests that DNMT?2 is not essential for either de novo or maintenance
methylation in mouse ESCs. However, a study in mouse has revealed that DNMT2 may
function as an RNA methyltransferase as it has specificity to aspartic acid tRNA (Goll et al.,
2006). Furthermore, depletion of Dnmt2 in the zebrafish embryo triggers differentiation defects
in several organs such as brain, retina, and liver (Rai et al., 2007). Based on these findings,
DNMT2 may have a role in methylating RNA. However, the effect of the DNMT2-mediated
RNA methylation on development of the embryo, specifically the mammalian embryo, is still

a subject of investigation.

In contrast with DNMT2, DNMT3L has been found to have important roles in the genome
methylation process. DNMT3L is a protein that consists of 421 amino acids in mouse (Chen
and Li, 2004). The DNMTS3L protein is co-expressed with DNMT3A2 in germ cells, offering

the possibility that the function of DNMT3L is to establish genome imprinting in germ cells
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(Lees-Murdock et al., 2005, Sakai et al., 2004, Kaneda et al., 2004). The N-terminal region of
mammalian DNMT3L contains a domain called an ADD (ATRX-DNMT3-DNMT3L) domain,
due to its homology with the domain in DNMT3 and the ATRX domain, which contains a
C2C2-type and an imperfect PHD-type zinc finger domain where the histidine of the CH4C3
consensus is substituted with cysteine (C4C4) (Aapola et al., 2001, Aapola et al., 2000). The
fact that PHD domains have been found to be involved in chromatin-mediated transcriptional
modulation (Aasland et al., 1995) suggests the involvement of ADD in the same mechanism.
Therefore, DNMT3L may also be involved in transcriptional regulation, just like its
methyltransferase-active counterparts DNMT3A and DNMT3B. This hypothesis has been
confirmed by the finding that the mammalian DNMT3L protein interacts with HDACL1 through
this PHD-like domain to perform transcriptional repression activity in unmethylated H3K4
(Aapola et al., 2002, Ooi et al., 2007). However, the transcription repression activity of
DNMT3L is not caused by the methyltransferase activity of the protein itself. Although the
catalytic region of mouse DNMT3L shares similarity with the conserved motifs I, IV, and VI
of DNMT3A and DNMT3B, the region lacks the critical amino acids for catalytic activity:
FGG in motif I, PC in motif IV, and ENV in motif VI (Aapola et al., 2001). Nevertheless,
DNMT3L is important in germ cell imprinting, which is confirmed by the finding that the
progeny of DNMT3L-deficient female mice lack imprints in both the embryo and extra-
embryonic tissues and die in mid-gestation (Arima et al., 2006, Bourc'his et al., 2001, Hata et
al., 2002). Moreover, DNMT3L-deficient male mice exhibit impaired spermatogenesis due to
hypomethylation of both long-terminal-repeat (LTR) and non-LTR retrotransposons, which

causes meiotic catastrophe in the cells (Webster et al., 2005, Bourc'his and Bestor, 2004).

DNMT3L has a similar expression pattern to DNMT3A and DNMT3B during mouse
development and also interacts with DNMT3A and DNMT3B in the nuclei of mammalian cells

(Hata et al., 2002). This interaction stimulates the activities of the other DNMTS3 proteins by
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increasing the binding of DNMT3 with SAM and lowering the Kn of the enzymes (Gowher et
al., 2005). DNMT3L acts as a transcriptional regulator through dual mechanisms: 1) the
interaction with HDACL1 has chromatin-mediated transcriptional regulation activity by itself;
and 2) the interaction of DNMT3L with the other DNMT3 proteins increases the
methyltransferase activity of the proteins. The interaction with HDAC1 recruits the DNMT3L-
DNMT3 complex to the unmethylated H3K4, inducing de novo methylation at the sites in

germ-cell lines (Jia et al., 2007).

1.2.2. Demethylation enzymes

Logically, a mechanism for DNA demethylation would seem to be required, since several
examples of acute loss of methylation have been reported, including the process of epigenetic
reprogramming during embryo development (Chen and Riggs, 2011, Seisenberger et al., 2013).
However, the mechanisms for DNA demethylation are still poorly understood. There are two
types of DNA demethylation proposed: passive and active demethylation. Passive
demethylation can be achieved simply by not methylating the DNA after each replication, for
example by the inhibition of DNMTL1 (Chen et al., 2007). The mechanisms of active

demethylation require further investigation.

To date, unequivocal evidence of an active demethylase has only been found in plants, with
the involvement of a specific 5meC-glycosylase that removes the base of methylated DNA and
triggers a repair mechanism to replace the former methylated base with the unmethylated one
(Zhu, 2009). The downstream repair mechanism is similar to the base excision repair (BER)
mechanism found in mammals in the mismatch repair process, leading to the suggestion that
BER may also be involved in mammalian active demethylation (Chen and Riggs, 2011).
However, the upstream mechanism that initiates this process appears to be different from that

in plants (Chen and Riggs, 2011). There are several candidates for the upstream demethylation
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processes, including thymine DNA glycosylase (TDG) and methyl-CpG-binding domain
protein 4 (MBD4) (Zhu et al., 20003, Zhu et al., 2000b), activation-induced cytosine deaminase
(AID) and apolipoprotein B mRNA editing enzyme, catalytic polypeptide 1 (APOBEC1)
(Morgan et al., 2004), and ten eleven translocation (TET) proteins (Ito et al., 2010, Pastor et

al., 2013).

1.2.2.1. TDG and MBD4

Although there is no homolog of plant glycosylases in mammals, there are several weak 5meC
glycosylases found in humans, including TDG and MBD4 (Zhu et al., 2000a, Zhu et al., 2000b).
MBD4 is reported to bind to both hemi-methylated and non-methylated DNA; however, the
5meC glycosylation activity of this protein is only found with hemi-methylated DNA and it is
30 times lower than the T-G mismatch glycosylation activity of this protein (Zhu et al., 2000a).
Similar to MBD4, TDG also has affinity to hemi-methylated DNA, and the 5meC glycosylation
activity is also 30 times lower compared to the T-G mismatch glycosylation activity of this
protein (Zhu et al., 2000b). Therefore, the function of both MBD4 and TDG as 5meC DNA
glycosylases that stimulate BER-mediated DNA demethylation is still unclear (Cortazar et al.,
2007). Hormone-induced phosphorylation of MBD4 is reported to stimulate its 5meC
glycosylase activity, leading to active demethylation of the CYP27B1 gene promoter in mice
(Kim et al., 2009). However, Mbd4-knockout mice are found to be viable and fertile, despite
the enhanced CpG mutability and tumourigenesis (Millar et al., 2002). Because DNA
demethylation is reported to be important for embryo development, the viability of MBD4-null
embryos suggests that MBD4 is not the major component of DNA demethylation. These

findings indicate that there may be other DNA demethylation mechanisms in mammals.
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1.2.2.2. AID and APOBEC1

Another proposed mechanism for active DNA demethylation is the deamination of 5meC into
thymine, followed by BER for mismatch repair. The candidate proteins for this mechanism are
AID and APOBECL1. The deamination of DNA (preferably single stranded) by AID and
APOBECI1 is found to cause T-G mutation in methylated DNA and triggers BER by T-G
mismatch glycosylases such as MBD4 and TDG (Morgan et al., 2004). Furthermore, both
enzymes are found to be expressed in mouse oocytes, and AID is expressed in primordial germ
cells suggesting a possible role of these enzymes in active DNA demethylation (Morgan et al.,
2004). This hypothesis is supported by a study that finds overexpression of AID and MBD4,
but not either alone, causes demethylation of DNA in zebrafish (Rai et al., 2008). Evidence for
AID involvement in DNA demethylation mechanism is also found in mammals: firstly, the role
of AID in demethylation of Oct4 and Nanog promoters in heterokaryons from mouse
fibroblasts and ESCs (Bhutani et al., 2010); and secondly, the higher methylation level in the
genome of AID-deficient mouse PGCs (Popp et al., 2010). However, the level of methylation
in the PGCs of AlID-deficient mice is still low, indicating that DNA demethylation still occurs
in the absence of AID (Popp et al., 2010). Therefore, there must be other factors involved in
DNA demethylation of mammals, and whether AID and APOBECL1 are essential for DNA

demethylation is still not clear.

1.2.2.3. TET

Recent discoveries of 5-hydroxymethylcytosine (5hmC) in mammalian cells have raised new
alternatives for DNA demethylation. The detection of 5hmC modification in mouse Purkinje
neurons (Kriaucionis and Heintz, 2009) and mouse ESCs (Tahiliani et al., 2009) has lead to the
realisation that 5meC is not the only DNA modification occurring in mammalian cells.

Furthermore, the presence of 5hmC is particularly enriched in embryonic contexts and
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correlates with the pluripotent state of the cells (Ruzov et al., 2011). The conversion of 5meC
to 5hmC is mediated by members of the TET family of proteins, which consists of three active
members: TET1, TET2, and TET3 (Figure 1-5) (Ito et al., 2010, Pastor et al., 2013). All the
TET proteins have a broad expression pattern across tissues, with TET1 being expressed
abundantly in ESCs, TET2 in hematopoietic cells, and TET3 in oocytes and zygotes (Auclair

and Weber, 2012).
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Figure 1-5 Domain mapping of TET proteins.

The proteins of the TET family each consist of a dioxygenase motif required for Fe(II) and a-
ketoglutarate (a-KG) binding and a conserved cysteine-rich region that is thought to be
involved in DNA binding (Ito et al., 2010, lyer et al., 2009). The dioxygenase motif catalyses
the conversion of 5meC to 5hmC by TET proteins in the presence of Fe(ll)- and o-KG

(Tahiliani et al., 2009). Additionally, TET1 and TET3 contain a CXXC zinc finger domain in
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their N-terminus which is similar to other 5meC-related proteins (lyer et al., 2009), but this
domain in mouse TET1 binds to both unmethylated and methylated CpG-rich regions (Xu et
al., 2011). This study proposed that the ability of TET1 to bind to unmethylated CpG may
prevent access of DNMT proteins to methylate the CpG, primarily in euchromatin. This may
suggest a role of TET in demethylation by preventing maintenance methylation of DNA. In
contrast, mouse DNMT proteins can recruit MBD to the methylated CpG-dense DNA leading
to the formation of a heterochromatic state and this may prevent TET proteins from binding to
those regions, stabilising their hypermethylated state (Xu et al., 2011). These two mechanisms

are promising models of epigenetic regulation requiring further investigation.

The knockdown of TET1 in ESCs reduces NANOG expression in the cells and is associated
with increased methylation of the Nanog promoter. This caused a self-renewal defect and
reduced growth of ESCs (Ito et al., 2010). Furthermore, downregulation of the TET1 protein
in the mouse embryos prevents the embryonic cell specification towards ICM and directs
differentiation of the embryonic cells towards the trophectoderm lineage (Ito et al., 2010).
These results indicate that TET1 has an important role in maintaining pluripotency and cell fate
in ESCs and embryos. The ability of TET1 to convert 5meC to 5hmC is most likely the key
feature that determines the ability of this enzyme to maintain pluripotency, indicated by the
high correlation between the expression of pluripotency markers and the amount of TET1 and
5hmC contained in the cells (Branco et al., 2012, Wu and Zhang, 2011). Another study has
found that the expression of TET1 and TET2 is high in both ESCs and ICM and decreased in
OCT4-negative cells present in the ICM outgrowth (Tang et al., 2010), which is consistent with

the function of TET proteins in demethylating DNA and maintaining pluripotency.

A later study found that TET proteins can further oxidise 5hmC into 5-formylcytosine (5fC)

and 5-carboxylcytosine (5caC), and both of these derivatives are found in mouse ESCs while
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only 5fC has been found in mouse organs to date (Ito et al., 2011). This finding opens up
another possible pathway of 5meC demethylation. It is observed that this TET-catalysed
oxidation is similar to the conversion of thymine to uracil by conversion of thymine to iso-
orotate followed by decarboxylation by the iso-orotate decarboxylase (Ito et al., 2011, Neidigh
et al., 2009, Smiley et al., 2005). If this model is found in mammals, then the DNA
demethylation processes could potentially occur without the need for BER. However, the
enzyme that decarboxylates 5caC has not been found in mammals (Ito et al., 2011); therefore
the possibility that BER is involved in DNA demethylation process still cannot be ruled out.
Moreover, several lines of evidence have been found that implicate a two-step mechanism for
active DNA demethylation in mammals, involving oxidation by TET followed by
AID/APOBEC1-induced deamination, which finally triggers complete removal of the methyl
group from the DNA by the TDG-mediated BER (Guo et al., 2011, Cortellino et al., 2011, He
etal., 2011). This model is also supported by the finding that TDG can readily excise 5fC and
5caC, with a higher activity in 5fC removal compared to its T-G mismatch repair activity (Maiti
and Drohat, 2011). With this finding, it is possible that TDG removes the formyl and carboxyl
groups from the cytosine without the deamination process catalysed by AID/APOBEC1. With
the discoveries of recent years, the mechanisms of active demethylation in mammals are being
progressively revealed and the discovery of the complete model will not be too far away (Figure

1-6).
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Figure 1-6 Known and putative mechanisms of DNA demethylation in mammals.

1.3. METHODS OF ANALYSIS

One important aspect of the analysis of cytosine methylation and demethylation is the method
used for detecting DNA methylation. A robust and reliable method to detect the presence of
DNA methylation is essential for generating reproducible high-throughput results. Moreover,
a good method prevents systematic error that can lead to bias in interpreting the nature of
methylation in mammalian genomes. Generally, methods for detecting DNA methylation are
based on the following techniques: digestion with methylation-sensitive restriction enzymes,

bisulfite conversion, and immunoassays (Altun et al., 2010).

1.3.1. DNA fragmentation by restriction enzymes

Detection of cytosine methylation by digestion with restriction enzymes is a conventional
method that takes advantage of the methylation sensitivity of some restriction enzymes. For
example, many restriction enzymes such as Hpall, Aval, Hhal, EcoRI, BamHI, Accl, Clal and
Haell cleave only unmethylated DNA at their recognition sites and do not cleave the

methylated counterparts (Bird and Southern, 1978, Okamoto et al., 2002, Tasseron-de Jong et
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al., 1988, Nelson et al., 1993). In contrast, other restriction enzymes such as Mspl, which has
similar recognition site with Hpall, cleaves only methylated DNA (Butkus et al., 1987). In this
method, sequences from different samples are put into reaction with the methylation-sensitive
restriction enzymes. Next, the products are separated, run on a 2-dimensional gel, and assessed
for the difference in methylation state of the sequences with restriction landmark genomic
scanning map. One of the disadvantages of this method is that it is unable to provide single-
nucleotide resolution (Altun et al., 2010). This problem can be resolved by combining this
method with a next-generation sequencing approach called Methyl-Sensitive Cut Counting
(MSCC) (Ball et al., 2009). In this method, the DNA sequence is digested with methylation-
sensitive restriction enzyme such as Hpall, and an adaptor containing Mmel (or another type-
Il restriction enzyme which cleaves several base pairs away from its recognition sequence) is
ligated to the restricted sequence. Consequently, the sequence is restricted by Mmel. Next, the
products are ligated to another adaptor to allow amplification of the sequences that contain
unmethylated Hpall restriction sites. Although this method is able to provide a single-
nucleotide resolution, the observation is limited to the sequences that contain methylation-
sensitive restriction enzymes recognition sites (Altun et al., 2010, Okamoto, 2009). Moreover,
the restriction enzyme technique requires a large amount of genomic DNA (Okamoto, 2009),
making it inefficient. Another major drawback of enzymatic methods in DNA methylation
analysis is that the currently available enzymes do not distinguish between 5meC and 5hmC

(Nestor et al., 2010), resulting in the overestimation of the amount of 5meC in the sequences.

1.3.2. Bisulfite conversion

Bisulfite conversion is currently one of the most widely used techniques for the analysis of
DNA methylation. In this method, the DNA is denatured and treated with sodium bisulfate,

which deaminates cytosine through formation of a 5,6-dihydrocytosine-6-sulfonate
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intermediate at an acidic pH, followed by conversion to uracil at an alkaline pH, while leaving
the methylcytosine largely unconverted (Okamoto, 2009, Frommer et al., 1992).
Methylcytosine yields thymine when treated with sodium bisulfate, but with far slower
conversion rates (Shapiro et al., 1970, Hayatsu et al., 1970b, Hayatsu et al., 1970a), therefore
it is possible to optimise the conditions to distinguish between cytosine and 5-methylcytosine.
With this method, it is possible to analyse the level of DNA methylation by comparing the
converted and unconverted DNA. After replication, the unmethylated sites are read as thymine
and the methylated sites stay as cytosine. This method also provides a high conversion rate of
cytosine to uracil, usually ranging from 95-98% (Warnecke et al., 2002). The technique allows

resolution of the methylation at the single base level.

For analytical purposes, bisulfite conversion is usually coupled with other techniques to
improve its performance. One popular technique is methylation-specific PCR (MSP), a
combination of bisulfite conversion and PCR to map the DNA methylation patterns in CpG
islands (Okamoto, 2009). In this technique, DNA is treated with bisulfite to convert cytosine
to uracil while leaving the 5-methylcytosine unconverted, followed by PCR with primers
specific to methylated DNA (Herman et al., 1996, Clark et al., 1994, Frommer et al., 1992,
Gonzalgo and Jones, 1997). Further modifications of this method may include quantitative
PCR applied to the bisulfate-converted sequences to quantify the methylation level of the
sequences (Eads et al., 2000). The addition of PCR to this method enables the analysis of the
methylation level of small DNA samples with single-nucleotide resolution. To allow analysis
of the whole genome, further modification is applied to the techniques, in which the amplified
DNA is hybridised to an array containing probes for methylated and unmethylated DNA (Gitan
et al., 2002). The drawback of this method is that the single-nucleotide resolution is sacrificed
in order to cover the whole genome, due to the inability of the probes to distinguish a single

base-pair difference.
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Perhaps the most powerful bisulfite conversion variant is bisulfite sequencing (BS-Seq).
Generally, bisulfite sequencing is the combination of bisulfite conversion with any sequencing
technique. One example of the older methods is reduced representation bisulfite sequencing
(RRBS), which involves digestion with a restriction enzyme followed by bisulfite conversion
and sequencing (Meissner et al., 2005). Although this method also provides a single-nucleotide
resolution, the range of the genome that can be analysed is limited due to the dependence on
restriction enzymes. Another sequencing method that is used in conjunction with bisulfite
conversion is the use of up to ~30,000 padlock probes to assess the methylation of selected
regions in the genome through sequencing (Ball et al., 2009, Deng et al., 2009). Because this
technique depends on detection by the probes, there are many disadvantages, such as low
coverage area and the difficulty of analysing certain regions due to probe design considerations
(Altun et al., 2010). Finally, it has been reported that whole-genome bisulfite sequencing has
been widely used in plants and mammals due to the improvements in next-generation
sequencing technology (Lister et al., 2008, Booth et al., 2013, Lister et al., 2009). With the
ability to provide single-nucleotide resolution in whole-genome sequencing, bisulfite

sequencing is claimed to be the most powerful tool in the field of DNA methylation analysis.

Although bisulfite sequencing is a powerful tool in DNA methylation analysis, this technique
is not without flaws. One of the problems of this technique is degradation of DNA caused by
the long reaction time with sodium bisulfite (Tanaka and Okamoto, 2007, Okamoto, 2009).
The degradation of DNA can lead to reduced reliability of the assay. Another problem is that
bisulfite conversion cannot differentiate between 5meC and 5hmC because the reaction of
5hmC with bisulfite results in 5-methylaenesulfonate, which is not readily converted to uracil
(Jinetal., 2010, Nestor et al., 2010, Huang et al., 2010, Ko et al., 2010). This lack of specificity
leads to overestimation of the overall amount of 5meC in the genome. With the interesting

recent findings about the role of 5hmC and its derivates, it is important that the technique used

29



to detect such epigenetic modifications has the ability to distinguish between all of the different

modifications.

A new method called oxidative bisulfite sequencing (0xBS-Seq) has been introduced to detect
5hmC through the oxidation of 5hmC into 5fC, followed by bisulfite conversion of 5fC into
uracil; this method allows the detection of 5hmC in genomic DNA at single-base resolution
(Booth et al., 2012). However, due to the reaction mechanism that converts 5hmC into 5fC,
this technique still cannot differentiate between 5hmC, 5fC, and 5caC. Therefore, other
techniques such as reduced bisulfite sequencing (redBS-Seq) and chemical modification-
assisted bisulfite sequencing (CAB-Seq) have been developed to differentiate 5fC and 5caC
from other DNA modifications (Booth et al., 2014, Lu et al., 2013). The redBS-Seq technique
is performed using a specific chemical reaction that reduces 5fC to 5ShmC prior to bisulfite
treatment, such that all 5fC are read as C; then the output is compared with BS-Seq, which
reads 5fC as T and 5hmC as C, to calculate 5fC at single-nucleotide resolution (Booth et al.,
2014). The CAB-Seq technique uses chemical selective labeling of 5caC with an amide bond
formation between the carboxyl group of 5caC and a primary amine group of 1-ethyl-3-[3-
dimethylaminopropyl]-carbodiimide hydrochloride (EDC), which protects the 5caC from
deamination through the bisulfite treatment (Lu et al., 2013). The same base-protection
technique with hydroxylamine can also be used to protect 5fC from bisulfate deamination, to
provide a single-base resolution of 5fC profiling in genomic DNA (Song et al., 2013). The
combination of these bisulfite sequencing techniques has been used to generate a genome-wide
profiling of 5meC, 5ShmC, 5fC, and 5caC in mouse ESCs (Shen et al., 2013, Booth et al., 2014).
Regardless of the limitations of the bisulfite conversion technique, it has been a mainstay of

analysis and is considered the gold standard for DNA methylation analysis.
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1.3.3. Immunoassay

Immunoassay is another major technique that is commonly used for detecting DNA
methylation in cells. Basically, immunoassays are tests that measure or detect the presence of
an antigen — in this case 5-methylcytosine or its derivatives — in the samples by using antibodies
that specifically bind the antigens (Darwish et al., 2000, Reynaud et al., 1992). The antibody-
labeled DNA is then assessed for DNA modification. Immunoassays can be performed directly
in the cells or after retrieving the DNA. The most common technique to assess DNA
methylation directly in the cells uses immunofluorescence-labeled antibodies. The
immunofluorescence-labeled antibodies recognise and bind to the antibodies that bind to the
DNA. Assessment by retrieving the DNA can be performed using several techniques, such as
capillary electrophoresis (Wang et al., 2009), magnetic particles (Wang et al., 2010),
microspheres (Ge et al., 2012), nitrocellulose membrane (Deobagkar et al., 2012), microarray

(Kelkar and Deobagkar, 2009) and sequencing (Down et al., 2008).

In contrast to the bisulfite conversion method, immunoassay methods offer a specific
distinction between 5meC and 5hmC (Jin et al., 2010). When used in conjunction with
sequence analysis, this technique can provide whole genome coverage, as proved by a study
on a plant genome (Zhang et al., 2006). However, the drawback of utilising a conventional
immunoassay is that it does not provide single-nucleotide resolution. Reasonable resolution of
the whole genome with the microarray method can be costly, and even next-generation
sequencing cannot provide single-nucleotide resolution due to the utilisation of affinity
purification with antibodies (Altun et al., 2010). However, a recent finding has made single-
nucleotide resolution possible with the immunoassay technique. In this new method, the DNA

target is treated with bulge-inducing DNA such that only the 5-methylcytosine located in the
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bulge is detected by the antibody, due to the rotation caused by the bulge (Kurita and Niwa,
2012). With this method, analysis at the single-nucleotide level is possible. Currently, this
method is able to provide whole-genome DNA methylation analysis with good sensitivity and
specificity at single-nucleotide resolution. With a wide variety of antibodies available, this
method has overcome the coverage limitation of the enzyme restriction digest method, which
depends on a limited variety of enzymes. With the bulge technology, immunoassay is on par

with bisulfite conversion in terms of resolution.

The selection of an appropriate analysis method is an essential factor in elucidating the
enigmatic epigenetic process in mammalian cells, and both bisulfite conversion and
immunoassay have their advantages and limitations. The main advantage of the immunoassay
method is that it can provide single cell resolution and is more cost effective and less labour
intensive than bisulfite conversion techniques (Table 1-1 Current major techniques of methylation

analysis).
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Table 1-1 Current major techniques of methylation analysis

Methods Single-nucleotide resolution ~ Genome coverage Sample required 5meC derivatives Others
recognition
Restriction enzymes  Limited (MSCC) Limited Large No
Bisulfite conversion  Yes Whole genome Small Yes Issue with degraded
DNA
(next generation sequencing)
Immunoassay Yes Whole genome Small Yes

(bulge-inducing DNA)

(next generation sequencing)

33



1.3.4. The limitations associated with antigen retrieval in immunoassay

Immunolocalisation studies initially indicated that a global active demethylation occurs within
the paternally-inherited genome of the zygote soon after fertilisation, relative to the maternally-
inherited genome (Oswald et al., 2000, Morgan et al., 2005, Wossidlo et al., 2010). However,
recent chemical analyses showed little difference in methylation levels between the paternally
and the maternally-inherited genomes during the process of embryo development (Smith et al.,
2012). The recent chemical analyses are also supported by recent immunofluorescence
analyses that show little asymmetry in the levels of methylation between the paternal and the
maternal genome (Salvaing et al., 2012, Li and O'Neill, 2012). These contradicting results were

apparently due to change in the immunolocalisation protocol used.

Technically, a valid immunolocalisation procedure requires the antigen to be fully solvent-
exposed, which means the preparation should not significantly degrade or mask the epitope
and the antigen-antibody interaction should approach thermodynamic equilibrium (saturated)
(Salvaing et al., 2014). Comprehensive analyses of the immunoassay methodology used in the
zygote showed that the reports of active demethylation from the paternal genome were caused
by masking of the 5meC antigen rather than its loss (Li and O'Neill, 2012, Li and O'Neill,
2013a, Salvaing et al., 2014). The 5meC modification is located on the major groove of DNA,
so it should be readily solvent-exposed in a linear DNA. However, native DNA is often
compacted, which leaves little of the DNA accessible to the antibody. Therefore, an additional
treatment is needed to denature the DNA and make it accessible to the antibody. The exposure
of fixed cells to a brief process of acidification in 2-4M HCI is widely used as a standard
approach to denature the DNA (Salvaing et al., 2014, Igbal et al., 2011, Wossidlo et al., 2011).
However, studies have found a dynamic acid-resistant antigen masking that requires additional

treatments to remove (Li and O'Neill, 2012, Li and O'Neill, 2013a). The acid-resistant masking
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is caused by a range of chromatin and non-chromatin proteins that are attached to the 5meC,;
for example, the proteins from MBD1 which are found to be present in both paternal and
maternal pro-nuclei (Li and O'Neill, 2012). The study found that a short exposure of the fixed
zygote to trypsin following the acid treatment was sufficient to remove the proteins, and this

was accompanied by an increase in detectable 5meC.

The changes in chromatin structure during zygotic maturation are the suggested cause of the
dynamic levels and proportions of the two pools of antigen-masking during embryo
development. Another study in mouse embryonic fibroblasts has confirmed that the antigen-
masking of 5meC is not unique to the zygote, but also occurs in a culture of mouse embryonic
fibroblasts (Celik et al., 2014). The relative proportion of the two types of 5meC masking in
cells also depends on their stage in the cell cycle and the age of the cells. Acid-induced
denaturation of chromatin followed by epitope retrieval using trypsin digestion has improved
antigen retrieval during immunoassay detection of 5meC, and revealed a more dynamic
response of 5meC levels and expression patterns to the changes over the cell growth cycle

(Celik et al., 2014).

Recent studies have shown that the long-accepted conventional methods of immunolocalisation
overlook the presence of antigen masking of 5meC in the cells; this causes underestimation of
5meC levels by conventional methods of immunostaining. This fact challenges the popular
beliefs that have been held for a long time regarding the levels and patterns of 5meC expression
in cells. Therefore, the newly designed antigen retrieval methods for detecting 5meC and 5hmC
levels and distribution patterns will be used in this study. These methods will be optimised for
the immunolocalisation procedures for detecting 5meC and 5hmeC in mouse ESCs. By

optimising these methods, detection of DNA modifications will be improved, allowing a more
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reliable assessment of DNA modification in the ESCs in association with the changing culture

conditions.

1.4. PLURIPOTENCY, DIFFERENTIATION, AND DNA METHYLATION

Many studies have described DNA methylation as a major epigenetic phenomenon in
mammalian cells. It has been widely shown that epigenetic processes control the expression of
genes in the cells necessary for normal cell growth and development. Therefore, the connection
between epigenetic processes, specifically DNA methylation, and pluripotency and
differentiation of the cells is an important area of investigation in embryology and stem cell
research. Even though several questions regarding this connection have been answered, there
are still many factors that remain to be elucidated in order to understand the nature of embryo

and stem cell biology.

1.4.1. Pluripotency and differentiation

During embryogenesis, cells in mammalian embryo undergo several stages of division and
differentiation. The process starts after fertilisation with cell division (cleavage) from 1 cell to
2 cells, then 4 cells, and so on, until the embryo forms a body of 16-32 cells called a morula.
When there are around 64 cells in the formation, the first cell fate decision occurs, where two
types of cells are formed, and at this stage the embryo is called a blastocyst. The outer layer of
this structure is called trophectoderm, and it surrounds the inner cell mass and a cavity called
the blastocoel. The trophectoderm will form the extraembryonic structures and provide embryo
implantation into the uterus, while the inner cell mass will undergo a second cell fate decision
that gives rise to the epiblast and hypoblast. These two layers create a sandwich formation, and
gastrulation will then occur in the epiblast to form three layers: the ectoderm, mesoderm, and

endoderm. The hypoblast will only form extraembryonic structures.
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To identify the differentiation stages of the cells in the embryo, several markers are used. There
are several categories of molecular markers, such as pluripotent markers (Oct4, Sox2, Nanog,
Dppa4, Dppa5, Sall4, Utfl, Rex2, and Rifl) that are expressed in ICM as well as ESCs, and
early differentiation markers, which are further divided into ectoderm markers (Pax6, Otx1,
Neurodl, Nes, Lhx5, and Hoxb1), mesoderm markers (Tbx2, T, Nkx2-5, Myod1, Myf5, Mesdc1,
Mesdc2, Kdr, Isl1l, Handl, and Eomes), endoderm markers (Onecutl, Gata4, Gata5, and
Gata6) and extraembryonic markers (Cdx2 and Tpbpa) (Tang et al., 2010, Ito et al., 2010,

Sakaue et al., 2010).

Pluripotency is maintained through a network of several transcription factors, which can be
divided into two categories: upstream pluripotent transcription factors and downstream
effectors. Upstream pluripotent transcription factors include OCT4, STAT3, SOX2, and
NANOG; downstream effectors include ERAS, TCL1, UTF1, SALL4, B-MYB, and C-MYC

(Niwa, 2007).

1.4.1.1. Upstream pluripotent transcription factors

The transcription factor POU5F1, also known as OCT4, is one of the major regulators of mouse
ESC pluripotency; it is the gatekeeper that prevents mouse ESC differentiation (Nichols et al.,
1998). OCT4 is known to prevent differentiation of mouse ESCs to trophectoderm through the
repression of CDX2, a transcription factor for trophectoderm differentiation (Niwa et al.,
2005). Another transcription factor essential for maintaining mouse ESC pluripotency is
STATS3; the activation of this transcription factor prevents the differentiation of ESCs to
primitive endoderm-like cells through the repression of GATA6 (Niwa et al., 1998).
Interestingly, the overexpression of OCT4 in ESCs has similar effects to the inhibition of
STATS3, which is differentiation towards primitive endoderm-like cells (Niwa et al., 2000). It

has been found that STAT3 activates an unidentified co-factor that forms a complex with OCT4
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and a general transcription unit (Niwa, 2001). This complex activates target genes that prevent
differentiation of mouse ESCs into primitive endoderm (Niwa, 2007). The overexpression of
OCT4 causes disruption to the formation of the complex due to protein saturation (Niwa, 2001).
Therefore, the correct amount of OCT4 expression is key to maintaining pluripotency in the
mouse embryo and ESCs. In mouse ESCs, the activation of STAT3 via the JAK/STAT pathway
can be initiated through the binding of LIF to a heterodimeric receptor consisting of the LIF-
receptor 3 and gp130 (Niwa, 2007). This is considered the mechanism by which LIF prevents

mouse ESC differentiation in vitro.

A third transcription factor that can maintain cell pluripotency is NANOG. NANOG has been
found to direct mouse ESC self-renewal and also acts independently of the JAK/STAT pathway
in promoting pluripotency (Chambers et al., 2003, Mitsui et al., 2003). Moreover, the
overexpression of NANOG can bypass the JAK/STAT pathway in maintaining mouse ESC
pluripotency in the absence of LIF, suggesting that it may be a GATAG repressor (Mitsui et al.,
2003). While there is no direct evidence that NANOG inhibits the expression of GATAG,
NANOG can block the differentiation of mouse ESCs towards primitive endoderm-like cells

when LIF is removed (Chambers et al., 2003).

Another major transcription factor that determines the pluripotency of mouse ESCs and embryo
is SOX2. SOX2 is a member of the Sox (SRY -related HMG box) family, which contain DNA
binding HMG domains and are thus involved in transcriptional regulation (Kuroda et al., 2005).
The NANOG promoter is one of the target genes mediated by the binding of SOX2 and OCT4.
The SOX2/0CT4 complex activates the expression of NANOG by binding with the
Octamer/SOX element in the NANOG promoter region (Rodda et al., 2005, Kuroda et al.,

2005). These core transcription factors are essential in maintaining the pluripotency of the ICM
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and mouse ESCs, and work in concert through a transcription factor network to prevent

differentiation.

1.4.1.2. Downstream effectors of pluripotency

Besides the transcription factors that prevent differentiation, there are several transcription
factors that maintain pluripotency via other mechanisms. One mechanism is through regulation
of the cell cycle. ESCs divide symmetrically approximately every 12 hours. During the cell-
cycle, most ESCs are in S-phase and only a small proportion are in G1 (Burdon et al., 2002).
The maintenance of this cell cycle is driven by the phosphoinositide-3-kinase (PI3K)/AKT
signalling pathway (Niwa, 2007). There are some effectors that play a pivotal role in
modulation of this pathway, including ERAS, TCL1, B-MYB, C-MYC, UTF1, and SALLA4.
These transcription factors are located downstream of the pluripotency transcription factors
network, as most of them are known to be activated by the core transcription factors, such as

OCT4, STAT3, NANOG, and SOX2 (Niwa, 2007).

ERAS is an active form of a RAS-family GTPase that activates the PI3K/AKT pathway, and
is specifically expressed in mouse ESCs (Takahashi et al., 2005). The activated PISK/AKT
pathway further utilises several downstream effectors such as mammalian target of rapamycin
(mTOR) to stimulate ESC proliferation (Takahashi et al., 2003, Takahashi et al., 2005). It is
reported that null-ERAS mouse ESCs still retain pluripotency, but their proliferative capacity

is reduced (Takahashi et al., 2003).

T-cell leukaemia/lymphoma 1 (TCL1) is known to augment AKT signal transduction in the
PI3K/AKT pathway, and enhances cell proliferation and survival (Teitell, 2005). Furthermore,
the knockdown of TCL1 in mouse ESCs is found to have several effects on pluripotency,

including impaired self-renewal, induced differentiation, and repressed proliferation (Ivanova

39



et al., 2006, Matoba et al., 2006). It is also reported that the expression of this transcription
factor is regulated by OCT4 (Matoba et al., 2006). Because TCL1 is regulated by OCT4, which
is one of the major pluripotency transcription factors in ESCs, it is possible that TCL1 acts as

one of the effectors of cell-cycle progression in order to maintain the pluripotency of ESCs.

Another transcription factor, B-MYB, promotes mouse ESC cell cycle progression (Niwa,
2007). This function is proved by the G1-S cell-cycle arrest that occurs in ESCs following the
induction of a dominant-negative form of B-MYB (lwai et al., 2001). This transcription factor
is expressed during the G1 phase of the ESC cell cycle, and its function is to promote the
transition from G1 to S-phase by maintaining the levels of cyclin E/CDK2 (and possibly cyclin
A/CDK?2) that are needed for cell progression into S-phase (Joaquin and Watson, 2003). There
is another cell-cycle accelerator called C-MYC that also works in the G1-S transition through
the activation of cyclin E expression (Hooker and Hurlin, 2006). It is reported that the
overexpression of a dominant-positive form of C-MY C can support the self-renewal ability of
ESCs in the absence of LIF via binding with STAT3, whereas the overexpression of a
dominant-negative form promotes differentiation of ESCs (Cartwright et al., 2005). This
finding supports the model of C-MY C as a downstream effector of the LIF/STAT3 pathway in
the regulation of ESC cell-renewal ability. Moreover, this model is consistent with the finding
that the majority of ESCs are in S phase (Burdon et al., 2002) when cell self-renewal is

maintained through cell proliferation.

UTF1 and SALL4 are two transcription factors that also promote proliferation in ESCs, as the
reduced expression of these transcription factors leads to reduced proliferation (Nishimoto et
al., 2005, Sakaki-Yumoto et al., 2006). UTFL1 is activated by the synergistic action of OCT4
and SOX2 (Nishimoto et al., 1999), while SALL4 is known to interact with NANOG in

maintaining the proliferation of ESCs (Wu et al., 2006). The connection between these
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transcription factors suggests the existence of a transcription factor network in maintaining the

pluripotency of ESCs and the embryo.

The role of UTF1 in maintaining the pluripotency of ESCs is connected with a chromatin-based
mechanism for maintaining pluripotency of ESCs. The maintenance of a specific modification
pattern of chromatin, called a bivalent domain, on key developmental genes is proposed to
silence these developmental genes in ESCs while keeping them poised for activation (Bernstein
et al., 2006). A bivalent domain consists of large regions of H3 lysine-27 methylation
harbouring smaller regions of H3 lysine-4 methylation. UTF1 is found to maintain this
chromatin bivalency by limiting PRC2 loading and histone 3 lysine-27 trimethylation, which
sets activation thresholds for these bivalent genes (Jia et al., 2012). UTF1 also promotes nuclear
tagging of messenger RNAs, which has two functions: 1) it tags messenger mRNAs transcribed
from insufficiently silenced bivalent genes for cytoplasmic degradation; and 2) ensures cell
proliferation by blocking the MY C-ARF feedback control (Jia et al., 2012). These functions of

UTF1 promote the pluripotency and proliferation of ESCs.

SALL4 regulates the proliferation and pluripotency of stem cells through multiple putative
mechanisms (Zhang et al., 2015). First, SALL4 regulates the activation of several important
signalling pathways in stem cells including the Wnt/B-catenin pathway (Sato et al., 2004, Ma
et al., 2006), STAT3 pathway (Niwa et al., 1998), Hedgehog signalling pathway (Choudhry et
al., 2014), and Akt pathway (Watanabe et al., 2006). Second, SALL4 modulates the
transcription of key stemness factors including OCT4, NANOG, SOX2, and C-MYC (Yang et
al., 2008, Yangetal., 2010, Wu et al., 2006, Tanimura et al., 2013). Third, SALL4 may regulate
the expression of key genes of stem cell self-renewal and differentiation through the
modulation of Histone 3 Lysine-4 trimethylation and Histone 3 Lysine-79 dimethylation at the

promoter region (Yang et al., 2007, Li et al., 2013). In summary, SALL4 promotes the
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pluripotency and proliferation of stem cells through its interaction with several signalling

pathway, transcription factors, and epigenetic modulators (Zhang et al., 2015).

1.4.1.3. Pluripotent transcription factor networks

Pluripotency is maintained through a network of upstream and downstream transcription
factors that work in concert to promote self-renewal and prevent differentiation. The upstream
transcription factors maintain pluripotency by preventing differentiation, while the downstream
regulators maintain pluripotency through regulation of the cell cycle and proliferation (Figure
1-7). Moreover, the upstream regulators also activate the downstream regulators to execute
their role in maintaining pluripotency. OCT4 and SOX2 have a crucial role in this network, as
both of them regulate the expression of other transcription factors such as NANOG (Kuroda et
al., 2005, Rodda et al., 2005) and UTF1 (Nishimoto et al., 1999), while OCT4 itself inhibits
CDX2 expression, thus preventing differentiation into trophectoderm (Niwa et al., 2005).
Interestingly, OCT4 and NANOG themselves are activated through a positive feedback loop
via the complex of OCT4/SOX2 in pluripotent cells (Chew et al., 2005). This finding confirms
that OCT4 and SOX2 are upstream mediators of the pluripotency network. As discussed above,
it is possible that NANOG has an inhibitory activity towards GATAG6 (Mitsui et al., 2003),
similar to the activity of STAT3 (Niwa et al., 1998), which prevents cell differentiation towards
primitive endoderm-like cells. NANOG also activates SALL4 and receives a positive feedback
loop from this downstream transcription factor (Wu et al., 2006). STAT3 activates the
downstream transcription factor C-MYC (Cartwright et al., 2005). All of these activated
downstream regulators manipulate the cell cycle and proliferation of ESCs to promote

pluripotency and self-renewal of the cells.

Important evidence for a regulatory network involving the pluripotency genes in ESCs was

generated by chromatin immunoprecipitation analysis. This showed that OCT4, SOX2, and

42



NANOG share at least 353 target genes, besides the thousands of target genes that are
associated with each gene separately (Boyer et al., 2005, Loh et al., 2006). The large number
of target genes for these three transcription factors supports the importance of these
transcription factors as the core pluripotency guardians. SALL4 is also known to interact with
OCT4 and NANOG, adding one more connecting transcription factor to the regulatory network

of ESCs (Wu et al., 2006, Yang et al., 2008).

One utilisation of the pluripotency transcription factor networks in cell reprogramming is in
the induction of somatic cells into pluripotent cells. It has been demonstrated that the
introduction of a few defined factors such as OCT3/4, SOX2, C-MYC, and KLF4 to mouse
embryonic or adult fibroblasts, as well as adult human fibroblasts, leads to the generation of
induced pluripotent stem cells (iPS cells) (Takahashi and Yamanaka, 2006, Takahashi et al.,
2007). The studies showed that the generated iPS cells are similar to ESCs in morphology,
proliferation, surface antigens, gene expression, epigenetic status of pluripotent-cell specific
genes, and telomerase activity. These observable changes in the cell pluripotency by the
introduction of just a few defined factors shows that the cell pluripotency is maintained by
transcription factor networks that response to the changes in the balance of the factors involved
in them. One question that remains is what regulates the expression of these major transcription
factors in the maintenance of pluripotency in normal development embryos and ESCs. The
answer to this question lies in the difference in epigenetic status between pluripotent cells and

differentiated cells.
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Figure 1-7 Transcription factor network in mouse ESCs to A) prevent differentiation and B) regulate cell

cycle. Images are adapted from (Niwa, 2007).
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1.4.1.4. Cell fate decisions in embryo development

There are several processes that are suggested affecting the cell fate decision, including
positional information, cell polarity, and transcription factors. In the first fate decision, the cells
in the inner cell mass (ICM), which is located inside the blastocyst, retain pluripotency, while
the cells located outside differentiate into extraembryonic lineages (Zernicka-Goetz et al.,
2009, Johnson and McConnell, 2004). Recent studies also show that the methylation level of
the cells can depend on the position of the cells (Salvaing et al., 2012). Specifically, after the
morulae stage, where the cells are exposed to different positional information for the first time,
it is found that the cells exposed to the outside environment are generally more methylated than
the cells located inside (Li and O'Neill, 2013b). Interestingly, despite the different positional
information received between these two types of cells, there is no developmental commitment
to certain cell lineages at this stage (Johnson and McConnell, 2004). This indicates that the
methylation status of the cells occurs before the cells differentiate into certain lineages, and at
this stage the cells can still change their differentiation fate. The evidence suggests that
positional information may be the determinant of the methylation state of the cells, which later
determines the commitment of the cells into specific cell lineages by altering the genetic
expression of the cells. This hypothesis is also supported by the finding that a knockdown of
TETL1 in pre-implantation embryos resulted in a tendency of the cells to differentiate towards
a trophectoderm lineage, caused by hypermethylation of DNA that decreased the expression of

NANOG (Ito et al., 2010).

Blastomeres are polarised along their apical-basal axis before the formation of ICM, generating
two types of cells in the blastocyst (Johnson and Ziomek, 1981). Cell fate decision is caused
by the polarity of the cell surface, which leads to asymmetric cell divisions. The polarity of the

cells is regulated by the conserved portioning defective (Par) gene family (Plusa et al., 2005).
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Consequently, the polar cells form trophectoderm and the non-polar cells are located inside
and become the ICM (Fleming et al., 2001). It has also been found that the expression of
pluripotency genes is downregulated by the presence of CDX2, which differentiates the cells
into the trophectoderm lineage (Niwa et al., 2005). The relationship between these mechanisms
and changes in DNA methylation level is yet to be established. One hypothesis is that all these
factors work in concert to regulate the cell fate decision in embryonic development (Zernicka-
Goetz et al., 2009). Asymmetric cell division and positional information taken by the cells
could lead to a difference in CDX2 expression between cells. Similarly, the differences in

expression of CDX2 also give signals to the cells, forming a positive feedback loop.

The second cell fate decision involves differentiation of cells in the ICM into two different
lineages, the epiblast and hypoblast. There are several positional information cues received by
the ICM: the cells exposed to trophectoderm develop into epiblast while the cells exposed to
blastocoel develop into hypoblast. Several transcription factors such as GATA4 and GATA6
are upregulated during the differentiation of ICM into hypoblast, and the expression of
pluripotency genes such as NANOG are downregulated (Chazaud et al., 2006). Evidence of
polarity is shown in the two subsequent rounds of asymmetric division, during the 8-to-16-cell
stage and 16-to-32-cell stage, which form the ICM (Johnson and McConnell, 2004). It is likely
that all these factors work in concert to drive the differentiation of ICM into epiblast and
hypoblast lineages. In summary, several factors work in concert during the first and second cell
fate decisions in embryo development, including positional information, cell polarity, and the
expression of transcription factors. Each factor induces and receives signals from the other

factors, creating a positive feedback loop.
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1.4.2. Epigenetics of embryo development

The connection between epigenetics, in this case DNA methylation, and the pluripotent state
of cells during embryo development has become an interesting topic in embryology and the
stem cell field. It is generally considered that the hypermethylated DNA state is associated with
inactivation of genes. In terms of pluripotency, the pluripotent transcription factors such as
OCT4 and NANOG are inactivated by hypermethylation of DNA in association with the
differentiation of ESCs and embryo (Latham et al., 2008). A recent study has found that
although most of the CpG islands in the human genome (70-80%) are stably methylated, the
differentially methylated regions (DMRs) between cell lineages are usually at lineage-specific
gene regulatory elements, and these DMRs often contain single nucleotide polymorphisms
specific for cell-type diseases (Ziller et al., 2013). This indicates that DMRs may be the
regulator of cell fate decisions in normal development and disease. Moreover, DMRs can even
be used to classify the lineage of unknown samples: DMRs specific for cell lineages have been
used to identify unknown samples based on those signature regions (Ziller et al., 2013). The
results showed that the clustering of the samples based on these signature DMRs was in high
agreement with genome-wide 1-kb tiling-based clustering of the same samples. The signature
DMRs can even differentiate cells in a mixed cell population based on the proportions of the
signature DMRs in the population. This indicates that DNA methylation is highly related to the
lineage specification of the cells, and may be a primary determinant of cell fate decisions and
differentiation in the embryo. DNA methylation also has a critical role in maintaining genomic

stability (Bird, 2002, Ooi et al., 2009).

There is still limited information regarding the regulation of this epigenetic status in embryo
development. Despite many extensive investigations performed to date regarding the

connection between DNA methylation and pluripotency, the mechanisms that determine the
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methylation status in embryo are still not understood completely. In recent decades,
developmental epigenetics in mammals has been dominated by a classic model of genetic
reprogramming of methyl-CpG within the genome during embryo development. It is believed
that both the paternally and maternally-inherited genomes undergo global demethylation after
fertilisation (Chen et al., 2003). The paternal genome is actively demethylated through the
oxidation of 5meC into 5hmC, 5caC, and 5fC by TET3 (Gu et al., 2011, Oswald et al., 2000,
Heetal., 2011, Inoue et al., 2011, Inoue and Zhang, 2011, Wu and Zhang, 2014). It is suggested
that the oxidised forms of 5meC are further diluted by passive DNA replication series or by the
BER process (Inoue et al., 2011, Inoue and Zhang, 2011, Wu and Zhang, 2014, He et al., 2011).
On the other hand, the maternal genome is passively demethylated upon subsequent mitoses
(Wu and Zhang, 2014, Seisenberger et al., 2013). Finally, after implantation, the embryo
genome is overwritten by the new epigenetic information (Auclair and Weber, 2012, Morgan
et al., 2005). A genome-scale DNA methylation map in the pre-specified embryo supports the
global DNA demethylation model in mammals by showing that the parental genomes are
gradually unmethylated from zygote to blastocyst stage, and regain the methylation after the
blastocyst stage (Smith et al., 2012). The model is further refined by a finding that both the
paternal and maternal genomes are both actively demethylated during embryo development,
because the oxidised forms of 5meC are also found in the maternal genome (Wang et al., 2014).
Also, the conversion of the 5meC derivatives to unmodified cytosines is independent of the
passive dilution (Wang et al., 2014). However, the model of rapid demethylation in the paternal
genome is challenged by a immunofluorescence study which showed that the loss of 5meC is
caused by antigen masking in mouse preimplantation embryos rather than demethylation below

the level observed in the female pronuclei (Li and O'Neill, 2012).
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1.4.3. DNA methylation in the embryo

The occurrence of active DNA demethyation in the zygote was first proposed based on the
asymmetric reduction of 5meC levels in the paternally-inherited genome relative to the
maternally-inherited genome observed by immunostaining (Rougier et al., 1998, Mayer et al.,
2000). The demethylation is considered active because it occurs within hours of fertilisation,
before the onset of DNA replication (Santos et al., 2002). Further, it was proposed that the
active demethylation process is followed by a passive demethylation process by failure of
methylation maintenance, based mainly on the asymmetric staining of the sister chromatids of
metaphase chromosomes (Rougier et al., 1998). These subsequent demethylation processes
have been accepted as the model of 5meC remodeling during embryo development, which lets
the embryo achieve a ‘clean state’ and enables the embryo to undergo further reprogramming
(Salvaing et al., 2014). However, studies in other mammalian species have shown contradictory
results, including no loss of 5meC in the early development embryo of sheep (Beaujean et al.,
2004), and a limited loss of 5meC in the paternal genome of rabbit and bovine embryos
(Lepikhov et al., 2008) followed by increased staining at the end of the 1-cell stage (Park et al.,
2007, Reis Silva et al., 2011). The most recent report showed that the 5meC levels in the mouse

embryo do not decrease during the first few cell cycles (Li and O'Neill, 2012).

Molecular analyses of post-fertilisation embryos also revealed that the sperm genome was
hypermethylated relative to the oocyte genome, but had lost a significant proportion of the
methylation by the time of the late zygote stage, resulting in the similar levels of methylation
between sperm and oocyte (Guo et al., 2013, Smith et al., 2012). After fertilisation, there is
only a modest decline in methylation over subsequent cell cycles, followed by a further loss of
5meC in the ICM (Smith et al., 2012, Guo et al., 2013, Smallwood et al., 2011). Thus, the

immunolocalisation results, which indicated that active demethylation occurred after
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fertilisation, are not confirmed by the molecular analysis. However, the molecular analyses
used in these studies have several limitations, including the limited CpG islands analysed with
the technique used, and the inability of the molecular analyses to distinguish between 5meC
and its derivates such as 5hmC, 5fC, and 5caC (Salvaing et al., 2014, Huang et al., 2010).
Therefore, the immunolocalisation technique remains an important tool for obtaining
information regarding the level and distribution of 5meC during embryo development, despite
its limitation of being a semi-quantitative measurement. It provides the advantage of being able
to distinguish 5meC and its derivates, as well as providing genome-wide data that is not

restricted to CGI.

Despite the advantages of immunolocalisation, there is still some confusion in the literature on
the interpretation of the results. Some earlier studies found a marked asymmetry of methylation
between the paternal and the maternal genome of the zygote, and an active demethylation
followed by a passive demethylation during subsequent cell cycles, resulting in a ‘clean state’
of the embryo ready to be reprogrammed. However, more recent studies showed little
asymmetry between the paternal and the maternal genome (Li and O'Neill, 2012, Salvaing et
al., 2012). The later results are more in agreement with recent molecular analyses. These
contradictory findings may be the result of protocol differences. As discussed in the methods
of analysis (Section 1.3.4), valid use of immunolocalisation analysis requires that the antigen
be fully solvent exposed. Therefore, the epitope should not be degraded or masked significantly
and the antigen-antibody reaction should be approaching thermodynamic equilibrium
(saturated) (Salvaing et al., 2014). There are two types of antigen-masking that hinder the
access of the antibody to the DNA: acid-sensitive masking and trypsin-sensitive masking
(Celik etal., 2014, Li and O'Neill, 2012). The changes in chromatin structure during the zygotic
maturation are the suggested cause of the dynamic levels and proportions of these two types of

antigen-masking during embryo development. One study found that a short exposure of the
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fixed zygote to trypsin following the acid treatment was sufficient to remove the proteins, and
it was accompanied by an increase in the detectable 5meC (Li and O'Neill, 2012). This model

provides a new basis for understanding epigenetics during embryo development.

1.4.4. DNA methylation in embryonic stem cells

The correlation between the changes in the DNA methylation status and the pluripotent status
of the cells during embryo development has been extensively studied in recent years. The same
correlations are also an important topic to study in ESCs. ESCs are derived from ICM that is
isolated from the embryo and then cultured in vitro until a stable ES line is established (Tang
et al., 2010). Evans and Kaufman (1981) reported the first derivation of murine ESCs from in
vitro cultures of mouse blastocysts. Because ESCs are derived from a part of the embryo, there
is an assumption that these two cell types share similar characteristics. Both share a similar
pluripotency status, which is determined by several pluripotent transcription factors (OCT4,
STAT3, NANOG, and SOX2). The expression of these transcription factors are controlled in
part by epigenetic factors such as DNA methylation and histone modification (Niwa, 2007).
However, there is a fundamental difference in terms of growth and development between these
cell types. While the embryo development directs the embryo towards differentiation, which
causes the embryo to lose the capacity for self-renewal, the ESCs undergo a significant
molecular transition that switches the cells from the normal developmental program into
unrestricted self-renewal, while retaining the capacity to differentiate into diverse cell types
(Tang et al., 2010). There are also major changes in the epigenetic status of the cells along
with the shift from normal development into unrestricted self-renewal, which leads to the
suggestion that the epigenetic status of the cells helps to stabilise these changes in ESCs (Tang
etal., 2010). The self-renewal capacity of ESCs may be attained because of different epigenetic

controls in ESCs that alter the expression of several pluripotent genes, leading to an
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acceleration of the cell cycle (Tang et al., 2010, Niwa, 2007). The study of these differences
between embryos and ESCs is important in understanding the role of epigenetic modifications

in embryos and ESCs.

Several studies show DNA methylation is not essential in ESCs. It was recently observed that
the knockdown of all three active members of the DNMT enzymes does not affect the self-
renewal property of ESCs in the undifferentiated state (Tsumura et al., 2006). The study also
confirmed that chromosome condensation and segregation during mitosis occurs normally in
ESCs in the absence of CpG methylation by these DNMT enzymes. The unique cell-cycle
regulation and metabolic gene expression of ESCs may explain the robust growth of ESCs
without CpG methylation (Hong and Stambrook, 2004). Furthermore, triple DNMT-deficient
ESCs transferred into the ICM of embryo could commit to the epiblastic lineage (Sakaue et al.,
2010). However, the same study also indicated that the survival of the epiblastic lineage is
dependent on DNA methylation, shown by the increasing number of apoptotic cells in the
periphery of triple knockout embryoid bodies as well as the failure of these triple knockout
embryoid bodies to mature into cystic embryoid bodies. This finding is consistent with a
previous study which reported that methylation-deficient ESCs have limited differentiation
potential (Fouse et al., 2008). Another study found that severely hypomethylated ESCs fail to
differentiate upon removal of LIF, but they do remain viable (Latham et al., 2008).
Collectively, these results indicate that DNMT enzymes are required for differentiation rather

than for maintenance of the undifferentiated state (Altun et al., 2010).

The pluripotency of mouse ESCs is plausibly correlated with the capacity of the cells to protect
the genome from de novo methylation, possibly via PRDM14 which represses the expression
of DNMT3A and DNMT3B (Leitch et al., 2013). Although some studies found that mouse

ESCs can tolerate DNA methylation deficiencies better than the mouse embryo, in fact the cells
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of the early preimplantation epiblast also have their de novo methylation enzymes
downregulated, similar to ESCs (Hirasawa et al., 2008, Hirasawa and Sasaki, 2009). Also, a
knockdown of TET1 in ESCs, which can oxidise 5meC into 5hmC, causes hypermethylation
of the Nanog promoter and decreases the expression of NANOG, leading to decreased
pluripotency (Ito et al., 2010). Hence, demethylation can preserve the pluripotency of mouse
ESCs. Moreover, the global methylation state of mouse ESCs is also directly responsive to the
culture environment, and the methylation state can be completely reversed by changing the
culture conditions (Leitch et al., 2013). Similar results were shown in a genome-scale DNA
methylation mapping for ESCs, in which the methylation of CpGs are dynamic and undergo
extensive changes during cellular differentiation (Meissner et al., 2008). These changes may
have a similar basis to the role of positional information in defining lineage specification in the
development of the embryo. These similarities and differences between embryos and ESCs

have given rise to many questions regarding their DNA methylation status.

The differences of methylation between embryos and ESCs also raise concerns regarding the
quality of ESCs compared to the embryos. A prolonged culture of ESCs in vitro showed
aberrant hypermethylation of CpG islands associated with a specific set of developmentally
regulated genes, in a similar pattern with some primary tumours (Meissner et al., 2008). DNA
methylation mapping of iPS cells also shows increased deviation from the ESCs references in
small number of genes, including the hypermethylation of several genes similar to the condition
in several fibroblast cell lines (Bock et al., 2011). The potential of tumour development in ESCs
and the incomplete reprogramming in iPS cells are among many others possible consequences
of utilising pluripotent cells for regenerative therapy. These findings escalates the importance
of a better understanding of the epigenetic mechanisms in pluripotent cells to ensure the safe

applications of the cells in regenerative therapy.
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1.4.5. 2i media, pluripotency, and DNA methylation in embryonic stem cells

Despite evidence that DNMT is not required for maintaining the proliferative and pluripotent
state of ESCs, and the fact that the ICM is hypomethylated, it is surprising that many studies
have found that ESCs have global methylation levels similar to the ones found in somatic cells.
An alternative formulation of ESC media called ‘2i’ (for two inhibitors) is used to improve the
pluripotency of ESCs by implementing small molecules to block specific kinases (Nichols and
Smith, 2011, Silva et al., 2008). The signal inhibition promotes the reprogramming of ESCs to
ground state pluripotency, marked by up-regulation of OCT4 and NANOG, reactivation of the
X chromosome, transgene silencing, and competence for somatic and germline chimaerism
(Silva et al., 2008). This increase in pluripotency is associated with a marked reduction in
global 5meC (Leitch etal., 2013). The two inhibitors in 2i, CHIR99021 and PD0325901, inhibit
extracellular-signal-regulated kinases (ERK) and glycogen synthase kinase 3 (GSK3),
respectively (Ying et al., 2008). The inhibition of the ERK signalling pathway prevents the
differentiation promoted by autoinductive stimulation of the mitogen-activated protein kinase
(ERK1/2) pathway, which occurs in the normal embryo development (Ying et al., 2008,
Nichols et al., 2009). On the other hand, a clear mechanism for the effect of GSK3 inhibition
in maintaining the pluripotency of the cells has not been elucidated. It is only found that the
propagation of ESCs under the inhibition of ERK pathway is inefficient unless the GSK3
pathway is inhibited, which suggests that the inhibition of GSK3 pathway is crucial for
balancing the loss of ERK pathway in maintaining metabolic activity, biosynthetic capacity,
and overall viability (Ying et al., 2008). Another study proposed that GSK3 inhibition
specifically promotes translation in the context of ESC culture in 2i (Wray et al., 2010).
Culturing ESCs in 2i improves the pluripotency of the cells, as marked by the stable
upregulation of OCT4 and NANOG, reactivation of the X chromosome, transgene silencing,

and competence for somatic and germline chimaerism (Silva et al., 2008).
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The reduction in 5meC observed in 2i media (Leitch et al., 2013) is also accompanied by
several changes in expression related to DNA methylation, including a reduction in DNMT3A
and DNMT3B while the maintenance DNMT1 remains unchanged, and a change in expression
of the genes affected by the triple-knockout of DNMT1, DNMT3A, and DNMT3B. It is
suggested that the transcriptional differences between the conventional media and 2i may be
due to altered DNA methylation (Leitch et al., 2013). However, the study also found that the
ESCs in 2i have reduced 5hmC, which argues against 5hmC having a role as the intermediate
of DNA demethylation. The immunolocalisation methods used in this study only include acid
treatment for the antigen retrieval procedure. As reviewed earlier, there are two types of
antigen-masking present in the embryo and mouse embryonic fibroblast that can hinder the
antigen-antibody reaction: the acid-sensitive pool and the trypsin-sensitive pool (Li and
O'Neill, 2012, Celik et al., 2014). Therefore, there may still be antigen-masking present during
the immunolocalisations in this study, especially from the trypsin-sensitive pool. It cannot be
verified whether the reduction of 5meC and 5hmeC observed is caused by the authentic
reduction of the modifications or caused by the antigen-masking that was not removed by the
methods. The study described in this thesis will utilise the newly designed antigen retrieval
methods to assess DNA methylation regulation in the ESCs for the first time, ensuring an
optimal antigen-antibody interaction. The results will be important in revealing the DNA

methylation regulation in the ESCs relative to the DNA methylation in the embryo.

1.5. THE AIM OF THE STUDY

Recent studies have suggested that the classic model of active demethylation during embryo
development may be incorrect, and that in fact the DNA methylation in embryos is determined
by a combination of positional information and cell polarity, which forms a positive feedback

loop with a network of transcription factors. Recent findings on the presence of antigenic
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masking, which give the appearance of DNA demethylation, raise a question regarding the
validity of the immunolocalisation studies performed to date investigating DNA methylation
in embryo development. The aim of this study is to assess the level of epitope masking of 5meC
in ESCs, assess the effects of various culture conditions on the total level of 5meC and its level
of masking, and to assess the relationship between pluripotency and the level and localisation

of 5meC in ESCs.
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2. CHAPTER 2: GENERAL MATERIALS AND METHODS

Materials and methods common to a number of chapters are described here. Specific materials

and methods are given in the relevant chapters.

2.1. CELL CULTURE

2.1.1. Cell strain

Cells used for all experiments were ES-D3 (ATCC®, Cat. No. CRL-1934™)_ embryonic
pluripotent stem cells derived from Mus musculus (mouse) embryo, strain 129S2/SvPas. All

cells were passage 10-30.

2.1.2. Culture media

Cells were cultured in one of two growth media: (1) knockout Dulbecco’s Modified Eagle
Medium (KO-DMEM) (Invitrogen Life Technologies, Cat. No. 10829-018) supplemented with
2 mM L-glutamine (Invitrogen, Cat. No. 25030-081), 100 uM MEM Non-Essential Amino
Acids Solution (Invitrogen, Cat. No. 11140-050), 25 U/ml penicillin, 25 pg/ml streptomycin
(Invitrogen, Cat. No. 15140-148), 100 uM 2-mercaptoethanol (Sigma-Aldrich Co, Cat. No. M-
3148), heat inactivated ES-cells Qualified Fetal Bovine Serum (FBS) (AusGeneX, Cat. No.
FBS500-S) used at 10% (v/v), and mouse Leukemia Inhibitory Factor (LIF) (Merck Millipore,
ESG1107) added at 1000 U/ml; (2) 2i media, composed of serum free ES medium (SFES)
supplemented with 1 pM GSK3 inhibitor PD03259010 (Sigma, Cat. No. PZ0162-5MG), 3 uM
ERK inhibitor CHIR99021 (Bio Scientific, Cat. No. 4423/10), 2 mM L-glutamine (Invitrogen,
Cat. No. 25030-081), 1.5x10* M monothioglycerol (Sigma, Cat. No. M61425), and 1000 U/ml
mouse Leukemia Inhibitory Factor (LIF) (Merck Millipore, ESG1107). SFES is composed of
neurobasal medium (Gibco, Cat. No. 21103-049) and DMEM/F12 (Gibco, Cat. No. 11320-

033) (1:1) supplemented with N2 supplement (Gibco, Cat. No. 17502-048) added at 0.5% (v/v),
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B27 supplement + retinoic acid (Gibco, Cat. No. 17504-044) added at 1% (v/v), 50 mg/ml
bovine serum albumin (Sigma, Cat. No. A1470), and 50 U/ml penicillin, 50 pug/ml streptomycin
(Invitrogen, Cat. No. 15140-148). These two media will be abbreviated as DMEM and 2i

throughout this thesis.

Differentiation media replaced growth media in the differentiation study. Differentiation media

had the same composition with DMEM minus mLIF.

2.1.3. Surface coating of culture vessels

Cell growth surfaces were coated with 0.1% (w/v) gelatin from porcine skin type A (Sigma,
Cat. No. G1890) in Dulbecco’s Phosphate Buffered Saline (DPBS) (Sigma, Cat. No. D5773).
Coating was performed for 30 min, then the coating solution was removed. For a short period
of culture in 2i (24 h), cell growth surfaces were coated with 100 pg/ml laminin from
Engelbroth-Holm-Swarm murine sarcoma basement membrane (Sigma, Cat. No. L2020) in

DPBS. Coating with laminin was performed for 1 h, then the coating solution was removed.

2.1.4. Cryopreservation and cell thawing

The freezing medium used was 2X freezing medium containing 40% (v/v) DMEM, 40% (v/v)
heat inactivated FBS (AusGeneX, Cat. No. FBS500-S), and 20% (v/v) dimethyl sulfoxide
(DMSO) (Sigma, Cat. No. D-2650). Cells were detached with 1 ml 0.25% trypsin-EDTA
(Invitrogen, Cat. No. 25200-56). Trypsin was inactivated with 2 ml DMEM and removed by
1000-1200 rpm centrifugation for 3 min. Supernatant was removed and the cells were
resuspended in 0.5-1.0 ml DMEM. Cells were counted using haemocytometer and cell
concentration was adjusted to 2x10° cells/ml using DMEM. The cell suspension was mixed

with 2X freezing medium with the ratio 1:1. 1 ml cell suspension was transferred to each
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cryotube. Cryotubes were transferred to —20 °C overnight, then to —80 °C overnight, and to

—196 °C.

Frozen vials were thawed at 37 °C. Cells were suspended in 9 ml DMEM and centrifuged for
3 min at 1000-1200 rpm. Supernatant was removed, and the cells were resuspended in 0.5—
1.0ml DMEM. A small volume of cells (10 ul) was mixed with (1:1) Trypan Blue solution
(0.4%) (Gibco, Cat. No. 15250-061), and counted using haemocytometer (Hirchmann EM
Techcolor, 0.100 mm depth) to determine the number of viable (not stained) and dead (blue
stained) cells. All cells were seeded into 0.1% (w/v) gelatin (Sigma, Cat. No. G1890)-coated

T25 flask (Thermo Scientific, Cat. No. 156340) containing 5 ml growth media.

2.1.5. Cell passage

Cells were washed with DPBS (Gibco, Cat. No. 14190-144) (Ca?*, Mg?®* free) and detached
with 1 ml 0.25% trypsin-EDTA (Invitrogen, Cat. No. 25200-56). Trypsin was inactivated with
2 ml DMEM and removed by 1000-1200 rpm centrifugation for 3 min. Supernatant was
removed and the cells were resuspended in 0.5-1.0 ml DMEM. Cells were counted using

haemocytometer. Cells were seeded in gelatin coated T25 flasks (1200 cells/cm?).

2.1.6. Plated cells and embryoid body culture preparation

For plated cell culture the cell concentration was adjusted to 10000 cells/ml. The cell
suspension was seeded into 4-well dish containing autoclaved cover slips (12 mm round)
(Livingstone International Pty. Ltd., Cat. No. CS12RD) coated with gelatin or laminin (0.5 ml
cell suspension/well). For embryoid body culture, cell concentration was adjusted to 1x108
cells/ml for DMEM and 4x108 cells/ml for 2i. 1 pl of cell suspension was placed onto each of
the 20 pl drops of media on the lid of a 100 mm cell culture dish (Thermo Scientific, Cat. No.

150350) and then the lid was inverted and placed on the base of the cell culture dish containing

59



3 ml DPBS (Gibco, Cat. No. 14190-144) (Ca?*, Mg?* free) to maintain humidity. Cells were

cultured for 24-48 h prior to the fixation.

2.2. IMMUNOFLUORESCENCE

Cells were washed with DPBS (Sigma, Cat. No. D5773) and fixed with 4% (w/v)
paraformaldehyde (PFA) (Sigma, Cat. No. P6148) for 30 min at RT. Cells were permeabilised
with DPBS containing 0.5% (v/v) Tween-20 (Sigma, Cat. No. P7949) and 0.5% (v/v) Triton
X-100 (Bio-Rad Laboratories In., CA, USA, Cat. No. 161-0407) for 40 min at RT. For
immunolocalisation of 5meC, chromatin was denaturated with HCI (4N) (Ajax Finechem Pty
Ltd., Cat. No. A256) containing 0.1% Triton X-100 for 10 min at RT. Acid was removed with
extensive washing in DPBS containing 0.05% (v/v) Tween-20 (DPBT). Cells were then
exposed to 0.25% trypsin-EDTA for 10—15 s (embryoid body sections) or 20-30 s (plated cells).
Trypsin was inactivated with 10% (v/v) sheep serum (Sigma, Cat. No. S3772) or goat serum
(Sigma, Cat. No. G9023) in DPBS depending on the secondary antibody used. This was
followed by extensive washing in 2% bovine serum albumin (BSA) (Sigma, Cat. No. A1470)
in DPBT. Blocking in 30% (v/v) sheep serum or goat serum in DPBT was performed,
depending on the secondary antibody used, at 4 °C overnight. Cells were stained using indirect
immunofluorescence. Cells were incubated with the primary antibody (Table 2-1) or non-
immune IgG with the same concentration in DPBT containing 5% sheep serum or goat serum
at 4 °C overnight. Cells were washed extensively with 2% BSA in DPBT. Cells were incubated
in a fluorescein-conjugated secondary antibody (Table 2-2) in 2% BSA in DPBT for 1 hat RT.
Cells were washed with 2% BSA in DPBT, and then DPBS. Cells were mounted in ProLong®

Gold Antifade Mountant with DAPI (Life Technologies, Cat. No. P36935).
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Table 2-1 List of the primary antibodies used in this thesis

Antigen Manufacturer Developed in Stock concentration Usage dilution

5hmC Active Motif, Cat. No. 39769 Rabbit 1.0 mg/mli 1:300

5meC Serotec Ltd., Cat. No. Mouse 1.0 mg/mi 1:100

MCA2201

DNMT1  Abcam, Cat. No. ab19905 Rabbit 0.8 mg/mi 1:100

DNMT3A Imgenex, Cat. No. IMG-268A Mouse 0.5 mg/ml 1:100

DNMT3B Imgenex, Cat. No. IMG-184A Mouse 0.5 mg/ml 1:100

H3K9ac Abcam, Cat. No. ab4441 Rabbit 1.0 mg/ml 1:100

OCT4 Abcam, Cat. No. ah19857 Rabbit 1.0 mg/ml 1:200

TET1 Millipore, Cat. No. 09-872 Rabbit 1.0 mg/ml 1:100

Table 2-2 List of the secondary antibodies used in this thesis
Antigen Manufacturer Developed in  Conjugate Stock Usage
concentration dilution
Mouse IgG  Sigma, Cat. No. F6257 Sheep Fluorescein Isothiocyanate 1.1 mg/mli 1:300
(FITC)

Mouse IgG  Abcam, Cat. No. ab6787  Goat Texas Red (TR) 2.0 mg/ml 1:300
Rabbit IgG  Sigma, Cat. No. F1262 Goat Fluorescein Isothiocyanate 1.1 mg/ml 1:300

(FITC)
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2.3. MICROSCOPY AND IMAGE ANALYSIS

Global levels of staining in the cells were analysed by the epifluorescence microscope Eclipse
80i (Nikon Instruments Inc., USA). Images were captured using DS-Ril camera (Nikon
Instruments Inc., USA), and analysed by ImageJ (National Institutes of Health, USA). Images
were captured using the same setting of UV power, gain, and exposure time for all treatments
in the same experiment and antibody. Analysis was performed with the original images without
any adjustment. Measurement of staining level was performed on at least 50 nuclei per
treatment per replicate in plated cells and 100 nuclei were analysed per treatment per replicate
in EBs by selecting random nuclei using a drawing tool. Experiments were performed for at
three independent replicates. All representative images shown are for staining in comparison

to non-immune control antibody (data not shown).

Alkaline phosphatase activity and morphology of the cells were analysed by the inverted
microscope Eclipse Ti-U (Nikon Instruments Inc., USA). Images were captured using DS-Filc
camera (Nikon Instruments Inc., USA), and analysed by ImageJ (National Institutes of Health,
USA). Alkaline phosphatase analysis was performed with the original images without any
adjustment. Measurement of staining level was performed on at least 20 plated clumps and 5

EBs per treatment per replicate. Experiments were performed for three independent replicates.

Immunolocalisation was done using a Leica TCS SP5 Confocal Microscope (Leica
Mycrosystems). Images were captured using the Leica Application Suite Advanced
Fluorescent (LAS AF) software (Leica Microsystems). Images were captured using the
adjusted laser power, gain, and offset specific to every sample to generate good localisations.
Images were analysed by ImageJ (National Institutes of Health, USA). Experiments were
performed for three independent replicates. All representative images shown are for staining in
comparison to non-immune control antibody (data not shown).
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2.4. Graphs and error bars

The measurement was represented using bar graphs representing the optical intensity (arbitrary
units) mean + standard error of the mean (SEM) of three independent replicates. Graphs were

made using SigmaPlot (Systat Software Inc., USA).

2.5.  Statistical analysis

Statistical analysis was performed in SPSS program, version 21. Analysis used was univariate
analysis of variance (UNIANOVA). The difference between results was considered by

significance levels of p values (probability): p<0.05 = *, p<0.01 = **, p<0.001 = ***,
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3. CHAPTER 3: OPTIMISATION AND VALIDATION OF THE
METHODS OF 5meC ANALYSIS

3.1. INTRODUCTION

A growing body of evidence implicates global levels of CpG methylation in the pluripotent
state of ESCs. The cost and relative insensitivity of biochemical methods of detection of 5meC
limit its uses for high throughput analysis of the factors that govern methylation status.
Immunolocalisation may be more useful for this purpose because it allows assessment of
individual cells and also provides information on the localisation of 5meC within each nucleus.
It was shown, however, that conventional methods of immunolocalisation underestimate the
5meC levels detected in cells (Li and O'Neill, 2012). This is due to antigenic 5meC being
present within two pools (Celik et al., 2014). One pool is detected after acid-induced
denaturation of chromatin; this is the pool detected by conventional immunolocalisation. A
further trypsin-sensitive pool has been discovered, and the size of this pool is highly variable,
depending upon the developmental state and growth disposition of cells. A new antigen
retrieval method combining the acid and trypsin treatment was proved to increase the amount

of 5meC in embryo and mouse embryonic fibroblasts (Li and O'Neill, 2012, Celik et al., 2014).

In this chapter, the extent of trypsin sensitive masking of 5meC in ESCs was assessed and the
methods for immunolocalisation were developed and validated in the assessment of 5meC in
ESCs. This included validation of permeabilisation. The antigen retrieval methods that have
been validated for the immunoassay in embryos were also optimised and validated for use in
ESCs. The effect of culture conditions on ESCs were assessed, including the oxygen

concentration and the culture time.
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3.2. MATERIAL AND METHODS

3.2.1. Cell Culture

D3-ESCs were cultured in DMEM and 2i media prepared in the Human Reproduction Unit.
See chapter 2.1.2 for DMEM and 2i media details. Cells were cultured at 37 °C with 5% CO,
and either 21% Oz or 5% O in air. See Section 2.1.6 for details of plated cells and embryoid
body culture preparation. Plated cells were cultured for 24h and 48h prior to the fixation.

Embryoid bodies were cultured for 48h prior to the fixation.

3.2.2. Permeabilisation optimisation on EBs

Permeabilisation of the whole EBs was done by incubating the EBs in 1X DPBS containing
0.5% (v/v) Tween-20 (Sigma, Cat. No. P7949) and 0.5% (v/v) Triton X-100 (Bio-Rad
Laboratories In., CA, USA, Cat. No. 161-0407) for 40 min at RT. The optimisation of the
permeabilisation process was performed by incubating the EBs in 1X DPBS containing 1.0%
(v/v) Tween-20 (Sigma, Cat. No. P7949) and 1.0% (v/v) Triton X-100 (Bio-Rad Laboratories

In., CA, USA, Cat. No. 161-0407) for 80 min at 37 °C with agitation.

3.2.3. Immunolocalisation of 5meC in mouse embryonic fibroblasts (MEF)

Cells were washed with DPBS (Sigma, Cat. No. D5773) and fixed with 4% (w/v)
paraformaldehyde (PFA) (Sigma, Cat. No. P6148) for 30 min at RT. Cells were permeabilised
with DPBS containing 0.75% (v/v) Tween-20 (Sigma, Cat. No. P7949) and 0.75% (v/v) Triton
X-100 (Bio-Rad Laboratories In., CA, USA, Cat. No. 161-0407) for 60 min at RT. Chromatin
was denaturated with HCI (4N) (Ajax Finechem Pty Ltd., Cat. No. A256) containing 0.1%
Triton X-100 for 10 min at RT. Acid was removed with extensive washing in DPBS containing
0.05% (v/v) Tween-20 (DPBT). Cells were then exposed to 0.25% trypsin-EDTA for 1 min.
Trypsin was inactivated with 10% (v/v) sheep serum (Sigma, Cat. No. S3772) in DPBS. This
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was followed by extensive washing in 2% bovine serum albumin (BSA) (Sigma, Cat. No.
A1470) in DPBT. Blocking in 30% (v/v) sheep serum in DPBT was performed at 4 °C
overnight. Cells were stained using indirect immunofluorescence. Cells were incubated with
mouse anti-5-methylcytidine (1:100) (Serotec Ltd., Cat. No. MCA2201) or mouse non-immune
IgG (Sigma, M7894) with the same concentration in DPBT containing 5% sheep serum at 4 °C
overnight. Cells were washed extensively with 2% BSA in DPBT. Cells were incubated in
sheep anti-mouse IgG conjugated with fluorescein isothiocyanate (FITC) (Sigma, Cat. No.
F6257) in 2% BSA in DPBT for 1 h at RT. Cells were washed with 2% BSA in DPBT, and
then DPBS. Cells were mounted in ProLong® Gold Antifade Mountant with DAPI (Life

Technologies, Cat. No. P36935).

3.2.4. Cryosectioning

EBs were washed with 1X DPBS following fixation, then EBs were dyed with 0.04% (v/v)
Trypan Blue in 1X DPBS for 30 min at RT to add colour to the EBs. EBs were rinsed with 1X
DBPS until the Trypan Blue solution was removed, then transferred into tissue freezing
medium (Leica Mycrosystems, Cat. No. 14020108926) in the Tissue-Tek® Biopsy
Cryomold® Molds 15 mm x 15 mm x 10 mm (Sakura® Finetek USA Inc., Cat. No. 4565).
Molds were frozen at -15 °C and cut into sections with a Leica CM1900 UV Cryostat (Leica
Mycrosystems). Section thickness was 5 pum. Sections were fixed on Platinum PRO slides
(Matsunami, Cat. No. PRO-11). Slides were treated for immunoassay as per section 2.2 using
slide mailers (ProSciTech, Cat. No. H161) for incubation processes up to trypsin treatment and
inactivation. Sections were marked with Dako Pen (Dako, Cat. No. S2002) prior to blocking

to create liquid barrier around the sections.
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3.2.5. Antibodies

Primary antibodies used were: (i) mouse anti-5-methylcytidine (Serotec Ltd., Cat. No.
MCA2201); (ii) rabbit anti-OCT4 (Abcam, Cat. No. ab19857); and (iii) rabbit anti-histone 3
(acetyl K9) (Abcam, Cat. No. ab4441). Non-immune control antibodies were mouse 1gG
(Sigma, M7894) and rabbit 1gG (Sigma, 15006). The secondary antibodies used to detect the
binding of the primary antibodies were: (i) sheep anti-mouse IgG conjugated with fluorescein
isothiocyanate (FITC) (Sigma, Cat. No. F6257); and (ii) goat anti-rabbit 1gG conjugated with

FITC (Sigma, Cat. No. F1262).

3.2.6. Antigenic Retrieval

For 5meC and OCT4 staining, cells were treated with HCI for 10 min, followed by trypsin
(0.4%) either for 10-15 s (EB sections) or 20-30 s (plated cells and whole EBs). Acid and

trypsin treatment were not done for H3K9ac staining.
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3.3. RESULTS

3.3.1. Validation of 5meC staining on ESCs

The protocol for immunofluorescence was based on the immunofluorescence method for
embryos and mouse embryonic fibroblasts (MEF) that was previously optimised in our
laboratory (Li and O'Neill, 2012, Celik et al., 2014). Further modifications were performed to
make it suitable for ESCs. To validate the protocol, 5meC staining was performed on MEF and
ESCs with no epitope retrieval, epitope retrieval by acid denaturation, and epitope retrieval by

acid denaturation followed by trypsin digestion.

Immunostaining of MEF showed that a short exposure of the cells to trypsin for 1 min after
acid treatment increased the intensity of the 5meC signal compared to the acid treatment alone
and the untreated cells (Figure 3-1). The same protocol was used for the immunostaining of
ESCs, with some modifications. The permeabilisation reagent concentration was reduced from
0.75% (v/v) Tween-20 and 0.75% (v/v) Triton X-100 in DPBS to 0.5% (v/v) Tween-20 and
0.5% (v/v) Triton X-100 in DPBS. The permeabilisation time was also reduced from 60 min to
40 min. The time of tryptic digestion was reduced from 1 min to 20-30 s. Immunofluorescence
microscopy of ESCs showed similar results with the MEF. A short exposure of the cells to
trypsin for 20-30 s after acid treatment increased the intensity of the 5meC signal compared to

the acid treatment alone and the untreated cells (Figure 3-2).

3.3.2. Permeabilisation validation and optimisation

With the protocol for 5meC staining in ESCs confirmed, the next question was whether the
same protocol could be used for 5meC staining on embryoid bodies (EBs). A first observation
on the 5meC staining pattern on a whole embryoid body showed that the 5meC was expressed

on the outermost layer of the cells, marked by full staining on most of the cells on the top
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section (Figure 3-3-C) and the bottom section (Figure 3-3-O), and a ring formation staining on

the sections closer to the equatorial (Figure 3-3-F-I-L).

To further investigate the implication of the pattern showed by the 5meC staining on the EBs,
a staining of the pluripotent marker OCT4 was performed. A similar pattern was observed on
the staining of a whole EB with the antibody to OCT4 (Error! Reference source not found.). This
attern raised the question of whether adequate permeabilisation for EBs occurred with the
methods used. Histone H3 Lysine-9 acetylation (H3K9ac) staining on embryoid body also
showed the staining of only the outer cells of the structure, marked by full staining on the entire
cells only on the top and the bottom part of the structure (Figure 3-5-C-0O). On the middle part

of the structure, the staining appeared as a ring with no staining in the middle (Figure 3-5-1).
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Figure 3-1 Validation of the immunostaining protocol for MEF.

MEF were fixed and permeabilised. They were then either untreated, treated with 4N HCI (acid), or treated with

trypsin (0.25%) for 1 min after acid (acid + trypsin). The cells were stained with anti-5meC and counterstained

with DAPI. Immunofluorescence microscopy showed that trypsin treatment increased staining of 5meC compared

to acidic treatment alone. Scale bar = 10 um.
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Figure 3-2 Validation of the immunostaining protocol for ESCs.

ESCs were fixed and permeabilised. They were then either untreated, treated with 4N HCI (acid), or treated with
trypsin (0.25%) for 20-30 s after acid (acid + trypsin). The cells were stained with anti-5meC and counterstained
with DAPI. Immunofluorescence microscopy showed that trypsin treatment increased staining of 5meC compared

to acidic treatment alone. Scale bar = 10 pm.
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Figure 3-3 Analysis of 5meC staining on the whole EB.

Embryoid bodies were stained with the antibody to 5meC and counterstained with PI. Permeabilisation was
performed according to the protocol optimised for plated cells. Images were taken using optical sectioning
showing (A-F) the upper parts, (G-I) the equatorial section, and (J-O) the bottom parts of the embryoid body. The
sectioning showed the 5meC staining on the outermost layer of the cells. Images are representative of three

independent replicates. Scale bar =50 pm.
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Figure 3-4 Analysis of OCT4 staining on the whole EB.

ESCs embryoid bodies were stained with the antibody to OCT4 and counterstained with PI. Permeabilisation was
done according to the protocol optimized for plated cells. Images were taken using optical sectioning showing (A-
F) the upper parts, (G-I) the equatorial section, and (J-O) the bottom parts of the embryoid body. OCT4 staining
showed a similar pattern to the 5meC staining on the whole EBs. Images are representative of three independent
replicates. Scale bar = 100 pum.
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Figure 3-5 Analysis of H3K9ac staining on the whole EB.

Embryoid bodies were stained with the antibody to H3K9ac and counterstained with Pl. Permeabilisation was
performed according to the protocol optimised for plated cells. Images were taken using optical sectioning
showing (A-F) the upper parts, (G-1) the equatorial section, and (J-O) the bottom parts of the embryoid body.
H3K9ac staining showed a similar pattern to the 5meC and OCT4 staining on the whole EBs, indicating
inadequate permeabilisation for the whole-EB staining protocol. Images are representative of three independent

replicates. Scale bar = 50 pum.
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Improvement of the permeabilisation methods was attempted by increasing the concentration
of the permeabilisation reagent (DPBS + 0.5% Tween-20 + 0.5% Triton X-100 to DPBS + 1%
Tween-20 + 1% Triton X-100), increasing the incubation temperature (room temperature to 37
°C), increasing the incubation time (40 min to 80 min), and adding agitation during the
incubation. The increased treatments improved the embryoid body permeabilisation, shown by
H3K9ac staining up to the second cell layer below the outermost cell layer (Figure 3-6-F). This
treatment compromised the embryoid body structure, marked by the reduction of DNA staining
quality (Figure 3-6-A-D-G). However, the structure was only partially permeabilised, shown
by the absence of H3K9ac staining on the nuclei of the cells in the middle of the EB structure
(Figure 3-6-F). This indicates that this permeabilisation procedure is not effective for the

embryoid body.

To address the problem, embryoid bodies were cut into thin sections using a cryosectioning
procedure after the fixation process. The staining for H3K9ac in the cut sections showed that
the antibody could bind to all cells in the section (Figure 3-7). The observed H3K9ac staining
in the middle of the structure also confirms that the non-stained cells in the whole embryoid
body were artifacts. The 5meC staining on EBs using this newly validated protocol showed a
different staining pattern compared to the 5meC staining with the previous methods. 5meC
staining was observed on the cells across the section (Figure 3-8). All further immunostaining

on EBs was performed using this method.

The problem of permeabilisation was less severe in plated cells as the antibody could penetrate
to the structures and bind the cells in the middle of the structure (Figure 3-9). There was still
variability in the staining of the middle part of colonies, as the colonies got bigger. This was
especially the case when the plated cells were cultured for 48 h (Figure 3-9-1). Thus, all further

experiments were performed on plated cells cultured for 24 h or less.
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Figure 3-6 The effects of permeabilisation optimisation on the whole EB staining.

Embryoid bodies were permeabilised using the optimised permeabilisation protocol. Optimisation was done by
increasing the concentration of the permeabilisation reagent (DPBS + 0.5% Tween-20 + 0.5% Triton X-100 to
DPBS + 1% Tween-20 + 1% Triton X-100), increasing the incubation temperature (room temperature to 37 °C),
increasing the incubation time (40 min to 80 min), and adding agitation during the incubation. The embryoid body
was stained with the antibody to H3K9ac and counterstained with Pl showing (A-C) the top section, (D-F) the
equatorial section, and (G-I) the bottom section of the embryoid body. Immunofluorescence microscopy showed
partial permeabilisation of the whole EB after the optimisation, indicated by increased but not complete staining
of H3K9ac across the whole EB. DNA counterstaining showed reduced integrity of the whole EB, marked by the
reduced effectiveness of the PI staining on the nuclei of the EB. Images are representative of three independent

replicates. Scale bar = 100 pm.
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Figure 3-7 Analysis of H3K9ac staining on the ESC embryoid body sections.

EBs were cut into thin sections using the cryosectioning method prior to the immunostaining protocols. EB
sections were stained with the antibody to H3K9ac and counterstained with DAPI. Images were taken using optical
sectioning showing three embryoid body sections (A-C, D-F, G-1). Immunofluorescence showed H3K9ac staining

across the sections. Images are representative of three independent replicates. Scale bar = 100 pm.
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Figure 3-8 Analysis of 5meC staining on the ESC embryoid body sections.

EBs were cut into thin sections using the cryosectioning method prior to the immunostaining protocols. EB
sections were stained with the antibody to 5meC and counterstained with DAPI. Images were taken using optical
sectioning showing three embryoid body sections (A-C, D-F, G-I). Immunofluorescence showed 5meC staining
across the sections similar to H3K9ac staining on EB sections. Images are representative of three independent

replicates. Scale bar = 100 pm.
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Figure 3-9 Analysis of H3K9ac staining on the plated ESCs.
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Plated ESCs were stained with the antibody to H3K9ac and counterstained with PI. Permeabilisation was
performed according to the protocol optimised for ESCs. Images were taken using optical sectioning showing (A-
C) the colony after 24 h incubation, (D-F) the upper section of 48 h colony, and (G-1) the bottom section of the
48 h colony. Immunofluorescence showed adequate permeabilisation on the 24h plated ESCs, but the
effectiveness was reduced on the larger 48 h plated ESCs. Images are representative of three independent

replicates. Scale bar = 10 pm.
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3.3.3. Validation of the antigen retrieval methods for the detection of 5meC and 5hmC

in ESCs

To detect 5meC and 5hmeC levels in the ESCs, an antigen retrieval method must be performed
to remove the protein masking which prevents the antibody attachment to the target. Antigen
retrieval methods are performed by treating the cells with acid and trypsin to remove the
antigenic masking (Section 3.3.1). In this section, the timing for the acid-induced denaturation

and tryptic digestion processes was validated for antigen retrieval in ESCs.

ESCs were treated with HCI following the permeabilisation. The incubation time for the acid
treatment in this experiment was based on the protocol optimised in MEF, which is 10 min for
both plated cells and EB sections. A short period of tryptic digestion was performed after the
acid treatment. In general, plated cells are more resistant to the trypsin treatment compared to
the thin EB sections. Therefore, plated cells require longer trypsin treatment compared to the
EB sections. The trypsin time used for plated cells was 20-30 s. The trypsin time used for

embryoid body sections was 10-15 s.

The staining of the ESCs treated with acid and acid followed by trypsin showed that the
improved antigen retrieval procedure is important for detection of 5meC levels (Figure 3-10
and Figure 3-11). The plated cells and embryoid body sections with the acid treatment showed
a lower level of staining (Figure 3-10-B and Figure 3-11-B) compared to their counterparts
treated with acid followed by trypsin (Figure 3-10-E and Figure 3-11-E). This indicates the
incomplete antigen retrieval for the immunolocalisation of 5meC and 5hmC in ESCs, which

could lead to underestimation of the 5meC levels in the cells.
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Figure 3-10 The effect of trypsin digestion on the retrieval of 5meC antigen in plated ESCs.
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Plated ESCs were fixed and permeabilised. They were then either treated with 4N HCI (acid) or treated with
trypsin (0.25%) for 20-30 s after acid (acid + trypsin), then stained with anti-5meC and counterstained with DAPI.
Immunofluorescence microscopy showed that trypsin treatment increased staining of 5meC compared to acidic

treatment alone. Images are representative of three independent replicates. Scale bar = 10 um.
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Figure 3-11 The effect of trypsin digestion on the retrieval of 5meC antigen in ESC EB section.

ESC EBs were fixed, sectioned, and permeabilised. They were then either treated with 4N HCI (acid) or treated
with trypsin (0.25%) for 20-30 s after acid (acid + trypsin), then stained with anti-5meC and counterstained with
DAPI. Immunofluorescence microscopy showed that trypsin treatment increased staining of 5meC compared to

acidic treatment alone. Images are representative of three independent replicates. Scale bar =50 um.
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3.3.4. The effect of oxygen concentration on DNA methylation

In this section, the effect of oxygen concentration on the methylation levels of ESCs was
assessed. D3-ESCs were cultured in either 5% or 21% oxygen in air for 24 h, and stained for
5meC levels to observe any difference between the two culture conditions (Figure 3-12). The
5meC staining intensity measurement on plated ESCs showed higher 5meC levels in the ESCs

cultured in 21% oxygen compared to the ESCs cultured in 5% oxygen (p<0.001) (Figure 3-13).
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Figure 3-12 The effect of oxygen concentration on 5meC levels in plated ESCs.

Plated ESCs were cultured in either 5% or 21% oxygen in air for 24 h and stained with anti-5meC and

counterstained with DAPI. Immunofluorescence microscopy staining on the ESCs plated cells cultured in 5% and

21% oxygen for 24 h showed higher 5meC levels in plated ESCs cultured in 21% oxygen. Images are

representative of three independent replicates. Scale bar = 10 um.
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Figure 3-13 5meC nuclear staining intensity in ESCs cultured in 5% and 21% oxygen.
Staining intensity was measured in arbitrary units; mean £ SEM of three independent replicates are shown. At
least 50 nuclei were analysed per treatment per replicate. Statistically significant differences are indicated by

asterisks: p<0.001 = ***,
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3.4. DISCUSSION

This chapter showed that 5meC antigen was detected in plated ESCs with the methods
previously used for 5meC immunolocalisation in murine embryos and MEF, with minor
modifications (Celik et al., 2014, Li and O'Neill, 2012). A valid immunolocalisation procedure
requires the antigen to be fully solvent-exposed, the preparation should not significantly
degrade or mask the epitope and the antigen-antibody interaction should approach
thermodynamic equilibrium (saturated) (Salvaing et al., 2014). Generally, ESCs form a larger
clump of cells both in the plated cells and the embryoid body culture. The larger structures lead
to an incomplete permeabilisation of the structures, thus preventing the antibodies getting to

the innermost part of the structures.

To validate the permeabilisation of ESCs, H3K9ac staining was performed. Because it is
reported to have high levels in all ESCs (Qiao et al., 2015), a thorough permeabilisation should
allow exposure of the H3K9ac inside the structure to the antibody, thus showing a uniform
staining across the whole structure. The permeabilisation process for plated cells was more
reliable than the permeabilisation of EBs. The cells within small colonies in the plated cells
were readily permeabilised by the standard procedures, marked by uniform H3K9ac staining
across the small plated ESCs structures. However, non-stained cells were observed in the
H3K9ac staining of larger colonies due to incomplete permeabilisation of the larger clumps.
Therefore, solving the permeabilisation problem in the plated ESCs required that the
immunolocalisation be performed before large clumps of cells formed, which is within 24h in
this study. However, the incomplete permeabilisation in the whole EBs immunolocalisation

persisted.

The permeabilisation process for EBs was modified by increasing the concentration of the
permeabilisation reagent, increasing the incubation time, increasing the incubation
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temperature, and adding agitation. No condition was found that allowed uniform staining
across the EB and the increased permeabilisation parameters compromised the integrity of the
EB structure to the point that the nuclei staining efficiency was reduced. The reduced integrity
of the EB structure allowed the antibody to bind to the more inner layers of cells within the
structure. However, the EBs were still not completely permeabilised, thus leaving the most
center part of the structure unstained. In conclusion, the maximum permeabilisation parameters

that still allowed the EB to retain its structure were not enough to permeabilise the whole EB.

Cryosectioning of EBs into thin sections allowed exposure of all the cells within the section to
the solvent. The increased exposure also increased the sensitivity of the cells to the trypsin-
based epitope retrieval process. Therefore, the trypsin treatment time was reduced from 20-30
sto 10-15 s in order to not degrade the nuclei. The H3K9ac staining of the EB sections showed
a thorough staining across the sections, confirming that the non-stained cells in the middle part
of the whole EBs during the EB staining were falsely negative staining caused by incomplete
permeabilisation of the whole EB. Similar patterns were shown in the 5meC staining of EB
sections. The 5meC staining was observed in the cells throughout the EB section. It was

concluded that the cryosectioning method was suitable for the immunoassay in EBs.

The antigen retrieval methods used in this project incorporate both acid and trypsin-based
epitope retrieval processes. Most reported immune-based analyses of 5meC have used acid
treatment on fixed cells to denature the chromatin and expose the antigen (Ciccarone et al.,
2012, Salvaing et al., 2012). The brief exposure of the fixed cells to acid was proved to increase
the amount of detectable 5meC in the cells. However, recent analysis in the embryo showed
that some percentage of 5meC remains masked even after acid treatment, and that the
remaining masked 5meC can be detected after a brief exposure to trypsin (Li and O'Neill,

2012). The same results are shown in the 5meC staining in ESCs. A short tryptic digestion
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increased the amount of detectable 5meC in both plated cells and EB sections. This confirms
that antigenic 5meC in ESCs is present, both within the pool that is detectable after acid-
induced denaturation and the pool that is detectable after trypsin digestion, similar to the CpG
methylation found in mouse embryos and MEFs. Due to the variability of the relative
proportions of these two pools of 5meC, reliable and reproducible antigenic retrieval methods

become crucial in order to produce valid results in 5meC immunoassays.

To further optimise the cell culture conditions, the effect of changing the balance of complex
signals in the ESC microenvironment was investigated. It has been known for some time that
cell culture at low oxygen tension (hypoxia) promotes an undifferentiated state in several stem
cell populations (Mohyeldin et al., 2010). In vivo, stem cells are located within a highly specific
microenvironment provided by cells, blood vessels, matrix glycoproteins, and the three-
dimensional space formed by this architecture (Scadden, 2006). Oxygen tension is one of the
unique microenvironments that stem cells are exposed to. The oxygen tension of inspired air,
measured by the partial pressure oxygen (pO.), decreases as it reaches organs and tissues, from
the ambient level of 21% to 2-9% (Brahimi-Horn and Pouyssegur, 2007). Therefore, stem cells
in vivo are located in a hypoxic condition. Similarly, mammalian embryogenesis occurs in a
relatively poor-oxygen environment because the delivery of oxygen before the establishment
of circulatory systems is limited to oxygen diffusion, which only occurs to a distance of 150
pm (Folkman et al., 2000, Mohyeldin et al., 2010). It is found that culturing human embryonic
stem cells (hESCs) under a similar oxygen tension (3-5%) is necessary to maintain full
pluripotency, as it reduces the rate of differentiation without compromising the proliferation
rate of hESCs (Ezashi et al., 2005). The suggested cause of this improvement in pluripotency
is the activation of hypoxia signaling pathways by hypoxia-inducible transcription factor
lalpha (HIF-1a) for the response to the hypoxic condition in the microenvironment of hESCs

(Jietal., 2009). To assess the CpGs methylation in ESCs in comparison with CpGs methylation
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in embryos, it is essential to create a growth environment for ESCs similar to its natural source,
which is the ICM. Therefore, an assessment of the effect of oxygen tension on the global levels
of 5meC in ESCs was performed. The results show that the ESCs grown under the ambient
oxygen tension (21%) and the ESCs grown under the hypoxic condition (5%) exhibit similar
staining patterns. However, the ESCs cultured in 21% oxygen exhibited higher global levels of
5meC compared to the ESCs cultured in 5% oxygen. Due to the more controlled growth of D3-
ESCs, lower global 5meC levels, and passage-to-passage stability in low oxygen

concentrations, all the D3-ESCs used in this project were cultured in 5% oxygen.

Several validation and optimisation procedures were performed in this project. They include
the permeabilisation procedures, antigenic retrieval procedures, and the culture
microenvironment conditions. All these validations and optimisations were done to produce
valid results in investigating the epigenetic regulation of ESCs under different culture

conditions by immunoassay.
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4, CHAPTER 4: THE EFFECTS OF CULTURE CONDITIONS ON
THE DNA METHYLATION OF ESCs

41. INTRODUCTION

One epigenetic feature associated with pluripotency in the embryo is the relative global
hypomethylation of cytosine (at CpG dinucleotides, 5meC) that occurs within the nucleus of
the inner cell mass. It is surprising, therefore, that the global levels of 5meC in ESCs propagated
under conventional methods are comparable to the global levels of 5meC in MEF, as shown in
the previous chapter. This leads to the question of whether global hypomethylation is a
hallmark of pluripotency, or whether the hypomethylation of ESCs is an artifact of their culture

conditions.

An alternative formulation of ESC media called ‘21 media’ (for two inhibitors) was used to
improve the pluripotency of ESCs by introducing small molecules to block specific kinases
(Nichols and Smith, 2011). An immunolocalisation study showed that culture in 2i media
caused reduced global DNA hypomethylation compared to cells in conventional media (Leitch
etal., 2013). The reduction in 5meC observed in 2i media was accompanied by several changes
in the expression of proteins related to DNA methylation, including a reduction in DNMT3A
and DNMT3B while the maintenance protein DNMT1 remained unchanged, and a change in
expression of the genes affected by the triple-knockout of DNMT1, DNMT3A, and DNMT3B

(Leitch et al., 2013).

The immunolocalisation methods used by (Leitch et al., 2013) only included acid treatment as
the antigen retrieval procedure. The antigenic 5meC is found within two pools, one detected
after acid-induced denaturation of chromatin (the pool detected by conventional

immunolocalisation); and a trypsin-sensitive pool. The trypsin-sensitive pool is variable in size,
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depending upon the developmental state and growth disposition of cells (Celik et al., 2014, Li
and O'Neill, 2012). This finding raises the question of whether the observed reduction in 5meC
in ESCs cultured in 2i media using the conventional immunoassay procedures was a true
reduction in methylation or a change in size of the acid-sensitive pool of 5meC antigen. It was
shown in the previous chapter that acid-induced denaturation was not sufficient to retrieve the
majority of 5meC in ESCs in DMEM + LIF. The addition of a short period of trypsin digestion
improved the amount of 5meC detected by the immunofluorescence assay, similar to the results
in MEF (Celik et al., 2014). The reduction in 5meC levels in 2i ESCs observed in the studies
using the conventional immunolocalisation may be caused by an increase in trypsin-sensitive

antigenic masking rather than a loss of 5meC.

The aim of this chapter is to assess the effects of culture in 2i media compared to conventional
media on global methylation levels using using an antigen retrieval process that incorporates
both acid- and trypsin-based epitope retrieval processes. The effect of these media change on
pluripotency will be assessed by measuring alkaline phosphate activity. The effect of loss of
pluripotency by LIF removal will also be assessed. These investigations are aimed to provide
greater insight into the association between global 5meC levels and the pluripotent state in

ESCs.
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4.2. MATERIAL AND METHODS

4.2.1. Cell Culture

D3-ESCs were cultured in DMEM (DMEM, serum plus LIF) and 2i media prepared in Human
Reproduction Unit. See Section 2.1.2 for DMEM and H2i media details. Cells were cultured at
37 °C with 5% CO> and 5% O in air. Starting on passage 4, cells were prepared as plated cells
or embryoid bodies in both media after every 2 passages. See Section 2.1.6 for details of plated
cells and embryoid body culture preparation. Cells were cultured for 24h and 48h prior to the

fixation.

4.2.2. Removal of LIF

D3-ESCs were cultured for 10 passages in the presence of LIF prior to the transfer to DMEM
minus LIF. Cells were cultured as plated cells or embryoid bodies in DMEM minus LIF at 37
°C with 5% CO; and 5% O in air. Cells were fixed at 24 h or 48 h upon the removal of LIF,
and assessed for alkaline phosphatase, 5meC, and 5hmC. ESCs in DMEM and 2i media were

used as controls.

4.2.3. Antibodies

Primary antibodies used were: (i) mouse anti-5-methylcytidine (Serotec Ltd., Cat. No.
MCAZ2201); and (ii) rabbit anti-5hmC (Active Motif, Cat. No. 39769). Non-immune control
antibodies were mouse 1gG (Sigma, M7894) and rabbit 1gG (Sigma, 15006). The secondary
antibodies used to detect the binding of the primary antibodies were: (i) sheep anti-mouse 1gG
conjugated with Fluorescein Isothiocyanate (FITC) (Sigma, Cat. No. F6257); (ii) goat anti-
rabbit 1gG conjugated with FITC (Sigma, Cat. No. F1262); and (iii) goat anti-mouse 1gG

conjugated with Texas Red (TR) (Abcam, Cat. No. ab6787).
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4.2.4. Antigenic Retrieval

For 5meC and 5hmC staining, cells were treated with HCI for 10 min, followed by trypsin

(0.4%) either for 10-15 s (EB sections) or 20-30 s (plated cells).

4.2.5. Alkaline phosphatase assay

ESCs were assessed for alkaline phosphatase activity using the Alkaline Phosphatase Detection
Kit (Millipore, Cat. No. SCR004). Culture media was removed, and cells were rinsed with 1X
DPBS. Cells were fixed with 4% (w/v) paraformaldehyde (PFA) (Sigma, Cat. No. P6148) for
1 minat RT. Fixative was aspirated and wells were rinsed with Tris-HCI, pH 7.4, 0.15 M NaCl,
0.05% Tween-20 (TBST). Reagents for alkaline phosphatase staining were prepared by mixing
Fast Red Violet solution (0.8 g/L stock) (Part No. 90239) with Naphthol AS-BI phosphate
solution (4 mg/ml) in AMPD buffer (2 mol/L), pH 9.5 (Part No. 90234) and water in a 2:1:1
ratio (Fast Red Violet:Naphthol:water). Stain solution was added enough to cover each well.
Cells were incubated in dark at RT for 15 min. Staining solution was aspirated and wells were
rinsed with TBST. Cells were covered with 1X DPBS to prevent drying. Cells were observed

using a conventional microscope.
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43. RESULTS

4.3.1. Culture in 2i media reduces the levels of DNA methylation in ESCs

ESCs were cultured in either DMEM or 2i media. After 3 passages, cells were prepared as
plated cells or embryoid bodies (EBs) in both media and stained for global 5meC and 5hmC
levels. 5meC levels were measured every 2 passages and 5hmC levels were measured at

passage 4, 10, and 14.

ESCs cultured in DMEM showed consistently high levels of 5meC at each passage in plated
cells. Culture in 2i media resulted in a progressive reduction in the levels of global 5meC in
both plated cells and EBs (Figure 4-1). The progressive loss of 5meC in plated cells was
observable after 6 passages and reached a plateau after 10 passages. EB formation reduced
5meC levels in both DMEM and 2i media. The reduction in 5meC in the EB culture was
observed as early as passage 4 and remained stable throughout subsequent passages. The
differences in 5meC levels between ESCs in DMEM and 2i media were confirmed by

measuring the staining intensity of the cells propagated under both conditions (Figure 4-2).

At passage 4, the 5hmC levels in both media were similar for the plated cells. The 5ShmC levels
in ESCs cultured in 2i media started to increase at passage 10, and was higher at passage 14
compared to 5ShmC levels in ESCs cultured in DMEM (Figure 4-3 and Figure 4-4). In embryoid
body formation, the increase of 5ShmC in ESCs cultured in 2i media started from passage 4 and

reached a plateau at passage 10.

93



A Plated cells B Embryoid body

DMEM DMEM
DNA 5meC DNA 5meC DNA 5meC DNA 5meC

N
N

-
D

P4

o
(o))

P6

-
(o]

P8
P10 P10
P12

P12

P14 P14

o
=

3

w
o
=

3

Figure 4-1 Progressive loss of global 5meC levels in ESCs cultured in DMEM and 2i media.
ESCs were grown in either DMEM or 2i media and were cultured in the form of either plated cells or EBs. They
were stained with anti-5meC and counterstained with DAPI. (A) Immunofluorescence microscopy showed a
progressive loss of 5meC in plated ESCs cultured in 2i media starting from passage 6 and reached plateau after
10 passages. Images are representative of three independent replicates. Scale bar = 10um. (B) The loss of 5meC
in ESCs EBs in 2i media occurred as early as passage 4 and was stable until passage 14. Images are representative

of three independent replicates. Scale bar = 50 um.
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Figure 4-2 5meC nuclear staining intensity in ESCs cultured in DMEM and 2i media.

The 5meC nuclear staining intensity in ESCs cultured in DMEM and 2i media: (A) plated cells and (B) EBs.
Staining intensity was measured in arbitrary units; mean £ SEM of three independent replicates are shown. At
least 50 nuclei were analysed per treatment per replicate in plated cells and 100 nuclei were analysed per treatment

per replicate in EBs. Statistically significant differences are indicated by asterisks: p<0.001 = ***,
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Figure 4-3 Progressive increase of global 5hmcC levels in ESCs cultured in DMEM and 2i media.

ESCs were grown in either DMEM or 2i media and were cultured in the form of either plated cells or EBs. They
were stained with anti-5hmC and counterstained with DAPI. (A) Immunofluorescence microscopy showed a
progressive increase of 5hmC in plated ESCs cultured in 2i media starting from passage 10. Images are
representative of three independent replicates. Scale bar = 10 pm. (B) The increase of 5hmC in ESCs EBs in 2i
media occurred as early as passage 4 and reached a plateau at passage 10. Images are representative of three

independent replicates. Scale bar = 50 pm.
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Figure 4-4 5hmC nuclear staining intensity in ESCs cultured in DMEM and 2i media.
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The 5hmC nuclear staining intensity in ESCs cultured in DMEM and 2i media: (A) plated cells and (B) EBs.

Staining intensity was measured in arbitrary units; mean £ SEM of three independent replicates are shown. At

least 50 nuclei were analysed per treatment per replicate in plated cells and 100 nuclei were analysed per treatment

per replicate in EBs. Statistically significant differences are indicated by asterisks: p<0.001 = ***,
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4.3.2. Culture in 2i media increases the alkaline phosphatase expression in ESCs

To investigate whether the loss of 5meC and the increase in 5hmC coincided with an increase
in pluripotency status of the ESCs cultured in 2i media, an alkaline phosphatase assay was
performed in parallel with the measurement of global 5meC and 5hmC. Plated and EB ESCs
were assayed for alkaline phosphatase every 2 passages from passage 4 to passage 14. Alkaline
phosphatase assays showed an increase in activity for plated and EB ESCs cultured in 2i media
from passage 6 (Figure 4-5 and Figure 4-6). The higher levels of alkaline phosphatase activity

in 2i media were stable throughout the passages.
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Figure 4-5 Alkaline phosphatase activity in ESCs cultured in DMEM and 2i media.

ESCs were grown in either DMEM or 2i media and were cultured in the form of either plated cells or EBs. They
were assayed for alkaline phosphatase activity every 2 passages from passage 4 to passage 14. The bright-field
images show a stable increase in alkaline phosphatase activity in 2i media. Images are representative of three

independent replicates. Scale bar = 100 pum.
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Figure 4-6 Alkaline phosphatase staining intensity in ESCs cultured in DMEM and 2i media.

The alkaline phosphatase staining intensity in ESCs cultured in DMEM and 2i media: (A) plated cells and (B)
EBs. Staining intensity was measured in arbitrary units; mean = SEM of three independent replicates are shown.
At least 20 plated clumps and 5 EBs were analysed per treatment per replicate. Statistically significant differences

are indicated by asterisks: p<0.001 = ***,
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4.3.3. Culture in 2i media reduces the heterogeneity of 5meC levels in ESCs

Scatter plots of the intensity measurements of 5meC and 5hmC staining was performed to
assess the level of heterogeneity of staining between ESCs cultured in DMEM and 2i media.
ESCs cultured in DMEM showed a high level of heterogeneity of DNA methylation between
cells (Figure 4-7 and Figure 4-9). The plated cell culture in DMEM showed that the cells
surrounded by other cells were generally more hypomethylated than the peripheral cells.
Culture in 2i media reduced the heterogeneity of 5meC between cells observed from passage

10 (p<0.001).

High magnification images of ESC nuclei in plated cells and EBs were taken with the confocal
microscope to assess the effects of culture media formulation on the intranuclear localisation
of 5meC and 5hmC staining. 5meC staining in 2i media tended to have a greater level of focal
staining pattern while those cells in DMEM had a more generalised pattern of staining
throughout the nucleoplasm (Figure 4-9 and Figure 4-10). The 5meC focal pattern in 2i plated
cell culture was less observable at passage 4, and a high heterogeneity in the 5meC staining
intensity measurement was detected. The focal pattern methylation became noticeable and
stable after 10 passages, lowering the 5meC intensity heterogeneity. Embryoid body formation
reduced the level of methylation and heterogeneity between cells in DMEM and 2i media
(p<0.001) (Figure 4-7 and Figure 4-10). The 5meC focal pattern in the embryoid bodies
cultured in 2i media occurred as early as passage 4 and remained stable throughout the
passages. The 5ShmC expression patterns in both ESCs cultured in DMEM and ESCs cultured
in 2i media were heterogeneous (Figure 4-8). The increase in 5ShmC levels in ESCs cultured in
2i media was associated with an increase in 5hmC heterogeneity. The expression of 5ShmC

under both conditions in plated cells occurred within the outer layer of cells, similar to the
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5meC localisation in ESCs cultured in DMEM (Figure 4-9). The 5hmC localisation in

embryoid bodies was generalised in the entire nucleus in both culture conditions (Figure 4-11).

The number of DAPI foci in plated and EB ESCs cultured in DMEM and 2i media were
counted to observe the effect of culture conditions on the chromatin structure of ESCs. The
counting of DAPI foci per nucleus in ESCs showed there was no significant difference in the
average number of DAPI foci (Figure 4-12). However, changing culture conditions that favour
the formation of EBs reduced the number of DAPI foci in both DMEM and 2i media. To further
investigate the connection between the chromatin structure and the localisation of 5meC, the
average proportion of DAPI foci co-stained with anti-5meC per nuclei of ESCs was counted.
The counting showed that culture in 2i media increased the number of DAPI foci co-stained
with anti-5meC (Figure 4-13). There was no significant difference of co-stained foci between

plated cells and EBs.
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Figure 4-7 Scatter plots of 5meC nuclear staining intensity in ESCs cultured in DMEM and 2i media.

The 5meC nuclear staining intensity in ESCs cultured in DMEM and 2i media: (A) plated cells and (B) EBs.
Staining intensity was measured in arbitrary units for three independent replicates. At least 50 nuclei were
analysed per treatment per replicate in plated cells and 100 nuclei were analysed per treatment per replicate in

EBs.
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Figure 4-8 Scatter plots of 5ShmC nuclear staining intensity in ESCs cultured in DMEM and 2i media.
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The 5hmC nuclear staining intensity in ESCs cultured in DMEM and 2i media: (A) plated cells and (B) EBs.

Staining intensity was measured in arbitrary units for three independent replicates. At least 50 nuclei were

analysed per treatment per replicate in plated cells and 100 nuclei were analysed per treatment per replicate in

EBs.
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Figure 4-9 Immunolocalisation of 5meC and 5ShmC in plated ESCs cultured in DMEM and 2i media.

Plated ESCs grown in either DMEM or 2i media were co-stained with anti-5meC and anti-5hmC and
counterstained with DAPI. High resolution images were taken using the confocal microscope at passages 4, 10,
and 14. Confocal microscopy showed generalised 5meC staining across the nucleoplasm in the ESCs cultured in
DMEM as indicated with yellow arrow. The 5meC staining in the ESCs cultured in 2i media tended to occur
within the heterochromatic foci starting from passage 10 as indicated with green arrow. The 5hmC localisation

was similar in all culture conditions. Images are representative of three independent replicates. Scale bar = 10 pum.
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Figure 4-10 Immunolocalisation of 5meC in EB ESCs cultured in DMEM and 2i media.

ESCs were grown in either DMEM or 2i media and were formed into EBs. The EBs were processed into EB
sections and were stained with anti-5meC and counterstained with DAPI. High resolution images were taken using
the confocal microscope at passages 4, 10, and 14. Confocal microscopy showed generalised 5meC staining across
the nucleoplasm in the ESCs cultured in DMEM. The 5meC staining in the ESCs cultured in 2i media tended to
occur within the heterochromatic foci starting from passage 4. Images are representative of three independent

replicates. Scale bar = 10 um.
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Figure 4-11 Immunolocalisation of 5hmC in EB ESCs cultured in DMEM and 2i media.

ESCs were grown in either DMEM or 2i media and were formed into EBs. The EBs were processed into EB
sections and were stained with anti-5hmC and counterstained with DAPI. High resolution images were taken
using the confocal microscope at passages 4, 10, and 14. Confocal microscopy showed generalised 5ShmC staining
across the nucleoplasm in all culture conditions. Images are representative of three independent replicates. Scale

bar = 10 pm.
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Figure 4-12 Average number of DAPI foci per nucleus of ESCs.

The average number of DAPI foci per nucleus of plated ESCs and EB ESCs cultured in DMEM and 2i media.
Number of DAPI foci are shown as mean = SEM of three independent replicates. At least 20 nuclei were analysed
per treatment per replicate. Statistically significant differences are indicated by asterisks: p<0.001 = ***, DAPI

foci are indicated with yellow arrow. Scale bar = 10 pm.
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Figure 4-13 Proportion of DAPI foci co-stained with anti-5meC per nucleus of ESCs.
The average proportion of DAPI foci co-stained with anti-5meC per nucleus of plated ESCs and EB ESCs cultured
in DMEM and 2i media. Data is shown as % mean + SEM of three independent replicates. At least 20 nuclei were

analysed per treatment per replicate. Statistically significant differences are indicated by asterisks: p<0.001 = ***,
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DAPI foci that were 5meC negative or positive are indicated with yellow and green arrows, respectively. Scale

bar = 10 um.

4.3.4. Change of DNA methylation levels upon the removal of LIF

Removal of LIF was performed to assess the changes in 5meC and 5hmC levels in ESCs upon
the loss of pluripotency. The loss of pluripotency was induced by culturing the ESCs in DMEM
minus LIF. ESCs were cultured in DMEM and 2i media for over 10 passages before transferred
to DMEM minus LIF. The ESCs were cultured in normal plated cells or EBs. 5meC staining
showed increased levels of global 5meC in plated cells and EBs as early as 24 h after LIF
removal (Figure 4-14, Figure 4-15, and Figure 4-16). The 5meC levels at 48 h after LIF removal
were similar with the 5meC levels at 24 h. Staining intensity measurement on the 5meC levels

showed a smaller increase in 5meC in the ESC culture that favours EB formation.

5hmC staining showed reduced global levels of 5hmC in plated cells upon LIF removal,
compared to the ESC cultures with LIF, as early as 24 h after LIF removal (Figure 4-17). At
48 h after LIF removal, the 5hmC levels in plated ESCs previously cultured in 2i media were
reduced to the same levels as plated ESCs previously cultured in DMEM at 48 h after LIF
removal (Figure 4-19). The 5hmC levels in the EBs without LIF was similar to the 5ShmC levels
in the EBs cultured in DMEM, and those were less than the 5ShmC levels in the EBs cultured
in 2i (Figure 4-18 and Figure 4-19). The 5hmC levels in EB ESCs from both media at 48 h
after LIF removal showed small decreases compared to the 5hmC levels of EB ESCs at 24 h

after LIF removal.
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Figure 4-14 Increase in global 5meC levels in plated ESCs upon LIF removal.

ESCs were grown in either DMEM or 2i media for over 10 passages prior to transfer to DMEM minus LIF. Plated
cells were stained with anti-5meC and counterstained with DAPI. Plated ESCs in DMEM and 2i were used as
controls. Immunofluorescence microscopy showed an increase in 5meC in plated ESCs after being exposed to
DMEM minus LIF for 24 h and 48 h. Images are representative of three independent replicates. Scale bar = 10

pm.
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Figure 4-15 Increase in global 5meC levels in EB ESCs upon LIF removal.

um

ESCs were grown in either DMEM or 2i media for over 10 passages prior to transfer to DMEM minus LIF with
growth conditions that support the formation of EBs. EB sections were stained with anti-5meC and counterstained
with DAPI. EB ESCs in DMEM and 2i were used as controls. Immunofluorescence microscopy showed an
increase in 5meC in EB ESCs after being exposed to DMEM minus LIF for 24 h and 48 h. Images are

representative of three independent replicates. Scale bar =50 um.
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Figure 4-16 5meC nuclear staining intensity in ESCs upon LIF removal.

The 5meC nuclear staining intensity was measured in ESCs previously cultured in DMEM and 2i for over 10
passages prior to exposure to DMEM minus LIF for 24 h and 48 h: (A) plated cells and (B) EBs. Plated and EB
ESCs in DMEM and 2i were used as controls. Staining intensity was measured in arbitrary units and is shown as
mean + SEM of three independent replicates. At least 50 nuclei were analysed per treatment per replicate in plated
cells and 100 nuclei were analysed per treatment per replicate in EBs. Statistically significant differences are

indicated by asterisks: p<0.001 = ***,
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Figure 4-17 Loss of global 5hmC levels in EB ESCs upon LIF removal.

ESCs were grown in either DMEM or 2i media for over 10 passages prior to transfer to DMEM minus LIF. Plated
cells were stained with anti-5hmC and counterstained with DAPI. Plated ESCs in DMEM and 2i were used as
controls. Immunofluorescence microscopy showed a loss of 5hmC in plated ESCs after being exposed to DMEM

minus LIF for 24 h and 48 h. Images are representative of three independent replicates. Scale bar = 10 pum.
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Figure 4-18 Loss of global 5hmC levels in EB ESCs previously cultured in 2i media upon LIF removal.

ESCs were grown in either DMEM or 2i media for over 10 passages prior to transfer to DMEM minus LIF with
growth conditions that support the formation of EBs. EB sections were stained with anti-5hmC and counterstained
with DAPI. EB ESCs in DMEM and 2i were used as controls. Immunofluorescence microscopy showed a loss of
5hmC in EB ESCs previously cultured in 2i after being exposed to DMEM minus LIF for 24 h. The 5hmC levels
were reduced to a level similar to EBs in DMEM. The 5hmC levels in EB ESCs previously cultured in DMEM
remained unchanged upon 24 h exposure to DMEM minus LIF. The 5hmC levels in EB ESCs from both media

were reduced 48 h after LIF removal. Images are representative of three independent replicates. Scale bar = 50

pm.
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Figure 4-19 5hmC nuclear staining intensity in ESCs upon LIF removal.

The 5hmC nuclear staining intensity was measured in ESCs previously cultured in DMEM or 2i for over 10
passages prior to the exposure to DMEM minus LIF for 24 h and 48 h: (A) plated cells and (B) EBs. Plated and
EB ESCs in DMEM and 2i were used as controls. Staining intensity was measured in arbitrary units and is shown
as mean + SEM of three independent replicates. At least 50 nuclei were analysed per treatment per replicate in
plated cells and 100 nuclei were analysed per treatment per replicate in EBs. Statistically significant differences

are indicated by asterisks: p<0.001 = ***,
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4.3.5. Morphology and alkaline phosphatase activity in ESCs upon LIF removal

ESCs were assessed for changes in morphology and alkaline phosphatase activity upon LIF
removal. Phase contrast images of plated ESCs showed no observable sign of morphological
changes within 24 h of LIF removal (Figure 4-20). Plated ESCs maintained their small round
colonies with only a small portion of colonies that started to show a spreading morphology.
The signs of morphological changes appeared 48 h after LIF removal, when the cells from both
media showed a flattened and outgrowth pattern. The EBs without LIF previously cultured in
DMEM showed a similar shape and size to the EBs in DMEM. The EBs without LIF previously
cultured in 2i showed a similar morphology to the EBs cultured in DMEM. Generally there
was only one EB per drop, and the size was larger compared to the EBs in 2i media. EBs from

both media were larger at 48 h after LIF removal.

Alkaline phosphatase assays on the ESCs showed similar activity in the plated and EB ESCs
within 24 h of LIF removal compared to their respective controls containing LIF (Figure 4-21
and Figure 4-22). The level of alkaline phosphatase activity was higher in 2i media compared
to DMEM, both in the ESCs with LIF and without LIF. The alkaline phosphatase activities

were reduced 48 h after LIF removal.
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Figure 4-20 Morphology of ESCs upon LIF removal.

Plated and EB ESCs previously cultured in 2i or DMEM for over 10 passages were transferred to DMEM minus
LIF for 24 h or 48 h. Plated and EBs ESCs cultured in DMEM and 2i were used as controls. Phase-contrast images
taken using a conventional microscope showed no observable growth change in the plated cells within 24 h of
LIF removal. Morphological changes in plated cells were observed at 48 h after LIF removal. The EBs without
LIF previously cultured in 2i showed similar growth to the EBs cultured in DMEM. EBs from both media were

larger 48 h after LIF removal. Images are representative of three independent replicates. Scale bar = 50 pm.
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Figure 4-21 Alkaline phosphatase activity in ESCs upon LIF removal.

ESCs were previously cultured in 2i and DMEM for over 10 passages prior to exposure to DMEM minus LIF and
were cultured in the form of either plated cells or EBs. They were assayed for alkaline phosphatase activity 24 h
or 48 h after LIF removal. Plated and EBs ESCs cultured in DMEM and 2i were used as controls. The bright-field
images 24 h after LIF removal showed similar alkaline phosphatase activities between the cells with LIF and
without LIF, with higher activities in 2i media. The differences were more profound in EBs compared to plated
cells. The alkaline phosphatase activities were reduced 48 h after LIF removal. Images are representative of three

independent replicates. Scale bar = 100 um.
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Figure 4-22 Alkaline phosphatase staining intensity in ESCs upon LIF removal.

The alkaline phosphatase staining intensity was measured in ESCs previously cultured in DMEM or 2i for over
10 passages prior to the exposure to DMEM minus LIF for 24 h and 48 h: (A) plated cells and (B) EBs. Plated
and EB ESCs in DMEM and 2i were used as controls. Staining intensity was measured in arbitrary units and is
shown as mean + SEM of three independent replicates. At least 30 plated clumps and 5 EBs were analysed per

treatment per replicate. Statistically significant differences are indicated by asterisks: p<0.001 = ***,
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4.3.6. The increase in heterogeneity of 5meC levels in ESCs upon LIF removal

Scatter plots of the intensity measurements 5meC and 5hmC in ESCs (Figure 4-23 and Figure
4-24 showed that the removal of LIF for 24 h increased the heterogeneity of 5meC levels in
plated ESCs, and the effect was more profound in ESCs previously cultured in DMEM
(p<0.001). LIF removal in EB formation had less effect on the heterogeneity of 5meC levels in
ESC, and the effect was even less in EB ESCs previously cultured in 2i media. LIF removal
had little effect on the heterogeneity of 5hmC in either plated or EB ESCs, especially in ESCs
previously cultured in DMEM. ESCs previously cultured in 2i had reduced 5hmC levels and

this was associated with reduced 5hmC heterogeneity (p<0.001).

Immunolocalisation was performed to investigate the change in 5meC and 5hmC localisation
in ESCs 24 h after LIF removal. ESCs were cultured in either DMEM or 2i for over 10 passages
and transferred to DMEM minus LIF in culture media that supports the formation of plated
cells or EBs. After 24 h exposure to DMEM minus LIF, the cells were stained for 5meC and
5hmC and images were taken with the confocal microscope. Confocal microscopy of plated
ESCs showed that more 5meC was localised in the nuclei located in the middle of cell clumps
on ESCs previously cultured in DMEM (Figure 4-25). 5meC in plated ESCs previously
cultured in 2i media changed from being localised within foci to a generalised localisation
across the nucleoplasm. There was no observable change in the localisation of 5hmC in all
conditions. Localisation of 5meC in EB ESCs showed that EBs in DMEM showed a similar
localisation pattern 24 h after LIF removal (Figure 4-26). A shift in 5meC localisation pattern
after 24 h LIF removal was shown in EBs previously cultured in 2i, from being localised within
foci to a generalised staining across the nucleoplasm. The 5hmC expression patterns were
similar between EBs after 24 h LIF removal and their controls in both DMEM and 2i (Figure

4-27).
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The number of DAPI-intense staining foci in the ESCs without LIF was counted to observe the
effect of LIF removal on the chromatin structure of ESCs. The results showed a similar pattern
to the control ESCs, in which changing culture conditions to those favour the formation of EBs
reduced the number of DAPI foci per nucleus of ESCs both in DMEM and 2i media (Figure
4-28). Statistical analysis showed that the ESCs without LIF had a reduced number DAPI foci
per nucleus compared to the control ESCs (p<0.001). To observe the correlation between the
DAPI foci and 5meC, the proportion of DAPI foci co-stained with anti-5meC was counted per
nucleus of ESCs. Results showed the ESCs without LIF had similar proportion of DAPI foci
co-stained with anti-5meC to the control ESCs (p > 0.05), in which the ESCs in 2i had a higher
proportion of DAPI foci co-stained with anti-5meC per nucleus compared to the ESCs in
DMEM (Figure 4-29). Similar to the control ESCs, changing to EB culture did not change the

proportion of DAPI foci co-stained with anti-5meC per nucleus of ESCs.
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Figure 4-23 Scatter plots of 5meC nuclear staining intensity in ESCs cultured in DMEM and 2i media upon
LIF removal.

The 5meC nuclear staining intensity was measured in ESCs previously cultured in DMEM or 2i for over 10
passages prior to exposure to DMEM minus LIF for 24 h and 48 h: (A) plated cells and (B) EBs. Plated and EB
ESCs in DMEM and 2i were used as controls. Staining intensity was measured in arbitrary units for three
independent replicates. At least 50 nuclei were analysed per treatment per replicate in plated cells and 100 nuclei

were analysed per treatment per replicate in EBs.
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Figure 4-24 Scatter plots of 5hmC nuclear staining intensity in ESCs cultured in DMEM and 2i media upon
LIF removal.

The 5hmC nuclear staining intensity was measured in ESCs previously cultured in DMEM or 2i for over 10
passages prior to exposure to DMEM minus LIF for 24 h and 48 h: (A) plated cells and (B) EBs. Plated and EB
ESCs in DMEM and 2i were used as controls. Staining intensity was measured in arbitrary units for three
independent replicates. At least 50 nuclei were analysed per treatment per replicate in plated cells and 100 nuclei

were analysed per treatment per replicate in EBs.
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Figure 4-25 Immunolocalisation of 5meC and 5hmC expression in plated ESCs upon LIF removal.

Plated ESCs were grown in either DMEM or 2i media for over 10 passages prior to exposure to DMEM minus
LIF. After 24 h in DMEM minus LIF, they were co-stained with anti-5meC and anti-5hmC and counterstained
with DAPI. Plated ESCs cultured in DMEM and 2i media were used as controls. High resolution images were
taken using a confocal microscope. Confocal microscopy on ESCs without LIF in DMEM showed more 5meC
localised in the nuclei located in the middle of the clumps. Differentiated ESCs in 2i media showed a shift in
localisation of 5meC, from a predominant association with heterochromatic foci to a generalised staining across
the nucleoplasm. The 5ShmC localisation was similar in all culture conditions. Images are representative of three

independent replicates. Scale bar = 10 pum.
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Figure 4-26 Immunolocalisation of 5meC expression in EB ESCs upon LIF removal.

ESCs were grown in either DMEM or 2i media for over 10 passages prior to exposure to DMEM minus LIF with
growth conditions that support the formation of EBs. After 24 h in DMEM minus LIF, they were processed into
EB sections and stained with anti-5meC and counterstained with DAPI. EB ESCs cultured in DMEM and 2i media
were used as controls. High resolution images were taken using a confocal microscope. Confocal microscopy
showed similar 5meC localisation in ESCs cultured in DMEM before and after LIF removal. Differentiated EB
ESCs in 2i media showed a shift in localisation of 5meC, from a predominant association with heterochromatic
foci to a generalised staining across the nucleoplasm. Images are representative of three independent replicates.

Scale bar = 10 pm.

124



Figure 4-27 Immunolocalisation of 5ShmC expression in EB ESCs upon LIF removal.

ESCs were grown in either DMEM or 2i media for over 10 passages prior to exposure to DMEM minus LIF with
growth conditions that support the formation of EBs. After 24 h in DMEM minus LIF, they were processed into
EB sections and stained with anti-5hmC and counterstained with DAPI. EB ESCs cultured in DMEM and 2i media
were used as controls. High resolution images were taken using a confocal microscope. Confocal microscopy
showed similar 5hmC localisation in ESCs in all conditions. Images are representative of three independent

replicates. Scale bar = 10 pum.
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Figure 4-28 Average number of DAPI foci per nucleus of ESCs upon LIF removal.

The average number of DAPI foci per nucleus of plated ESCs and EB ESCs previously cultured in DMEM or 2i
media for over 10 passages prior to exposure to DMEM minus LIF for 24 h. Number of DAPI foci are shown as
mean = SEM of three independent replicates. At least 20 nuclei were analysed per treatment per replicate.

Statistically significant differences are indicated by asterisks: p<0.001 = ***,
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Figure 4-29 Proportion of DAPI foci co-stained with anti-5meC per nucleus of ESCs upon LIF removal.

The average proportion of DAPI foci co-stained with anti-5meC per nucleus of plated ESCs and EB ESCs
previously cultured in DMEM and 2i media prior to exposure to DMEM minus LIF for 24 h. Proportion of co-
stained foci are shown as % mean + SEM of three independent replicates. At least 20 nuclei were analysed per

treatment per replicate. Statistically significant differences are indicated by asterisks: p<0.001 = ***,
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4.4. DISCUSSION

This chapter showed the first analysis of 5meC and 5hmC levels using antigen retrieval
methods that incorporate both acid-induced denaturation of chromatin and trypsin digestion.
These methods were used to investigate the effect of several conditions on the levels and
localisation of 5meC and 5hmC in ESCs, as well as on the pluripotency status of the cells. The
antigen retrieval processes that were incorporated into this study confirmed that the loss of
methylation in ESCs cultured in 2i media in (Leitch et al., 2013) was not due to an increase in

antigen masking.

The 5meC levels in ESCs were dynamic and associated with the pluripotency of the cells.
Alkaline phosphatase is a known marker for pluripotent ESCs (Pease et al., 1990), and the
increase in alkaline phosphatase activity in ESCs cultured in 2i media accompanied by reduced
5meC levels in ESCs indicating an association between methylation levels and pluripotency of
ESCs. Removing support for the pluripotency of ESCs by removing LIF from the media
increased the 5meC levels in ESCs, further confirming the association of methylation levels
with pluripotency. However, the increase in methylation levels occurred prior to the change in
morphology or the reduction in alkaline phosphatase activity, indicating that changes in global
methylation is a very early changing in the cells ontological state. The observed low alkaline
phosphatase activities at passage 4 for both plated cells and EBs cultured in both media were
possibly due to the cells still adapting to the culture conditions. These changes in alkaline
phosphatase activities were not correlated with the cell numbers nor the methylation status of

the cells. Different cell strains might produce different results.

An increase in 5ShmC accompanied the loss of 5meC in 2i media culture, and a loss of 5hmC
accompanied the increase in 5meC in LIF removal. The negative correlation between 5meC

and 5hmC may be consistent with conversion between these two forms of DNA modification
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as to the pluripotency of ESCs changes. 5hmC has been known to be enriched in embryonic
contexts and correlates with the pluripotent state of cells (Ruzov et al., 2011). It is expected
that 5hmC levels associate with the pluripotency of ESCs, and negatively correlate with the

5meC levels of ESCs.

5meC and 5hmC staining localisation in plated ESCs were found to be heterogeneous due to
interactions with neighbouring cells. A general pattern of increased cell interactions with lower
levels of methylation appear in both media, and this may account for the lower levels and
reduced heterogeneity in EBs. The 5hmC localisation in plated ESCs followed a similar pattern
to 5meC localisation in plated ESCs. One study claimed that ESCs display heterogeneity at the
molecular level due to a combination of intrinsic noise, coherent cellular states, and epigenetic
regulation (Singer et al., 2014). Along with the heterogeneity at the molecular level, embryonic
stem cells also display a dynamic DNA methylation pattern during culture (Tsai et al., 2012).
Studies have found that the heterogeneous cell subpopulations can be determined by the
5meC/5hmC state of the subpopulations (Tajbakhsh et al., 2015, Shao et al., 2014). Taken
together, the heterogeneity of DNA methylation in plated ESCs is correlated with the
heterogeneity of the cell populations at the molecular level. It was further explained that DNA
methylation determines the stochastic switching between cell states, and thus contributes to the

heterogeneity of ESCs (Singer et al., 2014).

The reduced levels of staining in 2i media was associated with increased pattern of localised
staining in a number of discrete foci. These generally corresponded with DAPI intense foci.
Such DAPI foci are normally associated with the heterochromatin in the nucleus (Celik et al.,
2014) and the results may indicate an increased level recruitment of the 5meC marked genomic
fraction to heterochromatin in conditions that showed reduced 5meC. The increased proportion

of the DAPI foci that were co-stained with anti-5meC in ESCs cultured in 2i media suggested

128



that 2i media changes the localisation of 5meC to being predominantly associated with the
heterochromatic foci. The same number of DAPI foci per nucleus in DMEM and 2i suggested
that culture in 2i media does not change the chromatin structure of the cells, but changes the
levels of 5meC modification within the chromatin of ESCs. The lower number of DAPI foci
co-stained with anti-5meC in DMEM may be caused by the lower 5meC localisation in the
chromatin of ESCs cultured in DMEM, or by the higher 5SmeC levels across the nucleoplasm

which reduces the visibility of 5meC in the chromatin of ESCs.

It was found that 2i reduces the heterogeneity of ESCs at the molecular level through the
inhibition of MEK and GSK3p (Marks et al., 2012, Wray et al., 2010). Further, 2i media was
found to reduce the gene variability in ESCs either by eliminating the bimodality of cell states
or increasing the expression of the genes, and a relatively hypomethylated DNA is needed to
maintain this state (Singer et al., 2014, Marks et al., 2012, Leitch et al., 2013, Habibi et al.,
2013, Ficz et al., 2013). Taken together, 2i media reduces the methylation levels and

heterogeneity in ESCs leading to less heterogeneity of ESCs at the molecular level.

The progressive shifts of 5meC pattern in ESCs previously cultured in 2i media, from the focal
pattern to the diffused staining across nucleoplasm within 24 h of LIF removal, suggested that
the 5meC staining within the euchromatin is associated with the loss of pluripotency in ESCs.
The 5meC localisation pattern in 2i media is closer to the 5meC localisation in the inner cell
mass (ICM) of embryos, which is located in a few heterochromatic foci (Li and O'Neill, 2013b).
This might also explain the reduced 5meC heterogeneity found in EB ESCs, and that the 5meC
in EBs were less heterogeneous upon LIF removal. During the morulae stage of embryo
development, where the cells are exposed to different positional information for the first time,
it was found that the cells exposed to the outside environment are generally more methylated

than the cells located inside (Li and O'Neill, 2013b). Changing the culture to EB formation also
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provides similar positional information, where some cells are exposed to the environment while
some cells are surrounded by other cells. Taken together, positional information is possibly one

of the determinants of the methylation state of the cells.

Heterochromatic foci formation in 2i media is possibly caused by the interactions between the
maintenance methylation enzyme DNMTL1 with histone deacethylase (HDAC) protein
complexes. The deacetylation of DNA by HDAC1 creates a higher structure chromatin,
preventing the recruitment of transcription factors to the DNA (Pollard et al., 1999). DNMT1
also interacts with HDAC2 in the late S-phase to form a transcriptionally repressive
heterochromatin after DNA synthesis (Grunstein, 1998). The complex formed between
DNMT1, HDAC2, DMAPL, and TSG101 is also known to possess tumour suppressor activity
(Watanabe et al., 1998). Taken together, the interactions between DNMT1, HDAC1, HDAC?2,
and other associated proteins form a stable repression mechanism in the heterochromatin which
prevents the formation of tumours in the cells. Therefore, the observed 5meC pattern that is
associated with the heterochromatic foci in 2i media suggests mechanisms by which ESCs
maintain stable gene expression to prevent tumour formation while keeping the pluripotency

genes active.

LIF removal reduced the number of DAPI foci per nucleus of ESCs without changing the
proportion of the DAPI foci co-stained with anti-5meC. This means that LIF removal induces
the changes in the chromatin structures of ESCs, which may explain the gradual changes in
5meC localisation in ESCs cultured in 2i media upon LIF removal. As discussed earlier, the
function of the formation of higher chromatin structures in ESCs is to create a stable
suppression mechanism that prevents tumour formation. The reduced number of this chromatin
structure in differentiated cells might indicate that this repression mechanism is no longer

needed as the cells start to undergo LIF removal and become more genetically stable.
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Therefore, the fact that the 5meC localisation to the heterochromatic foci is less observable in
ESCs cultured in DMEM might also indicate that the cells are already losing pluripotency, and

thus do not require the tumour suppressor activity that the ESCs in 2i media possess.

Using the newly validated antigen retrieval methods, the experiments showed that 5meC and
5hmC levels in ESCs are dynamic and highly responsive to the culture conditions and
positional information received by the cells. This chapter also shows that the loss of 5meC in
2i media was accompanied by increased association of the 5meC to the presumptive
heterochromatic fraction of chromatin. The unexpectedly rapid change in 5meC and 5hmC
upon the removal of LIF indicate that these changes are very early responses to changes in the
cells pluripotency state. These results lead to questions regarding the expression of several
proteins that play important roles in maintaining CpG methylation and hydroxymethylation in

ESCs.
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S. CHAPTER 5: ANALYSIS OF METHYLATION AND
PLURIPOTENCY PROTEIN EXPRESSION IN ESCs

5.1. INTRODUCTION

The previous chapter showed that the changes in DNA methylation upon LIF removal occurred
prior to observable morphological signs of loss of pluripotency or a change in alkaline
phosphatase activity. This suggests that the changes in the methylation state of ESCs are a very
early change preceding the loss of pluripotency in ESC. There are several methylation enzymes
involved in establishing and maintaining the global DNA methylation pattern in the
mammalian genome. These enzymes arer members of the DNA methyltransferase (DNMT)
family, which consists of three active members with a conserved catalytic domain: DNMT1,
DNMT3A, and DNMT3B (Auclair and Weber, 2012). Besides the methylation enzymes, there
is a demethylation enzyme class of which TETL1 is the most prominent, which is involved in
the function of 5hmC and its derivates, which may form intermediates in a demethylation
pathway (Auclair and Weber, 2012, Ito et al., 2010). 2i media is reported to cause changes of
expression of DNA methylation related proteins, including the reduction of DNMT3A and

DNMT3B, while the maintenance DNMT1 remains unchanged (Leitch et al., 2013).

In this chapter, the methylation enzymes of ESCs were assessed in several culture conditions
that affect the global methylation of ESCs. This included the global hypomethylation of ESCs
induced by culture in 2i media and the removal of LIF for 24 h. Proteins assessed included
DNMT1, DNMT3A, DNMT3B, and TET1, as the enzymes that are involved in the methylation
and demethylation of the mammalian genome. The expression of OCT4 in ESCs was measured
to assess the pluripotency of ESCs in all culture conditions, as OCT4 is one of the major
regulators of ESC pluripotency (Nichols et al., 1998). EB ESCs were the focus of these

assessments due to their lower and less heterogeneous global 5meC levels. The effects of the
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removal of LIF were assessed at 24 h after LIF removal, as the changes in DNA methylation
occurred within this time frame. The results will confirm the connection between the DNA

methylation of ESCs and the regulators of ESC pluripotency.
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5.2. MATERIAL AND METHODS

5.2.1. Cell Culture

D3-ESCs were cultured in DMEM (DMEM, serum plus LIF) and 2i media in the Human
Reproduction Unit. See Section 2.1.2 for DMEM and H2i media details. Cells were cultured at
37 °C with 5% CO- and 5% O in air. After 10 passages, cells were prepared as embryoid
bodies in both media. See Section 2.1.6 for details of embryoid body culture preparation. Cells

were cultured for 24h prior to the fixation.

5.2.2. Removal of LIF

D3-ESCs were cultured for 10 passages in the presence of LIF prior to the transfer to DMEM
minus LIF. Cells were cultured as embryoid bodies in DMEM minus LIF at 37 °C with 5%
CO2 and 5% O in air. Cells were fixed at 24 h upon culture in DMEM minus LIF, and assessed
for OCT4, TET1, DNMT1, DNMT3A, and DNMT3B. ESCs in DMEM and 2i media were

used as controls.

5.2.3. Antibodies

Primary antibodies used were: (i) rabbit anti-OCT4 (1:200) (Abcam, Cat. No. ab19857); (ii)
rabbit anti-TET1 (1:100) (Millipore, Cat. No. 09-872); (iii) rabbit anti-DNMT1 (1:100)
(Abcam, Cat. No. ab19905); (iv) mouse anti-DNMT3A (1:100) (Imgenex, Cat. No. IMG-
268A); and (v) mouse anti-DNMT3B (1:100) (Imgenex, Cat. No. IMG-184A). Non-immune
control antibodies were mouse 1gG (Sigma, M7894) and rabbit 1gG (Sigma, 15006). The
secondary antibodies used to detect the binding of the primary antibodies were: (i) sheep anti-
mouse 1gG conjugated with Fluorescein Isothiocyanate (FITC) (Sigma, Cat. No. F6257); and

(ii) goat anti-rabbit 1gG conjugated with FITC (Sigma, Cat. No. F1262).
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5.2.4. Antigenic Retrieval

For OCT4 staining EBs were treated with HCI for 10 min, followed by trypsin (0.4%) for 10—
15 s. For TET1 staining EBs were treated with HCI for 10 min. DNMT1, DNMT3A, and

DNMT3B staining were performed without acid denaturation and trypsin treatment.

5.2.5. Western blot analysis

Western blot analyses were performed by Xing Jin from the Human Reproduction Unit. The
D3-ESCs were harvested (2x10° cells/ml) and the proteins were extracted. The protein
concentration was measured by BioPhotometer (Eppendof) and was calculated with the “A280
and Warburg-Christian Methods”. 20 pg of protein was tested for each treatment. Proteins were
denatured for 5 min at 95 °C in a water bath. Proteins were separated on 12.5% BioRad Pre-
stack gel (15 wells) and transferred onto Trans-Blot Turbo PVDF (BioRad). Blocking was
performed in 2% skim milk in 0.1% DPBT for 1 h at RT. Cells were incubated with the primary
antibody overnight at 4 °C. Primary antibodies used were mouse anti-DNMT3B IgG (1:500)
(2ug/mL) (Imgenex, Cat. No. IMG-184A); mouse anti-DNMT3A 1gG (1:500) (Imgenex, Cat.
No. IMG-268A); rabbit anti-DNMT1 IgG (1:500) (Abcam, Cat. No. ab19905); and rabbit anti-
OCT4 1gG (1:500) (Abcam,Cat. No. ab19857). Detection of the housekeeping gene was
performed with rabbit anti B-tubulin HRP-conjugated IgG (Abcam, Cat. No. ab21058) for 1 h
at RT. Secondary antibodies were goat anti-mouse HRP conjugated IgG (1:5000) (Sigma, Cat.
No. A2304) and goat anti-rabbit IgG conjugated with HRP (1:5000) (Sigma, Cat. No. A0545).

Chemiluminescence was performed with the Laser4000 system.
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5.3. RESULTS

5.3.1. The effect of culture conditions on OCT4 expression in ESC cells

Validation of the pluripotency of ESCs was performed by immunostaining for OCT4, in
addition to the alkaline phosphatase assay. ESCs were cultured in DMEM and 2i for more than
10 passages before being transferred to DMEM minus LIF for 24 h. ESCs cultured in DMEM
and 2i were used as controls. ESCs in all culture conditions were stained for OCT4 to observe
any changes in the levels of OCT4 in accordance with the culture conditions. Co-staining of
OCT4 and 5meC from our lab showed that acid and trypsin treatment did not reduce the OCT4
signal in immunofluorescence (data not shown). Therefore, OCT4 staining in this study was
performed using acid and trypsin treatment for consistency of the protocols. Fluorescence
microscopy showed similar OCT4 staining intensity in all culture conditions (Figure 5-1). The
alkaline phosphatase assay showed higher alkaline phosphatase activity in EB ESCs cultured
in 2i media compared to EB ESCs in DMEM, and there was no reduction in alkaline
phosphatase activity within 24 h of LIF removal (Figure 5-2). The results were confirmed by
the staining intensity measurement of OCT4 in EB ESCs (Figure 5-3) and the western blot

analysis performed by Xing Jin from the Human Reproduction Unit (Figure 5-4).
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Figure 5-1 Immunostaining of OCT4 in EB ESCs.

ESCs were grown in either DMEM or 2i media for over 10 passages prior to transfer to DMEM minus LIF with
growth condition that support the formation of EBs. EB sections were stained with anti-OCT4 and counterstained
with DAPI. EB ESCs in DMEM and 2i were used as controls. Immunofluorescence microscopy showed similar
levels of OCT4 in EB ESCs in all culture conditions. Images are representative of three independent replicates.

Scale bar = 50 um.
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Figure 5-2 Alkaline phosphatase activity in ESCs upon LIF removal.

¢,

ESCs were previously cultured in 2i or DMEM for over 10 passages prior to exposure to DMEM minus LIF and
were cultured in the form of EBs. They were assayed for alkaline phosphatase activity 24 h after LIF removal.
EBs ESCs cultured in DMEM and 2i were used as controls. The bright-field images at 24 h after LIF removal
showed similar alkaline phosphatase activities between the cells with LIF and without LIF,with higher activities

in 2i media. Images are representative of three independent replicates. Scale bar = 100 pm.
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Figure 5-3 OCT4 nuclear staining intensity in ESCs.

OCT4 nuclear staining intensity was measured in ESC EBs previously cultured in DMEM or 2i for over 10
passages prior to exposure to DMEM minus LIF for 24 h. EB ESCs cultured in DMEM and 2i were used as
controls. Staining intensity was measured in arbitrary units and is shown as mean + SEM of three independent

replicates. At least 100 nuclei were analysed per treatment per replicate.
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Figure 5-4 The western blot analysis of OCT4 in ESCs.

ESCs were grown in either DMEM of 2i media for over 10 passages prior to transfer to DMEM minus LIF. Cell
proteins were collected and western blot analysis for DNMT1 was performed. ESCs in DMEM and 2i were used
as controls. Western blot analysis showed the expected 48 kDa band for OCT4. There were similar OCT4 levels
in all culture conditions. Images are representative of three independent replicates. Western blot analysis was

performed by Xing Jin from Human Reproduction Unit.
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5.3.2. The effect of culture conditions on DNMT expression

Immunostaining for DNMT1, DNMT3A, and DNMT3B were performed to investigate
whether changes in global 5meC levels in ESCs were accompanied by changes in the
expression level of the enzymes responsible for CpG methylation. Fluorescence microscopy of
DNMT1 showed similar expression of DNMTL1 in ESCs across all culture conditions (Figure
5-5), and this was confirmed by the DNMT1 staining intensity measurement (Figure 5-6).
Western blot analysis showed multiple bands for DNMT1 including the expected 183 kDa band

and the major 75kDa band; DNMT1 levels were similar in all culture conditions (Figure 5-7).

The DNMT3A immunostaining microscopy and intensity measurement showed it was lower
in ESCs cultured in 2i media compared to those in DMEM (Figure 5-8 and Figure 5-9). LIF
removal increased DNMT3A expression in ESCs, and the level was higher in ESCs previously
cultured in DMEM. Western blot analysis showed a 75kDa band instead of the expected
120kDa band for DNMT3A (Figure 5-10). Moreover, this band was not observed in 2i media.
The western blot results indicate that LIF removal increased DNMT3A expression, but the

levels were similar between ESCs previously cultured in DMEM and 2i.

DNMT3B was lower in ESCs cultured in 2i media compared to those in DMEM (Figure 5-11
and Figure 5-12). LIF removal increased DNMT3B levels in ESCs previously cultured in either
media. Western blot analysis showed the expected 116kDa band for DNMT3B (Figure 5-13).
However, the DNMT3B band was not observed in 2i media. LIF removal increased the
DNMT3B expression more than it increased DNMT3A, but the levels were similar between

ESCs previously cultured in DMEM and 2i.
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Figure 5-5 Immunostaining of DNMTL1 in EB ESCs.

ESCs were grown in either DMEM or 2i media for over 10 passages prior to transfer to DMEM minus LIF with
growth conditions that support the formation of EBs. EB sections were stained with anti-DNMT1 and
counterstained with DAPI. EB ESCs in DMEM and 2i were used as controls. Immunofluorescence microscopy
showed similar levels of DNMTL1 in EB ESCs in all culture conditions. Images are representative of three

independent replicates. Scale bar =50 um.
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Figure 5-6 DNMT1 nuclear staining intensity in ESCs.

The DNMT1 nuclear staining intensity was measured in the ESC EBs previously cultured in DMEM or 2i for
over 10 passages prior to exposure to DMEM minus LIF for 24 h. EB ESCs cultured in DMEM and 2i were used
as controls. Staining intensity was measured in arbitrary units and is shown as mean + SEM of three independent

replicates. At least 100 nuclei were analysed per treatment per replicate.
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Figure 5-7 Western blot analysis of DNMT1 in ESCs.

ESCs were grown in either DMEM or 2i media for over 10 passages prior to transfer to DMEM minus LIF. Cell
proteins were collected and western blot analysis for DNMT1 was performed. ESCs in DMEM and 2i were used
as controls. Western blot analysis showed multiple bands for DNMT1 including the expected 183 kDa band and
the major 75k Da band. There were similar DNMT1 levels in all culture conditions. Images are representative of
three independent replicates. Western blot analysis was performed by Xing Jin from the Human Reproduction

Unit.
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Figure 5-8 Immunostaining of DNMT3A in EB ESCs.

ESCs were grown in either DMEM or 2i media for over 10 passages prior to transfer to DMEM minus LIF with
growth conditions that support the formation of EBs. EB sections were stained with anti-DNMT3A and
counterstained with DAPI. EB ESCs in DMEM and 2i were used as controls. Immunofluorescence microscopy
showed a low DNMT3A expression in EB ESCs cultured in 2i media. Induced differentiation increased the
DNMT3A expression in ESCs in both media. Images are representative of three independent replicates. Scale bar

=50 pm.
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Figure 5-9 DNMT3A nuclear staining intensity in ESCs.

DNMT3A nuclear staining intensity was measured in ESC EBs previously cultured in DMEM or 2i for over 10
passages prior to exposure to DMEM minus LIF for 24 h. EB ESCs cultured in DMEM and 2i were used as
controls. Staining intensity was measured in arbitrary units and is shown as mean + SEM of three independent
replicates. At least 100 nuclei were analysed per treatment per replicate. Statistically significant differences are

indicated by asterisks: p<0.001 = ***,
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Figure 5-10 Western blot analysis of DNMT3A in ESCs.

ESCs were grown in either DMEM or 2i media for over 10 passages prior to transfer to DMEM minus LIF. Cell
proteins were collected and western blot analysis for DNMT3A was performed. ESCs in DMEM and 2i were used
as controls. Western blot analysis showed a 75 kDa band instead the expected 120 kDa band for DNMT3A.
Culture in 2i media inhibited DNMT3A expression, and LIF removal increased DNMT3A expression. Images are
representative of three independent replicates. Western blot analysis was performed by Xing Jin from the Human

Reproduction Unit.
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Figure 5-11 Immunostaining of DNMT3B in EB ESCs.
ESCs were grown in either DMEM or 2i media for over 10 passages prior to transfer to DMEM minus LIF with
growth conditions that support the formation of EBs. EB sections were stained with anti-DNMT3B and
counterstained with DAPI. EB ESCs in DMEM and 2i were used as controls. Immunofluorescence microscopy
showed a low DNMT3B expression in EB ESCs cultured in 2i media. Induced differentiation increased the
DNMT3B expression in ESCs in both media. Images are representative of three independent replicates. Scale bar

=50 pm.
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Figure 5-12 DNMT3B nuclear staining intensity in ESCs.

DNMT3B staining nuclear intensity was measured in ESC EBs previously cultured in DMEM or 2i for over 10
passages prior to exposure to DMEM minus LIF for 24 h. EB ESCs cultured in DMEM and 2i were used as
controls. Staining intensity was measured in arbitrary units and is shown as mean + SEM of three independent
replicates. At least 100 nuclei were analysed per treatment per replicate. Statistically significant differences are

indicated by asterisks: p<0.001 = ***,
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Figure 5-13 Western blot analysis of DNMT3B in ESCs.

ESCs were grown in either DMEM or 2i media for over 10 passages prior to transfer to DMEM minus LIF. Cell
proteins were collected and western blot analysis for DNMT3B was performed. ESCs in DMEM and 2i were used
as controls. Western blot analysis showed the expected 116 kDa band for DNMT3B. Culture in 2i media inhibited
DNMT3B expression, and LIF removal increased DNMT3B expression. Images are representative of three

independent replicates. Western blot analysis was performed by Xing Jin from the Human Reproduction Unit.

5.3.3. The effect of culture conditions on TET1 expression in ESCs
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Immunostaining for TET1 in EB ESCs was performed to investigate whether changes in global
5hmC levels in ESCs were accompanied by changes in the expression level of the the putative
demethylation enzyme TETL. First, the immunostaining protocol was validated. Fluorescence
microscopy showed increased localisation of anti-TET1 to the nuclei in the acid-treated EB
ESCs compared to the untreated group (Figure 5-14). Therefore, epitope-retrieval by acid
treatment was used to compare TET1 expression in ESCs. Similar levels of staining for TET1
were observed in all culture conditions (Figure 5-15). The intensity measurement confirmed
there were no significant differences in the TET1 staining intensity between all culture

conditions (Figure 5-16).
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Figure 5-14 Validation of the immunostaining protocol for TET1.

EB ESCs were fixed and permeabilised. They were then either untreated or treated with 4N HCI (acid). The cells
were stained with anti-TET1 and counterstained with DAPI. Immunofluorescence microscopy showed that acid
treatment increased the localisation of anti-TET1 to the nuclei compared to the untreated group. Images are

representative of three independent replicates. Scale bar = 50 pum.
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Figure 5-15 Immunostaining of TET1 in EB ESCs.

ESCs were grown in either DMEM or 2i media for over 10 passages prior to transfer to DMEM minus LIF with
growth conditions that support the formation of EBs. EB sections were stained with anti-TET1 and counterstained
with DAPI. EB ESCs in DMEM and 2i were used as controls. Immunofluorescence microscopy showed similar

TET1 expression in all culture conditions. Images are representative of three independent replicates. Scale bar =

50 pm.
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Figure 5-16 TET1 nuclear staining intensity in ESCs.

TET1 nuclear staining intensity was measured in ESC EBs previously cultured in DMEM or 2i for over 10
passages prior to exposure to DMEM minus LIF for 24 h. EB ESCs cultured in DMEM and 2i were used as
controls. Staining intensity was measured in arbitrary units and is shown as mean = SEM of three independent

replicates. At least 100 nuclei were analysed per treatment per replicate.
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5.4. DISCUSSION

The changes in 5meC and 5hmC levels in DMEM and 2i media after LIF removal were not
accompanied by detectable changes in OCT4 levels. Although a reduction in alkaline
phosphatase activity was not observed within 24 h of LIF removal, the alkaline phosphatase
assay showed a notable increase in activity in EB ESCs cultured in 2i media. This indicates
that in this model the alkaline phosphatase activity was a more sensitive indicator than OCT4
for detecting a change in the pluripotency of ESCs. The unchanged OCT4 level upon LIF
removal shows that a loss of 5meC precedes a loss of OCT4. As OCT4 is one of the upstream
pluripotency factors that regulate many transcription factor networks, the change in OCT4 level
possibly occurs late during the loss of pluripotency. A study in retinoic acid-induced neural
differentiation of human NT2 cells found the methylation of Oct4 promoter occurred after 2
days following the retinoic acid treatment (Deb-Rinker et al., 2005). Another study in mouse
embryonic carcinoma cells found that the Oct-3/4 promoter harbors a cis-specific
demodification element that protects the local regions from de novo methylation in post
implantation embryos (Gidekel and Bergman, 2002). Through this mechanism, the Oct4
promoter is protected from methylation in the early stages of embryogenesis. Therefore, it is
expected that the methylation of Oct4 promoter and a loss of OCT4 expression occur late

during the loss of pluripotency.

The expression of de novo methylation enzymes changed in response to the culture
environment, whether it was culture in 2i media or the removal of LIF. The previous chapter
showed that the changes in 5meC levels preceded the changes in morphology and pluripotency
of ESCs. Here it was shown that changes in the expression of the enzymes responsible for those
changes in methylation also occurred early in response to the culture conditions. The DNA

hypomethylation in ESCs induced by 2i media was accompanied by a loss of DNMT3A and
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DNMT3B expression, which confirmed that 2i media protects ESCs from de novo methylation
through the repression of de novo methylation enzymes (Leitch et al., 2013, Grabole et al.,
2013, Ma et al., 2011, Yamaji et al., 2013). The increase in DNMT3A and DNMT3B
expression in ESCs upon LIF removal further confirmed that the increase in 5meC during the
loss of pluripotency was caused by de novo methylation. 2i media protects the ESCs from de
novo methylation through the activation of PRDM14 which represses DNMT3A and DNMT3B
expression (Leitch et al., 2013, Grabole et al., 2013, Ma et al., 2011, Yamaji et al., 2013). The
immediate increase of DNMT3A and DNMT3B upon LIF removal in ESCs previously cultured
in 2i media showed that the effect of MEK and GSK3[ was independent of the actions of LIF.
The smaller than expected DNMT3A bands observed in this study were most likely caused by

proteolytic cleavage of the intact DNMT3A during the western blot analysis.

The persistence of DNMT1 in ESCs in all culture conditions confirmed that the DNA
hypomethylation in response to culture in 2i media and the DNA hypermethylation after LIF
removal were not associated with DNMT1. This enzyme works as the maintenance methylation
enzyme in the replication foci during the S-phase of DNA replication and is involved in
propagating the methylation pattern of DNA to daughter DNA (Grunstein, 1998, Rountree et
al., 2000). The actions of DNMT1 during the S-phase of the cell cycle allow the timely
regulation of gene expression and prevent tumour formation (Watanabe et al., 1998). These
results suggest that the levels of methylation required for maintenance of ESCs are constant,

independent of the pluripotency of ESCs.

The change in 5hmC levels in ESCs was not accompanied by a change in the expression of
TET]1, the putative hydroxymethylation enzyme. This suggests that differences in the levels of
5meC and 5hmC are determined by the levels of the methylation enzymes DNMT3A and

DNMT3B rather than the levels of TET1. Koh et al. (2011) found that the expression of TET1
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was regulated by OCT4, and the expressions of OCT4 and TET1 were not reduced until 3 days
after LIF removal. This finding is in agreement with the similar levels of OCT4 and TET1 in

ESCs in all culture conditions found in the present study.

Collectively, OCT4 immunostaining was found to be less sensitive to the changes in
pluripotency of ESCs than the alkaline phosphatase assay, as the levels of OCT4 expression
were similar in all culture conditions. DNMT3A and DNMT3B, and not DNMT1, were found
to be the major contributors to the changes in DNA methylation levels in ESCs. The static
expression of TET1 suggested that the changes in 5hmC levels in ESCs were determined by
other factors, including the levels of de novo methylation enzymes. These studies provide a

basis for further investigations into the epigenetic regulation in ESCs.
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6. CHAPTER 6: GENERAL DISCUSSION

This thesis shows that the conventional immunofluorescence methods for assessing 5meC
levels within cells can underestimate the levels of the antigen within ES cells. It shows that
antigenic 5meC is present within two pools. One pool is detected after acid-induced
denaturation of chromatin, and this is the pool detected by conventional immunolocalisation
(Ciccarone et al., 2012, Salvaing et al., 2012). A further trypsin-sensitive pool has been
discovered, and the size of this pool is highly variable, depending upon the developmental state
and growth disposition of the cells. These observations extend recent findings regarding the
requirement for a brief trypsin exposure to detect the 5meC present in the trypsin-sensitive pool
within murine embryos and MEF (Li and O'Neill, 2012, Celik et al., 2014). Since the
percentages of 5meC antigen present in these two pools are variable and depend on many
factors including cell-cycle and age in culture (Celik et al., 2014), reliable and reproducible

antigenic retrieval methods are required to produce valid results in 5meC immunoassays.

Besides the presence of antigenic masking and its removal by acid and trypsin treatment, other
optimisations have to be performed to produce valid results in the immunostaining of ESCs.
Generally, ESCs in culture form larger clumps, and these larger formations hinder access of
antibodies to the target antigens. Therefore, the immunostaining of plated ESCs in this thesis
was performed within 24 h or culture to prevent the formation of large clumps, and an
additional cryosectioning protocol was performed on EBs to turn the large EB structures into
thin sections that allow optimum exposure of the 5meC antigen to the antibody. Another
optimization is to control the oxygen tension when culturing ESCs in vitro. It was found that
culturing human ESCs under low oxygen tension is necessary to maintain full pluripotency, as
it reduces the rate of differentiation without compromising the proliferation rate (Ezashi et al.,

2005). The present study found that culturing ESCs with 5% oxygen in air reduced the global
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5meC level of ESCs, and provided more controlled and stable morphology. Therefore, all

cultures in this study used 5% oxygen in air.

Reduced global levels of 5meC were found to be associated with pluripotency in ESCs. The
5meC levels in ESCs in conventional media were comparable to the 5meC levels in MEF. Acid
and trypsin treatments confirmed that the global demethylation observed in ESCs cultured in
2i media was not due to an increase in antigenic masking. The global demethylation,
accompanied by the increase in alkaline phosphatase activity, confirmed the association
between methylation and pluripotency of ESCs. The similar levels of OCT4 in ESCs cultured
in 2i media suggested that the alkaline phosphatase assay is more sensitive than the OCT4

immunoassay in detecting changes in pluripotency in ESCs.

The unexpected rapid change in DNA methylation that precedes the loss of alkaline
phosphatase activity and OCT4 expression after LIF removal indicates that DNA methylation
is an early response to changes in the cell’s pluripotency state. Along with the changes in DNA
methylation, de novo methylation enzymes DNMT3A and DNMT3B, which are responsible
for creating new sites of methylation in the mammalian genome, also underwent changes in
response to the culture environment. The expression of maintenance methylation enzyme
DNMT1 remained unchanged in all those conditions, confirming that the differences in the
methylation were mainly regulated by the de novo methylation of the genome. It is known that
2i media protects ESCs from de novo methylation through the activation of PRDM14, which
represses DNMT3A and DNMT3B expression (Leitch et al., 2013, Grabole et al., 2013, Ma et

al., 2011, Yamaji et al., 2013).

A negative association between 5meC and 5hmC was observed, and might be interpreted as
consistent with conversion between these two forms of DNA modification according to the

pluripotency of ESCs. However, these changes in 5hmC levels were not accompanied by

155



changes in the expression of putative hyroxymethylation enzyme TET1. This suggests that the
changes in 5hmC levels are regulated by the different levels of de novo methylation enzymes
rather than the levels of TET1. An earlier study found that the expression of TET1 was
regulated by OCT4, and the expressions of OCT4 and TET1 were not reduced until 3 days after
LIF removal (Koh et al., 2011). The findings are in agreement with the similar levels of OCT4
and TET1 in ESCs in all culture conditions found in the present study. Two other forms of
TET, TET2 and TET3 have also been described and further analysis of their roles in regulating

the pluripotency of ESCs is required.

The localisation of 5meC and 5hmC staining in plated ESCs was found to be heterogeneous;
this may be the result of interactions with neighbouring cells. A general pattern of increased
cell interactions being associated with lower levels of methylation was observed in each media
type. The lower levels of heterogeneity in EBs may be accounted for by the high level of cell-
cell interactions in these structures. During the morulae stage of embryo development, when
the cells are exposed to different positional information for the first time, it is found that the
cells exposed to the outside environment are generally more methylated than the cells located
inside (Li and O'Neill, 2013b). EB formation may provide similar positional information,
where some cells are exposed to the environment and some cells are surrounded by other cells;
consistent with this hypothesis, cells internal to the EBs tended to have lower levels of
methylation than those on the outside. Taken together, positional information may be one of
the determinants of the methylation state of the cells that later determines the commitment of

the cells into specific cell lineages by altering patterns of gene expression.

Culture of ESCs in 2i media also reduced the heterogeneity of 5meC, with an increased pattern
of localised staining in the presumptive heterochromatic foci. The improved immunoassay

methods used in this study found that the 5meC localisation pattern in 2i media is closer to the
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5meC localisation in the inner cell mass (ICM) of embryos, where it is located in few
heterochromatic foci (Li and O'Neill, 2013b). The results confirm that 2i media supports a
pluripotent ground state of ESCs as published in the previous work (Silva et al., 2008), even

though the methylation status is still far from the methylation status of embryos.

Several associated limitations are worth to be considered in interpreting the outcomes of this
research. First, karyotype of the cells used in this study was not assessed. Therefore, the quality
of the cells was assessed only by morphology assessment and alkaline phosphatase assay. For
future studies, it is recommended to assess the quality of the cells by karyotyping. Second,
there are inherent variabilities associated with analyses of EB cultures. Despite the extensive
efforts to keep the EBs used in this study as identic as possible, the size and cell number would
still vary per EB aggregate. This condition could affect the level of staining in the
immunoassays performed for EB cultures, leading to false results in the analysis. However,
several optimisations, including permeabilisation optimisation, adequate sample size, and
random measurement, have been done to ensure that the variability in the EBs gave
insignificant impact to the results. It was found in the study that all EBs in one experiment
group had similar staining intensities irrelevant to their size. Moreover, the EBs cultured in 2i
media were smaller by default which possibly contribute to the mechanism of 2i media to
maintain the ground state pluripotency of ESCs. A considered alternative approach is to assess
the staining intensity in conjunction with protein levels for high numbers of single cells to see
the correlation between staining intensity and protein levels. Finally, there is also major
reliance on alkaline phosphatase assay to determine the pluripotency of ESCs in this study.
However, it is proven that the alkaline phosphatase assay is more sensitive compared to the
OCT4 immunoassay in detecting changes in pluripotency in ESCs. Possible alternative is to

examine further markers of pluripotency in addition to OCT4.
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In conclusion, this thesis shows how global 5meC levels in ESCs change in response to culture
conditions. Using an immunolocalisation assay with full epitope retrieval, it shows that
hypomethylation is associated with the pluripotent state and that hypermethylation caused by
increased DNMT3A and DNMT3B is a very early response to the loss of pluripotency. The
cost-effectiveness of the immunoassay and its capacity to measure changes in individual cells
and changes in sub-nuclear localisation make it a powerful tool for the detailed analysis of the

control of methylation changes during cell ontogeny.

The next step of this research is to utilise this developed immunoassay method to analyse the
global 5meC and 5hmC levels in multiple pluripotent cell lines such as pluripotent cells derived
from different mouse strains, human pluripotent cells, or iPS cells. Recent major developments
in reprogramming adult cells into pluripotent cells open new approaches in the field of
regenerative therapy. While the potential is great, little is known regarding the safety of using
these cells in patients. DNA methylation analyses showed that the DNA methylation status of
iPS cells are not identical to ESCs, despite the similar characteristics shared by both cell types
(Takahashi and Yamanaka, 2006, Takahashi et al., 2007). DNA methylation mapping of iPS
cells shows increased deviation from the ESCs references in small number of genes, including
the hypermethylation of several genes similar to the condition in several fibroblast cell lines
(Bock et al., 2011). The results suggest partial reprogramming occurs in generating iPS cells,
which leads to concerns regarding the effectiveness and safety of using iPS cells for therapy.
Furthermore, a prolonged culture of ESCs in vitro showed aberrant hypermethylation of CpG
islands associated with a specific set of developmentally regulated genes, in a similar pattern
with some primary tumours (Meissner et al., 2008). This raises the general concerns regarding
propagating pluripotent cells in vitro. Although, 2i media is proven to support the ground state
pluripotency of ESCs in vitro, the methylation levels of ESCs in 2i media are still different

compared to the methylation levels of embryos. The differences in pluripotency between
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embryos and ESCs can be so subtle occurring in the epigenetic levels, even before the changes
in the level of pluripotent transcription factors and other signs of loss of pluripotency. Those
subtle differences tend to be overlooked by functional analyses such as chimaerism
competencies. Using the current immunoassay method, the global 5meC and 5hmC levels of
iIPS cells, as well as the positional information associated with the DNA methylation and

demethylation, can be retrieved for more thorough assessment of the cells.

For the fields of methylation analysis and immunoassay in general, the importance of a
complete antigen retrieval in performing immunoassay for methylation analysis is worth to be
considered. The antigen retrieval used in this study was also used in flow cytometry for
methylation analysis in mouse embryonic fibroblasts (Celik et al., 2014). Future possible
approach is to study methylation in clinically relevant culture systems, for example live cells
analysis using high-content screening. However, a different strategy for antigen retrieval would
be needed for that purpose, as the current antigen retrieval method is optimised for fixed cells.
DNA methylation in living embryos can be visualised by using methyl-CpG-binding domain
(Kimura et al., 2010). Yet, the effectiveness of this method compared to the acid and trypsin
antigen retrieval method for methylation analysis in ESCs has to be verified. Using these
approaches for future studies, the culture conditions for pluripotent cells propagation can be
developed more effectively. The aim is to generate a pluripotent cell line identical to the normal

development embryos in a robust, reliable, and stable manner.
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APPENDIX: GENERAL EQUIPMENT USED

Autoclave (S-B Autoclaves by I.L.A.T. Pty. Ltd.)

Centrifuges (Beckman GPR and Sorvall MC-12V)

Class Il Biological Safety Cabinet (Gelaire Pty. Ltd.)

CO; incubator (Thermo Scientific, Steri-Cycle CO2 Incubator and Forma Series 1l
Water Jacket)

Freezer (-20 °C) (Westinghouse Silhouette Series Il and Freestyle)
Freezer (-80 °C) (Sanyo VIP Series)

Fridges (Westinghouse and Kelvinator Opal)

Fume cupboard (Conditionaire International Pty. Ltd.)
Hotplate/stirrer (Townson)

Light microscopes (Nikon TMS)

Liquid nitrogen tank (Taylor-Wharton ABS-20K, Australia Pty. Ltd.)
Microbalance (Cahn C-33 Series)

Milli-Q Water (Merck Millipore)

pH meter (PHM61 Laboratory pH meter)

Rocker (BioSan Mini Rocker MR-1)

Stereo microscope (Olympus SZ Stereo Zoom Microscope)

Water Bath (Ratek)

Weighers (Mettler AE166 / Delta Range and Shimadzu AUW220D)
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