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Abstract

Aurora Kinase B (AURKB) is a serine/threonine kinase that localises to the centromeric
region to maintain proper mitotic progression. This thesis demonstrates the novel
localisation of AURKB at the telomere of embryonic stem (ES) cells. The maintenance of
telomere chromatin is dynamic and is critical in protecting the genome and preventing
aberrant transcription. In vitro kinase experiments identified that AURKB mainly interacted
with S404 on TERF1, a telomere specific protein, to maintain telomere integrity. The loss of
either AURKB or TERF1 resulted in aberrant telomere structures. The overexpression of
either phospho-null (Serine to Alanine, S404A)-TERF1 or phospho-mimic (Serine to
Glutamic acid, S404E)-TERF1 in ES cells resulted in fragile telomere formation.
Interestingly, homodimerization of S404E-TERF1 and endogenous TERF1 resulted in their
loss of binding at the telomeres, causing aberrant telomere lengthening. These findings
demonstrate that AURKB plays a unique role at the telomers of ES cells to regulate telomere

structural integrity.

Another protein targeted by AURKB is Histone H3 where AURKB phosphorylates H3 Serine
10 (H3S10) and H3 Serine 28 (H3S28). In addition to Serine 10 and Serine 28, AURKB also
phosphorylates the Serine 31 residue on the histone variant H3.3. Histone H3.3 is
evolutionarily conserved across species and is loaded into chromatin by its chaperone a-
Thalassemia X-Linked Mental Retardation (ATRX) and Death Domain Associated Protein
(DAXX) at DNA repeats, including the telomeres and pericentric DNA, to form a compacted
and transcriptionally silenced heterochromatin. In mammalian cells, the lack of either H3.3
or ATRX fails to form heterochromatin, accompanied by increased transcriptional activities

at these repeats.



Unique to histone H3.3 is a serine residue at position 31 (alanine in canonical H3). This
serine residue of H3.3 is phosphorylated (H3.3S31ph) at telomeres and pericentric repetitive
DNA region during mitosis. Given the role of H3.3 in telomeric repeat silencing, we
hypothesise that H3.3S31ph is a histone mark associated with heterochromatin silencing
and is essential for maintaining telomere chromatin integrity. To test our hypothesis,
endogenous-H3.3-null S31-H3.3 phospho-null (Serine to Alanine, S31A-H3.3) and
endogenous-H3.3-null S31-H3.3 phospho-mimic (Serine to Glutamic acid, S31E-H3.3)
mutant ES cell lines were generated. Consistent with our hypothesis, the S31A-H3.3
mutation resulted in reduced ATRX binding and H3K9me3 level at the telomeres, indicating
a disruption in heterochromatin maintenance at the telomeres. In contrast, the S31E-H3.3
mutation led to gains in ATRX and H3K9me3 level at the telomeres, indicating a gain in the
capacity for the formation of heterochromatin. Additionally, S31A-H3.3 mutant ES cells
showed an increase in the binding of KDM4B, a histone H3K9 and H3K36 demethylase, at
the telomeres. This indicated that the increased KDM4B binding and activity could drive the
loss of heterochromatin marks at telomeres in S31A-H3.3 cells. In line with this, RNAI
knockdown experiments show that the depletion of KDM4B restored ATRX and H3K9me3
levels at the telomeres in S31A-H3.3 ES cells. This thesis investigates, shows, and proposes
a model of which H3.3S31ph regulates KDM4B binding and, its crucial role in regulating
heterochromatin silencing at the telomeres. In addition, this thesis proposes that H3.3S31ph
is a vital component of a heterochromatin silencing pathway at other DNA repeats across

the genome.
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Chapter 1: Introduction



1.1 Functions of Chromatin

1.1.1 Properties of chromatin

Eukaryotes have enormous genomes. For example, the human genome measures 2 metres
long, lined up end to end, yet must fit inside a cell nucleus approximately 10 microns in
diameter. To safely and efficiently store this vast amount of genetic material within the
nucleus, eukaryotic cells have developed a packaging system known as chromatin.
Chromatin is a complex of Deoxyribonucleic Acid (DNA) and specialised proteins called
histones. DNA wraps around a complex of histones, like beads on a string, and this 'string'
is folded back upon itself several times to enable a higher-order organisation, eventually
forming discrete structures known as chromosomes. In addition to packaging and storing
DNA, chromatin is also essential in regulating other critical nucleic acid transactions, such
as transcription during gene expression, DNA replication and DNA repair (Goodarzi and

Jeggo, 2012, Venkatesh and Workman, 2015).

The chromatin organisation is essential for influencing the stability of DNA and gene-
expression patterns (Cheutin et al., 2003). This organisation is maintained by chemical
modifications of either histones or DNA, which regulates access to chromatin factors such
as transcriptional factors and replicational machinery to the DNA (Hirota et al., 2005, Francis

et al., 2004, Gilbert et al., 2007, Grewal and Jia, 2007).



1.1.2 Types of heterochromatins

Chromatin includes both heterochromatin and euchromatin. Euchromatin consists of ‘open'’
chromatin and comprises the transcriptionally active parts of the genome. In contrast,
heterochromatin consists of gene-poor regions of the genome, which are highly compacted
and transcriptionally silent. Heterochromatin, which consists of a large part of the genome,

is further classified into either constitutive or facultative heterochromatin.

Constitutive heterochromatin consists of repetitive DNA regions such as the centromeres,
pericentric DNA and telomeres. Constitutive heterochromatin acts as a genome stabiliser
that prevents gene rearrangements between highly similar genetic sequences, ensuring
efficient chromosomal segregation. These regions localise predominantly at the periphery
of the nucleus and are enriched in histone post-translational modifications (PTMs) including
Histone 3 Lysine 9 tri-methylation (H3K9me3) and Histone 4 Lysine 20 tri-methylation
(H4K20me3). These histone PTMs are essential for forming a compacted chromatin
structure and maintaining transcriptional silencing (Figure 1.1). Unlike constitutive
heterochromatin, facultative heterochromatin is enriched with a different histone PTM,
namely, Histone 3 Lysine 27 tri-methylation (H3K27me3). However, it exerts a similar
function by promoting transcriptional silencing (Figure 1.1). Facultative heterochromatin is
established in a developmentally regulated manner and can be found on gene promoters
(Trojer and Reinberg, 2007, Young et al., 2011). It ensures the epigenetic silencing of genes
in a specific cell type or tissue and is an essential mechanism for developmental
programming and cell fate. However, with specific developmental signalling cues, facultative
heterochromatin can be de-repressed and become transcriptionally active. An example of
facultative heterochromatin is the inactive X-Chromosome, where the X chromosome is

active in males and inactive in females (Trojer and Reinberg, 2007, Chen and Dent, 2014).
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Overall, both constitutive and facultative heterochromatin form repressive chromatin

structures and are associated with transcriptional silencing.

Index

@ Euchromatin
-Enriched with H3K4me3

@ racultative heterochromatin
-Enriched with H3K27me3

O Constitutive heterochromatin
-Enriched with H3K9me3 and H4K20me3

Figure 1.1 An overview of the location of euchromatin and heterochromatin within the

nucleus.

Both euchromatin (red) and facultative heterochromatin (dense chromatin region; blue) are located
throughout the genome, while constitutive heterochromatin is located mainly at the periphery of the

nucleus (blue circles).



1.2 Histones post-translational modifications and histone variants

1.2.1 Properties of histones

Chromatin encompasses DNA and proteins such as histones which are highly conserved
among eukaryotes (Baxevanis and Landsman, 1996). Two units of each histone H2A, H2B
form two dimers while two units of each H3 and H4 forms a tetramer. Together, these
subunits form an octamer. The octamer is wrapped by approximately 146 base pairs of
nucleotide in a 1.67 left-handed super-helical turn to form the nucleosome, an essential
subunit of chromatin (Van Holde et al., 1974). These histone subunits are rich in positively
charged basic amino acids, allowing for interaction with the negatively charged DNA
(Kornberg, 1974, Luger et al., 1997). Each histone monomer comprises a histone core
region and an N-terminal tail that protrudes from the histone core (Figure 1.2) (Davey et al.,
2002, Luger et al., 1997). Histone tails are subjected to a variety of PTMs and they play key

roles in altering chromatin structure and function (Bannister and Kouzarides, 2011).
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Figure 1.2: Nucleosomes and the compaction of chromatin

Two units of H2A and H2B form 2 dimers. 2 units of each H3 and H4 form a tetramer. These units
then interact to form the octamer. The unique feature of the nucleosome is the protrusion of the N-
terminal tail of each histone monomer. These N-terminal tails are subject to post-translational
modifications which regulate the chromatin state. The DNA wraps around the nucleosomes to form

higher-order structures to compact DNA within the nucleus.



1.2.2 Post translational modification of histones

Histone tails are subjected to various PTMs such as acetylation, methylation, and
phosphorylation (Figure 1.3). Such PTMs act as a histone code to alter chromatin function
by creating or removing binding sites for chromatin-associated proteins, such as histone
methyltransferases (HMT), histone acetyltransferases (HAT), histone demethylases (HDM)
and histone deacetylases (HDAC). A summary of histone PTMs and their regulators are

shown in Table 1.1.

On histone H3, various residues are subjected to PTMs. For example, Histone 3 Lysine 9
acetylation (H3K9ac) is associated with active promoters and transcriptional activation
(Karmodiya et al., 2012). H3K9ac, together with H3K14ac and H3K4me3, are hallmarks of
active transcription (Karmodiya et al., 2012). The enrichment of H3K9ac and H3K14ac were
observed at the promoter and enhancer regions of active genes (Karmodiya et al., 2012).
The acetylation of H3K9 is regulated by the HAT, GCN5 (Jin et al., 2011), and deacetylated
by the HDAC, Sirt6 (Michishita et al., 2008). In ES cells, H3K9ac and H3K14ac co-occur
with other active histone modifications including H3K4me3. In addition to H3K9ac, H3K4me3
and H3K14ac, active chromatin is also characterised by other PTMs including H3K27ac,
H3K36me3 and H3 and H4 acetylation at enhancers, promoters and gene bodies of active
genes (Liang et al., 2004, Deckert and Struhl, 2001, Creyghton et al., 2010, Myers et al.,
2001, Pokholok et al., 2005). These active modifications maintain an “open chromatin state”,
allowing for transcription through regulating the interaction between transcriptional factors

and chromatin.

H3K4me3 is catalysed by SETD1A, SETD1B, MLL1, MLL2, MLL3, and MLL4 in mammalian

cells and is distributed along the promoter and TSS regions (Sims et al., 2003, Zhang et al.,
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2015). At these regions, HAT binds to H3K4me3 through the tudor domain at gene
promoters and the deletion of the HAT results in the loss of H3K9ac (Bian et al., 2011). In
addition, various studies have shown that HAT complexes contain PHD fingers that
preferentially bind H3K4me3 to regulate HAT and HDAC activity in the genome (Doyon et
al., 2004, Taverna et al., 2006). In fact, the loss of SET1 and loss of H3K4me3 showed a
loss of both H3 acetylation and transcriptional activation (Hsu et al., 2012, Clayton et al.,
2006). Thus, the targeting of H3K4me3 by HATs and HDACs facilitate the turnover of
histone acetylation and indicates that the regulation of acetylation is essential in ensuring

proper transcriptional maintenance.

In addition to active histone modifications, chromatin is also enriched with repressive histone
modifications. H3K9me3 and H4K20me3 are hallmarks of constitutive heterochromatin
(Saksouk et al., 2015). H3K9me3 is enriched on inactive genes including promoters of CpG
islands (Ohm et al., 2007) and short tandem repeats, such as the telomeres (Mikkelsen et
al., 2007, Udugama et al., 2015, Barski et al., 2007). H3K9 is tri-methylated by SUV39H
(Dang-Nguyen et al., 2013) and is recognised by the chromodomain of heterochromatin
protein 1a (HP1la) (Lehnertz et al.,, 2003) which play roles in heterochromatin formation,
chromatin compaction and gene repression (Bannister et al., 2001, Nakayama et al., 2001).

This indicates the importance of H3K9 PTM in regulating constitutive heterochromatin.

Histone 4 Lysine 20 tri-methylation (H4K20me3), another hallmark of heterochromatin, is a
constitutive heterochromatin mark regulated by SUV4-20 (Benetti et al., 2007). H4K20me3
is enriched at heterochromatic regions including repetitive elements such as the pericentric

regions (Schotta et al., 2004) and the telomeres (Benetti et al., 2007) where it facilitates



transcriptional repression (Karachentsev et al., 2005, Schotta et al., 2008, Schotta et al.,

2004, Fodor et al., 2010). This indicates a specialised H4K20 PTM function.

Unlike the constitutive heterochromatic marks, the different levels of the facultative
heterochromatin mark, H3K27 methylation, is involved in transcriptional activation and
inactivation. For example, H3K27mel is involved with transcriptional activation while
H3K27me2/3 is associated with transcriptional inactivation (Zhang et al.,, 2015). The
enrichment of H3K27me3 is mutually exclusive to H3K9me3. The depletion of SUV39H, a
H3K9 HMT, resulted in a loss of H3K9me3 and a subsequent increase in H3K27me3,
indicating that these marks may compensate for each other and, that H3K9me3 prevents
H3K27me3 establishment (Cooper et al., 2014, Peters et al., 2003). Together with the loss
of H3K9me3 and increased H3K27me3, DNA methylation is also decreased (Cooper et al.,
2014). Thus, the methylation of H3K27 is important in maintaining transcriptional regulation

and may act as a heterochromatin substitute.

Another common histone PTM is the phosphorylation of serine and threonine residues.
Phosphorylation of critical residues on different histones is associated with various
chromatin function. An example of histone phosphorylation is Histone 3 Serine 10
phosphorylation (H3S10ph). H3S10ph, which is observed in various organisms including
maize (Kaszas and Cande, 2000), tetrahymena (Wei et al., 1999), C. elegans (Speliotes et
al., 2000) and eukaryotes (Wei et al., 1998, Wei et al., 1999), has been suggested to be a
mitotic specific mark. In Tetrahymena, H3S10ph is associated with mitotic chromosome
condensation and segregation, however, the loss of H3S10ph does not affect chromosomal
condensation in C. elegans (Speliotes et al., 2000). Furthermore, in maize, H3S10ph has

been found to play a role in maintaining proper sister chromatid cohesion during meiosis,
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instead of condensation of chromatin (Kaszas and Cande, 2000). Together, these studies
indicate that H3S10ph is a mitosis-specific mark, but its primary function remains unclear

and requires further investigation.

The enrichment of H3S10ph during mitosis was also observed across various species,
including mammals (Hendzel et al.,, 1997) and Xenopus (de la Barre et al., 2000).
Interestingly, H3S10ph was shown to be associated with transcriptional activation
(Johansen and Johansen, 2006) where it facilitates the dissociation of HPla from
heterochromatin (Hirota et al., 2005). H3 Serine 10 is phosphorylated by kinases such as
Aurora Kinase B (AURKB) and dephosphorylated by phosphatases such as Protein
Phosphatase 1 (Wei et al., 1999). AURKB, found predominantly at the centromere, is a key
regulator of mitosis. In fact, AURKB is known to phosphorylate other residues such as
Histone 3 Serine 28 (Goto et al., 2002), suggesting its role as an essential regulator of

histone phosphorylation.

Interestingly, these modifications may affect the modifications on adjacent residue. This
phenomenon is known as histone crosstalk. An example is the crosstalk between H3S10ph
and H3K14ac at the promoters (Cheung et al., 2000, Lo et al., 2000). In vitro and in vivo
studies showed that phosphorylation of H3S10 increased the activity of GCN5, a HAT.
GCNS5 is known to regulate H3K14 acetylation, which in turn regulates transcriptional
elongation (Johnsson et al., 2009). This enhanced activity was lost with a mutation of H3S10
to alanine and resulted in the loss of H3K14ac (Lo et al., 2000). A similar phenotype was
seen with the mutation of H3S10, where transcription of genes was impaired (Lo et al.,
2000). However, H3Kl4ac did not affect H3S10 phosphorylation. In fact, GCN5

preferentially binds to phosphorylated H3S10, compared to unphosphorylated H3S10 in
10



vitro, to promote H3K14 acetylation (Lo et al., 2000). This indicates the importance of
crosstalk between histone PTMs and their roles in regulating chromatin functions. Of the

histone PTMs, the phosphorylation of H3.3 Serine 31 is of importance to this project.

O
QoL ﬁl IQ

Figure 1.3: Post translational modifications of Histone H3

The N-terminus tail on Histone H3 shows the various residues that can be covalently modified.
Residues such as Lysine 9 can be methylated (blue circles) or acetylated (red square), whereas the
Serine and Threonine residues such as the Serine 10 and Threonine 3 can be phosphorylated (green

pentagon). The numbers denote the position of amino acid residues on Histone H3.
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Table 1.1: Examples of residues on histones that may be post translationally modified

Residue
H4R3

H3K14

H4K16

H4K20

H3K9

H3K27

H2AXS139

H2AY142

H3S10

H3T11

Modification

Mono-methylation
Di-methylation

Acetylation

Acetylation

Tri-methylation

Tri-methylation

Di-methylation
Tri-methylation

Phosphorylation

Phosphorylation

Phosphorylation

Phosphorylation

Writer
PRMT1

GCN5

hMOF

SuUV420

SUV39, SETDB1

EZH2

ATM/ATR

WSTF-SNF2h

AURKB/MSK1/CH
K1

CHK1

Function

Transcriptional repression (Xu

et al., 2010)

Transcriptional elongation
(Johnsson et al., 2009)

Transcriptional activation
(Taylor et al., 2013)

Transcriptional silencing
(Wongtawan et al., 2011,
Becker et al., 2016)

Transcriptional repression
(Becker et al., 2016)

maintains facultative
heterochromatin (Hon et al.,
2009)

Facilitate DNA damage repair

(Chowdhury et al., 2005)

DNA damage regulation (Xiao
et al., 2009, Cook et al., 2009)

Chromatin organisation
(Johansen and Johansen,
2006)

Regulation of DNA damage
(Shimada et al., 2008)
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1.2.3 Histone variants

In addition to the regulation of histones by post-translational modifications, canonical histone
subunits may be replaced with variants for specialised function (Table 1.2). An example
is H2AX, a variant of histone H2A. H2AX is a substrate of several phosphoinositide 3-kinase-
related protein kinases (PIKKs), such as ATM (ataxia telangiectasia mutated) and ATR
(ATM and Rad3-related). The phosphorylation of Serine 139 on H2AX, known as YH2AX, is
regulated by ATM in response to the formation of double stranded breaks (DSB) and, ATR
in response to single-stranded DNA breaks during replication stress (Podhorecka et al.,
2010). yH2AX then recruits repair factors such as 53BP1 and repairs DNA through Non-
Homologous End Joining (NHEJ) and Homologous Recombination (HR) to prevent DNA

damage and defects in DNA damage repair (Celeste et al., 2003, Xie et al., 2004).

H2AZ, another variant of H2A, also plays an important role in regulating centromere function
and heterochromatin formation, where its loss leads to defects in heterochromatin formation,
centromere cohesion and structural change in pericentric heterochromatin (Rangasamy et
al., 2004) and, transcriptional activation in humans (Barski et al., 2007). Recently, a study
showed that GCN5, a histone acetyltransferase, regulates acetylation of H2AZ at the
promoters of transactivated genes. Together with the XPC—RAD23—-CEN2, a DNA repair
complex which act as a transcriptional coactivator, GCN5 regulates H2AZ acetylation to alter

promoter landscape (Semer et al., 2019).

Another critical example is Centromere Protein A (CENP-A), a variant of H3, which localises
specifically to the centromeres of mammalian chromosomes (Yoda et al., 2000, Sullivan et
al., 1994) and is required to recruit proteins for kinetochore function during chromosome

segregation (Black et al., 2004, Black et al., 2007). CENP-A is also known to establish and
13



maintain the identity of the centromere (Black et al., 2007, Logsdon et al., 2015). This
illustrates how the incorporation of histone variants allow for specialised function in the

regulation of chromatin. Of importance to this thesis is H3.3, a histone H3 variant.
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Table 1.2: A summary of histone variants and their specialised functions and locations.

Transcription upregulation,
splicing, DNA synthesis and
. spermiogenesis (Tolstorukov
H2A.B Testis et al., 2012, Sansoni et al.,
2014, Gonzalez-Romero et
al., 2008)
. Regulation of DNA damage
H2AX eDtNa? dzaonigge regions (Seo response (Podhorecka et al.,
" 2010)
Early development, establishing
H2A chromatin structures, controls
Promoters and enhancers localisation of HP1a (Ridgway
H2AZ (Chen et al., 2014, Obri et et al., 2004b, louzalen et al.,
al., 2014) 1996, Faast et al., 2001,
Rangasamy et al., 2004,
Ridgway et al., 2004a)
Inactive X chromosome X chromosome inactivation
MacroH2A (Costanzi and Pehrson, :
(Costanzi and Pehrson, 1998)
1998)
Protein present in mature
human sperm cell indicating a
hTSH2B Testes and sperm role in sperm cell regulation
and/or fertilisation (Zalensky
H2B and Zalenskaya, 2007)
H2BQ (Bonenfant
et al., 2006) Unknown Unknown
Involved in spermatogenesis
. (Maehara et al., 2015,
H3.t Testis Tachiwana et al., 2010, Ueda et
al., 2017)
Ioz\g}e/nﬁionrﬁz;}gargsﬁgr?)e d Maintenance and establishment
CenpA : . 9 of Centromere (Van Hooser et
genomic regions (Kang et al., 2001)
H3 al., 2016) K
Involved in embryonic
Promoters, Gene bodies development, cellular
H3.3 and repeats (Chen et al., differentiation, and
' 2014, Goldberg et al., 2010, | spermatogenesis (Krimer et al.,
Wong et al., 2010) 1993, Castiglia et al., 1994,
Jang et al., 2015)
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1.3 Functions of H3.3

1.3.1 H3.3, a histone H3 variant

Evolutionarily, the canonical H3.1 and H3.2 were derived from H3.3 (Postberg et al., 2010).
The presence and conservation of H3.3 between organisms indicate the importance of H3.
Compared to H3.3, H3.1 and H3.2 differ by 5 and 4 amino acids, respectively (Figure 1.4)
(Hake and Allis, 2006). The amino acid changes in the globular region (residue 87, 89 and
90) are critical for the replication-independent loading of H3.3 (Lewis et al., 2010). This was
shown by a mutagenesis study on H3, where these residues were mutated to the
corresponding H3.3 residues. This resulted in H3 attaining the ability to load independent of
replication in Drosophila melanogaster (Ahmad and Henikoff, 2002). In addition to the amino
acid changes on the globular region, H3.3 consist of a serine at residue 31 on the N-terminal
tail, whereas canonical H3.1/2 consist of alanine. This gives rise to a new site ready for

phosphorylation.
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H3 Variants
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Figure 1.4: Amino Acid differences between H3 variants

Shown are the differences in H3 variant residues. Most differences are in the core region. The

residue of interest is serine 31 on the histone H3.3 tail.
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1.3.2 The regulation of histone H3.3 by chaperones

Unlike most proteins, H3.3 is encoded by two genes: h3f3a and h3f3b (Akhmanova et al.,
1995, Wells et al., 1987). Although these two genes encode an identical protein, they are
found on different chromosomes, have different nucleotide sequence, and have a different
gene structure, suggesting that these two genes may be regulated differently (Akhmanova

et al., 1995, Wells et al., 1987).

H3.1 and H3.2 are expressed highest during S phase, where they are required for
incorporation into the chromatin of newly replicated DNA (Szenker et al., 2011, Osley, 1991).
This allows for proper nucleosome assembly during S phase (Szenker et al., 2011, Osley,
1991). Unlike their canonical counterparts, H3.3 is expressed in a replication-independent
manner and incorporated into chromatin (Hake et al., 2005, Brush et al., 1985, Garcia et al.,

2005, Hake and Allis, 2006, Hake et al., 2006).

In addition to the difference in expression between canonical H3 and H3.3, they employ
different histone chaperones to regulate their loading into chromatin. An essential difference
between the H3 and H3.3 is their loading into the chromatin by histone chaperones. H3.1/2
is loaded by Chromatin assembly factor 1 (Garcia et al., 2005, Hake and Allis, 2006) while
H3.3 is loaded by HIRA at euchromatic regions (Elsaesser and Allis, 2010) and Alpha
Thalassemia Mental retardation syndrome X-linked/Death associated protein 6
(ATRX/DAXX) at heterochromatic regions (Elsaesser and Allis, 2010, Wong et al., 2010)

(Figure 1.5).

The ATRX gene contains an ATPase and helicase domain and is a member of the

SWitch/Sucrose Non-Fermentable (SWI/SNF) family of chromatin remodeler. ATRX was
18



first discovered in ATRX syndrome and, thus, was termed ATRX (Gibbons et al., 2008).
However, it was later discovered that ATRX was a chaperone of H3.3 (Lewis et al., 2010,
Wong et al.,, 2010). The loss of ATRX contributed to the loss of H3.3, H3K9me3 and
H4K20me3 at heterochromatic regions (Udugama et al., 2015, Wong et al., 2010). Recent
findings have shown that ATRX recognises H3.3K9me3 to deposit newly synthesised H3.3
into chromatin (Udugama et al., 2015). In addition, another study identified the importance
of H3.3 loading at endogenous transposable elements by ATRX/Daxx, where H3K9me3
levels and silencing of these regions are maintained by recruitment of repressors in mouse
ES cells (Elsasser et al., 2015). Similarly, DAXX was initially discovered as a Fas death
receptor-binding protein that caused apoptosis through the JNK pathway (Yang et al., 1997).
The knockout of Daxx was shown to cause embryonic lethality and apoptosis, an
unexpected phenotype as the presence of Daxx was thought to cause apoptosis
(Michaelson et al., 1999). Furthermore, the loss of Daxx resulted in a decrease in H3.3
loading in the pericentric regions (Drane et al., 2010). Nonetheless, ATRX/Daxx forms a
complex with H3.3, where Daxx binds directly to H3.3 and plays an essential role in H3.3

loading at heterochromatic regions (Tang et al., 2004, Xue et al., 2003, Lewis et al., 2010).
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Figure 1.5: Loading of Histone H3 and variants by chaperones

Loading of the Histone H3 variants (Boxed in black) to their respective positions (Indicated by arrows)
with the aid of chaperones (Circled in red). Histone CenpA is loaded at the centromeric region by
HJURP. Histone H3.1/2 is loaded by CAF1 at promoter regions. H3.3 is loaded at euchromatic
regions such as the promoters by HIRA and at heterochromatic regions such as the telomeres and

centromeres by ATRX/Daxx.
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1.3.3 Role of H3.3 in development

H3.3 plays many roles, such as controlling gene expression, embryonic development,
cellular differentiation, and spermatogenesis (Krimer et al., 1993, Castiglia et al., 1994, Jang
et al., 2015). For example, in Drosophila melanogaster, the deletion of both h3f3a and h3f3b
resulted in reduced viability and sterility in males and females (Sakai et al., 2009, Hodl and
Basler, 2009). Interestingly, in Xenopus Laevis, gastrulation defects were caused by
knockdown of H3.3, while knockout of h3f3a in zebrafish caused a loss of head skeletal
structure (Szenker et al., 2012, Cox et al., 2012). In mammals such as mice, the complete
removal of h3f3a and h3f3a leads to primary oocyte failure and rapid cell death (Bush et al.,
2013, Jang et al., 2015, Tang et al., 2015, Tang et al., 2013a). Interestingly, the knockout of
h3f3a results in embryonic lethality, reduced growth rate and partial male sterility, while the
knockout of h3f3b showed similar but more severe phenotypes (Tang et al., 2015, Jang et
al., 2015). In addition, although a study showed that the complete loss of h3f3a also causes
foetal death (Tang et al., 2015), another study suggested that some h3f3a knockout mice
could reach adulthood (Bush et al., 2013). Additionally, the deletion of both h3f3a and h3f3b
genes in mouse embryonic fibroblasts, through Cre-mediated knockout, resulted in
chromosomal defects such as aberrant sister chromatid exchange, polyploidy, aneuploidy

and DNA damage (Jang et al., 2015).

1.3.4 Role of H3.3 in transcription

H3.3 was initially observed at actively transcribed regions such as gene bodies (Daury et
al., 2006) and promoters (Chow et al., 2005, Goldberg et al., 2010, Ahmad and Henikoff,
2002). However, H3.3 was also observed to be enriched at heterochromatic regions such

as the telomeres (Wong et al., 2009) and pericentric regions (Drane et al., 2010). Moreover,
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recent studies have identified the localisation of H3.3 at other heterochromatic regions
including, endogenous retroviral repeats (Elsasser et al., 2015), imprinted differentially
methylated regions and selected intragenic methylated CpG islands (Voon et al., 2015).
Overall, these studies indicate the importance of H3.3 in development, chromatin function

and maintenance and, genomic stability.

1.3.5 Role of H3.3 in cancer

In addition to these roles, the mutation of various residues on H3.3 has been associated
with cancer (Lowe et al., 2019, Yuen and Knoepfler, 2013). In fact, in human tumours, all
H3.3 mutations occur on the H3F3A gene, leading to single codon changes within the N-
terminal tail of the H3.3 protein. This codon change is critical as it changes interactions
between H3.3 and chromatin remodelling enzymes or chaperones, causing aberrant mutant
H3.3 incorporation which leads to improper chromosomal segregation and loss of genome

integrity (Bush et al., 2013, Lin et al., 2013).

Some of the prominent mutations on H3.3 associated with tumour and cancer growth are
the H3.3 Lysine 27 mutation to methionine (H3.3K27M) and H3.3 glycine 34 to either
arginine or valine (H3.3G34R/V). These mutations were discovered through the exome
sequencing of 48 paediatric glioblastoma multiforme samples (Schwartzentruber et al.,
2012, Wu et al., 2012). Interestingly, the H3F3A heterozygous mutation of H3.3K27M and
H3.3G34R/V, together with other mutations such as ATRX/DAXX, TP53 and IDH1, was
sufficient for tumour formation (Schwartzentruber et al., 2012, Voon et al., 2018, Udugama
et al., 2021). Furthermore, the H3.3K27M and H3.3G34R/V mutations showed a distinct

gene expression profile and DNA methylation pattern (Schwartzentruber et al., 2012). The
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localisation of tumours is unique to the specific mutation in which H3.3K27M localises to
regions such as the spinal cord while H3.3G34R/V localises to the cerebral hemispheres
(Bjerke et al., 2013, Sturm et al., 2012). In addition, H3.3K27M is predominant in patients
aged 5-29 years, while H3.3G34R/V is predominant in patients aged 9-42 years (Sturm et
al., 2012, Schwartzentruber et al., 2012). Thus, the localisation and prevalence of these
mutations in specific age groups show the importance of H3.3 in development at different

time points.

In human diffuse intrinsic pontine glioma (DIPG), the expression of H3.3K27M reduces
global levels of H3K27me3 (Silveira et al., 2019, Chan et al., 2013) Biochemical and
structural studies have shown that H3.3K27M binds with a greater affinity to the catalytic
subunit, EZH2, of the polycomb repressive complex 2 (PRC2). As a result, H3.3K27M
competes with the normal lysine 27 on histone H3.3 and sequesters PRC2 complex from its
normal biding sites in the genome. This in turn prevents the establishment and spreading of
H3K27me3 (Justin et al., 2016, Fang et al., 2018, Harutyunyan et al., 2020). Although
H3K27me3-silenced regions are reduced in H3.3K27M mutant cells, H3K27me3 and PRC2
levels have been found to be high in the remaining domains. This suggests that PRC2
activity is still functional and certain silent domains may escape misregulation by H3.3K27M
(Sarthy et al., 2020). Several recent studies have also reported that H3.3K27M affects
H3K27ac levels, resulting in aberrant gene expression and promoting oncogenic
transcriptional programs in DIPG (Krug et al., 2019, Silveira et al., 2019, Fang et al., 2018).
Thus, these reports indicate that the misregulation of H3.3 is associated with various

aggressive cancers.

23



Recent studies have investigated the molecular mechanism of H3.3G34R mutation in
paediatric gliomas (Voon et al., 2018, Udugama et al., 2021). The H3.3G34R mutation is
found to inhibit the function of the KDM4 family of K9/K36 demethylases, which in turn leads
to increased H3K9me3 and H3K36me3 levels across the genome. In line with this finding
the H3.3G34R mutation is found to inhibit the function of the KDM4 family, which in turn
leads to increased H3K9me3 and H3K36me3 levels across the genome. H3K9me3 and
H3K36me3 profiles in H3.3G34R mutants closely resemble a KDM4 A/B/C triple-knockout
(Voon et al.,, 2018). This shows that the mutation of H3.3 dysregulates chromatin

remodelling enzymes which is a cause for tumour formation.

1.4 Phosphorylation of H3.3 Serine 31

1.4.1 The localisation and enrichment of H3.3S31ph

The phosphorylation of H3.3 Serine 31 was first discovered in HeLa and HEK293 cells
through the generation of H3.3S31ph specific antibodies (Hake et al., 2005). Like other
histone phosphorylation marks such as H3S10ph and H3S28ph, H3.3S31ph is a mitosis-
specific modification (Goto et al., 2002, Hake et al., 2005). The phosphorylation of H3.3
Serine 31 was also identified in other cell types and organisms including mouse ES cells,
mouse embryonic germ cells, mouse somatic cells and urochordate, indicating the
evolutionary conservation of the serine residue and its phosphorylation (Schulmeister et al.,

2007, Wong et al., 2009).

In human and mouse cells, H3.3S31ph is detectable during late prometaphase, enriched
during metaphase and is lost by anaphase (Hake et al., 2005). Although H3.3 is present

throughout the chromosomes during interphase and mitosis, only a subset of H3.3S31 is
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phosphorylated. The absence of H3.3S31ph during interphase suggests a specific function
of H3.3S31ph during mitosis (Wong et al., 2009, Hake et al., 2005). H3.3S31ph is explicitly
enriched during mitosis at the pericentric regions of urochordate, human cells and mouse
cells (Hake et al., 2005, Schulmeister et al., 2007). However, an interesting study also
identified the unique enrichment of H3.3S31ph at the telomeres, in addition to the pericentric
regions, of mitotic mouse embryonic stem and germ cells (Wong et al., 2009). Nonetheless,
these studies showed that H3.3S31ph is enriched at heterochromatic sites, suggesting a

role of H3.3S31ph in heterochromatin maintenance during mitosis.

1.4.2 CHK-1 and AURKB: regulators of H3.3S31ph

Recently, two studies have shed light on the kinases that drives the phosphorylation of
H3.3S31. Checkpoint Kinase 1 (CHK1) was the first identified kinase that phosphorylates
H3.3S31 in alternate lengthening of telomere (ALT) cancer cells (Chang et al., 2015). CHK1
is a Serine/Threonine kinase involved in DNA damage response signalling. Also, CHK1 is
known to phosphorylate H3 on Threonine 3, Serine 10 and Threonine 11 (Shimada et al.,
2008, Liokatis et al., 2012). Like H3S10ph and H3S28ph, H3T3ph and H3T11lph are
enriched during mitosis. Consistent with its role in phosphorylating H3S10 and H3T11 in
response to DNA damage (Shimada et al., 2008) it is not surprising that CHK1 also
phosphorylates H3.3S31 in ALT cancer cells which show high levels of genomic instability
and DNA damage. In ALT cancer cell models such as U20S, W138-VA13/RA and GM847,
the distribution of H3.3S31ph was observed on the chromosomal arms in addition to the
pericentric regions (Chang et al., 2015). As ALT-cancer cells have persistent DNA damage
and instability, the regulation of H3.3S31ph by CHK1 was investigated. CHK1 was shown

to phosphorylate H3.3S31 in ALT-cancer cells in vitro and in vivo (Chang et al., 2015).
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Furthermore, siRNA inhibition and drug-mediated inhibition of CHK1 resulted in a loss of
H3.3S31ph on chromosome arms of ALT-cancer cells, indicating that CHK1 phosphorylates
H3.3S31 in vivo (Chang et al., 2015). Despite the inhibition of CHK1, H3.3S31ph was
observed at the pericentric region, suggesting that there are other kinases that regulate
H3.3S31ph. This was verified by other studies, which showed that CHK1 does not
phosphorylate H3.3S31 in human somatic cells, mouse ES cells and monkey somatic cells
(Li et al., 2017a, Hinchcliffe et al., 2016, Martire et al., 2019). Together, these studies show

that various kinases could be involved in regulating H3.3S31ph.

Consistently, another study showed that AURKB phosphorylates H3.3S31 (Li et al., 2017a).
This was an exciting discovery as AURKB was previously suggested to be the unlikely
kinase that phosphorylates H3.3S31 due to the sequence preference of AURKB and its lack
of colocalisation with H3.3S31ph (Hake et al., 2005). AURKB, a member of the
chromosomal passenger complex, is a master regulator of mitosis (Hochegger et al., 2013,
Ditchfield et al., 2003, Andrews et al., 2004). AURKB is known to phosphorylate Histone H3
on residues such as H3S10 and H3S28 (Goto et al., 2002). The identification of AURKB as
an H3.3S31ph regulator was performed using kinase inhibitor libraries and siRNA library for
kinases where AURKB was selected and tested for its effects on H3.3S31 in vivo and in
vitro (Li et al., 2017a). Using drug-mediated inhibition and siRNA mediated knockdown of
AURKB in HEK293F cells, a drastic reduction of H3.3S31ph positive cells was observed.
Furthermore, this loss of H3.3S31ph was rescued with the expression of siRNA resistant
AURKB (Li et al., 2017a). In addition, in vitro kinase assays also showed the enzymatic
activity of AURKB on H3.3S31 (Li et al.,, 2017a). Altogether, this identified that AURKB

phosphorylates H3.3S31.
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Altogether, these studies have identified the kinases that phosphorylate H3.3S31.
Nonetheless, other kinases may regulate H3.3S31 (Armache et al., 2020). With the kinases
known to phosphorylate H3.3S31, it is prudent to understand the molecular mechanism of

H3.3S31ph and its functions.

1.4.3 The function of H3.3S31ph

One of the possible functions of H3.3S31ph was reported to be necessary for ALT-cancer
cell survival (Chang et al.,, 2015). Inhibition of CHK1 in ALT-cancer cells resulted in
increased DNA damage response on the chromosome arms and telomeres. Interestingly,
prolonged treatment of CHK1 inhibition caused ALT-cancer cell death (Chang et al., 2015).

This implicates H3.3S31ph in ALT-cancer cell chromatin maintenance and survival.

H3.3S31ph is enriched at the telomeres of only mitotic ES cells (Wong et al., 2009). This
enrichment of H3.3S31ph is lost at the telomeres and gained at the pericentric region after
differentiation. The increase of H3.3S31ph at the pericentric region was coupled with an
increase of heterochromatic marks such as H3K9me3 and H4K20me3 at heterochromatic
regions (Wong et al., 2009). This may indicate that H3.3S31ph may have a unique role in
regulating heterochromatin. Also, the presence of H3.3S31ph at the long telomeres of
mitotic mouse ES cells may suggest the importance of H3.3S31ph in telomere length
maintenance. However, H3.3S31ph levels at the telomeres of human somatic cells with long
(HT1080) and short telomeres (human primary fibroblasts) were undetectable (Wong et al.,
2009). In addition, human telomerase positive A549, HT29 and HT1080 did not show
H3.3S31ph at the telomeres (Chang et al., 2015). Altogether, these finiding indicated that

H3.3S31ph at the telomeres might regulate heterochromatin instead of telomere length.
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H3.3 is loaded at the telomeres of mitotic mouse ES cells during telomere replication and
processing (Wong et al., 2009). This was shown using a telomere replication marker,
ATMS1981ph (Sanchez-Molina et al., 2011). Further suggesting a role of H3.3 in telomere
maintenance, RNAI knockdown of H3.3 showed increased telomere dysfunction induced
foci (Wong et al., 2009). However, further studies need to be conducted to determine if the
H3.3 Serine 31 residue is related to telomere replication and the increase in telomere

dysfunction induced foci.

A possible function of H3.3S31ph is the rescue of defective replication fork progression after
UV irradiation (Frey et al., 2014). H3.3 knockout chicken DT40 cells showed increased
sensitivity to UV damage. The expression of phospho-null H3.3S31A mutant showed similar
UV hypersensitivity compared to the H3.3 knockout DT40 cells. This indicates that H3.3S31
may be necessary for UV damage resistance (Frey et al., 2014). When exposed to UV
irradiation, DT40 cells knocked out of H3.3 showed reduced replication fork progression.
This phenotype was rescued with the expression of phospho-null H3.3S31A mutant (Frey
et al., 2014). Although this suggests a possible role of H3.3S31 in defective replication fork

progression, further studies need to be conducted (Frey et al., 2014).

H3.3S31ph was indicated to be essential for p53-mediated cell cycle arrest (Hinchcliffe et
al., 2016). In monkey (cos7) and human (RPE-1) cells, misaligned chromosomes during
anaphase cause an increase of H3.3S31ph on chromosome arms (Hinchcliffe et al., 2016).
Together with this increase, nuclear accumulation of p53 was also observed. Despite the
inhibition of CHK1, H3.3S31ph enrichment on misaligned chromosomes was not lost.
Interestingly, microinjection of H3.3S31ph antibodies into anaphase cells blocked the

activation of p53 (Hinchcliffe et al., 2016). Although it was shown that H3.3S31ph is essential
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for p53-mediated cell cycle arrest, further understanding of the mechanism of how

H3.3S31ph affects cell cycle arrest is required.

In addition to the various possible functions of H3.3S31ph, recent studies have shown its
role in development and transcriptional regulation (Sitbon et al., 2020, Armache et al., 2020).
In mouse macrophage cells and other immune cells, H3.3S31 is phosphorylated along
rapidly induced genes in response to stimulation such as stress, immune system process
and cellular response to chemical stimulus (Armache et al., 2020). Interestingly, due to its
localisation to H3.3S31ph genes in response to stimuli, the kinase that regulates H3.3S31ph
was suggested to be IKKa (Armache et al.,, 2020). However, further binding and
phosphorylation studies are required to confirm the role of IKKa in regulating H3.3S31
phosphorylation. Interestingly, the inhibition of RNA polymerase Il led to a loss of H3.3S31ph
at rapidly induced genes, suggesting a role of H3.3S31ph in transcriptional regulation.
Furthermore, H3K36me3, a mark associated with active transcription, was also enriched
with H3.3S31ph at stimulation-induced genes. Interestingly, the activity of SETD2 is
enhanced by H3.3S31ph. Thus, as ZMYND11, a transcriptional corepressor and tumor
suppressor that localises to gene bodies, reads H3K36me3 with the unmodified S31 (Guo
et al., 2014, Wen et al., 2014), the role of H3.3S31ph was suggested to eject ZMYND11
from chromatin. Altogether, this report showed that H3.3S31ph plays a role in transcriptional

activation.

Another study showed the importance of H3.3S31ph in transcriptional activation for proper
embryonic development in Xenopus laevis (Sitbon et al., 2020). The depletion of H3.3 in
Xenopus laevis prevented blastopore closure, indicating the importance of H3.3. (Sitbon et

al., 2020, Szenker et al., 2012). Interestingly, the depletion of endogenous H3.3 was rescued
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by the expression of phospho-mimic H3.3 serine 31 to aspartic acid mutation (H3.3S31D)
while the expression of phospho-null H3.3 serine 31 to alanine mutation (H3.3S31A) did not
rescue endogenous H3.3 depletion during Xenopus laevis early development (Sitbon et al.,
2020). This showed that H3.3 is critical for proper development in Xenopus laevis.
Interestingly, as previously reported on H3.3S31D, H3.3K27ac was enriched (Sitbon et al.,
2020, Matrtire et al., 2019). However, H3K36me3 was not enriched although this enrichment
was reported in another study (Sitbon et al., 2020, Armache et al., 2020). Furthermore,
H3.3S31D attracted factors involved with transcriptional activation of key developmental
genes in interphase cells and repulsed factors involved in chromosome condensation in
mitotic cells (Sitbon et al., 2020, Clevers, 2006, Liu and Millar, 2010), identifying its
importance in chromatin regulation. This study showed that H3.3S31ph is important in

transcription for the development in Xenopus laevis.

1.4.4 Interacting partners of H3.3S31ph

H3.3S31ph acts through its interaction with proteins such as ZMYND11 (Wen et al., 2014,
Guo et al., 2014). ZMYND11 acts as a co-repressor of cellular transcription factors and may
act as a tumour suppressor (Ansieau and Sergeant, 2003, Ladendorff et al., 2001, Hateboer
et al., 1995). ZMYND11, which interacts with H3.3, has multiple histone reading domains
such as the plant homeodomain (PHD) domain, bromodomain and PWWP domain. These
domains are essential for the binding between H3K36me3 and ZMYND11 (Wen et al.,
2014). In addition, the crystal structure of H3.3 and ZMYND11 interaction showed that
H3.3S31 and H3.3 Threonine 32 bound to a specific pocket in the Bromo-ZnF-PWWP valley
(Wen et al., 2014). Further indicating the importance of the H3.3S31 residue, an increased

binding affinity was observed between ZMYND11 and H3.3 compared to ZMYND11 and
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H3.1 (Wen et al., 2014). ChlP/seq analyses of ZMYND11, H3K36me3 and H3.3 showed a
clear overlap, indicating that ZMYND11 interacts preferentially with H3.3K36me3 (Wen et
al.,, 2014). Therefore, it is possible that unphosphorylated H3.3S31, coupled with
H3K36me3, may regulate H3.3 binding to ZMYND11. Thus, further investigation is needed
to determine if the phosphorylation of H3.3S31 may prevent its binding to ZMYND11 (Wen

et al., 2014, Guo et al., 2014).

Another recent study has identified a role of H3.3S31ph in stimulating histone acetylation
(Martire et al., 2019). In H3.3 knockout mouse ES cells, a global H3K27ac loss was observed
through immunoblotting, mass spectrometry and ChiP/seq analysis (Martire et al., 2019).
Similarly, in HIRA knockout mouse ES cells, but not ATRX knockout mouse ES cells, global
loss and enhancer specific loss of H3K27ac was observed (Martire et al.,, 2019). This
showed that HIRA-dependant loading of H3.3 is required for the regulation of H3K27ac. The
loss of H3K27ac was rescued with the expression of either wildtype H3.3 and phospho-
mimic H3.3 (H3.3S31E; serine 31 to glutamic acid) mutant but not phospho-null H3.3S31A
mutant (Martire et al., 2019). This suggested that the phosphorylation of H3.3S31 was
necessary for the regulation of H3K27ac. The inhibition of CHK1 but not AURKB resulted in
a decrease of H3.3S31ph and a loss of H3K27ac at enhancers (Martire et al., 2019). In vitro
kinase assays concluded that phosphorylated H3.3S31 stimulates histone
acetyltransferase, p300, and increased acetylation (Martire et al., 2019). This finding is
interesting as previous studies only identified the enrichment of H3.3S31ph at
heterochromatic regions. Nonetheless, despite being identified in 2005, there has been little

progress in understanding the function and role of H3.3S31ph in chromatin maintenance.
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In this project, we aim to elucidate the function of H3.3S31ph in regulating heterochromatin
regulation. As a model to study H3.3S31ph, we used the telomeres of mouse ES cells as
our lab has extensively worked on H3.3 at the telomeres and, as H3.3S31ph is enriched at

the telomeres of mouse ES cells.

1.5 The chromatin of telomeres

1.5.1 The importance of telomere ends

Telomeres are structures located at the ends of linear chromosomes. Telomeres consist of
kilobases of hexametric TTAGGG (5’-3') repeat in mammals, with a single-stranded G-rich
overhang (Wright et al., 1997). Depending on the cell type, the length of telomeres in
humans varies between 5 kb to 15 kb (Wang et al., 2013), whereas telomere length in mice
varies between 25 kb to 50 kb (Kipling and Cooke, 1990). This sequence is bound by a
complex of telomere specific proteins known as the Shelterin complex (de Lange, 2005).
Typically, cells would recognise linear ends of chromosomal DNA as double-stranded
breaks and mount DNA damage responses to target them for repair. Interestingly, telomeres
are liberated from being recognised as double-stranded breaks, thus protecting the integrity
of the genome. Telomeres accomplish this by forming a secondary structure known as the
telomere loop (t-loop) and, the telomere specific Shelterin complex (Luke-Glaser et al., 2012,
Wang et al., 2004). This shield telomere ends from being recognised as double-strand
breaks by DNA damage response machinery, which, if triggered, could result in uncontrolled

DNA degradation and loss of the internal coding sequence on the chromosome.
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1.5.2 Protection of telomere and genome integrity — maintaining telomere length

An integral function of the telomere is to protect the genome. Telomere ends in differentiated
cells (somatic cells), shorten after each cell division due to the incomplete replication of the
5' end of DNA by eukaryotic DNA polymerases (Harley et al., 1990). As a result, the length
of telomeres decreases at an estimated rate of 30 bp per cell doubling (Martens et al., 2000).
This gradual decrease in length eventually leads to a loss of binding between the Shelterin
complex and telomeric DNA and the loss of the t-loop structure (Liu et al., 2004a). This
activates DNA damage response which ultimately leads to cellular senescence or cell death.
By itself, the Shelterin complex protects telomere integrity. The Shelterin complex regulates
telomere length by controlling the access of telomerase, a reverse transcriptase enzyme
that synthesises telomere DNA de novo, to the telomeres (Greider and Blackburn, 1985,
Smogorzewska et al., 2000, van Steensel and de Lange, 1997). In addition, the Shelterin
complex protects telomeres by repressing DNA damage response and regulating telomere
length renewal to ensure genome integrity (Palm and de Lange, 2008). For example,
Telomeric repeat binding factor 1 (TERF1), a component of the Shelterin complex, protects
the telomeres from ataxia telangiectasia and Rad3-related protein (ATR) dependent DNA
damage response and promotes efficient replication of telomeres through helicases (Sfeir

et al., 2009).

1.5.3 Protection of telomere and genome integrity - Telomere capping and
suppression of DNA damage response

In most organisms, an exclusive feature of telomere ends is the single-stranded telomere
DNA, otherwise known as the 3' single-stranded G-rich overhang (Cimino-Reale et al., 2001,

Oganesian and Karlseder, 2011). This 30 to 500 nucleotide long single-stranded G-rich
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overhang (Cimino-Reale et al., 2001, Oganesian and Karlseder, 2011, Wright et al., 1997)
has been shown to sustain telomere functions such as capping and repressing the activation

of DNA damage response (Tsai et al., 2007).

To facilitate capping, telomere DNA folds back upon itself to allow the 3" single-stranded G-
rich overhang to invade duplex telomere DNA to form a noose-like structure known as the t-
loop (Figure 1.6). This displaces the G-rich strand of the duplex telomere DNA, forming a
triple-stranded structure known as the Displacement loop (D-loop) (Griffith et al., 1999). The
t-loop structure disguises and prevents linear telomere ends from being recognised as a
double-stranded break by DNA damage response machinery (Wang et al.,, 2004).
Furthermore, the t-loop structure has been identified in other organisms, including
trypanosomes (Munoz-Jordan et al., 2001, Murti and Prescott, 1999). Hence, its role has
been suggested to be conserved, portraying its vital role in protecting the genome from

degradation.
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Figure 1.6: Formation of the t-loop

A shows an image of a chromosome. The red circles identify the telomeres. B shows both strands
of the telomere DNA. Additionally, the 3' single-stranded G-rich overhang can be seen. The
hexametric repeat of TTAGGG is indicated on the 3' strand. C shows the formation of a noose-like
structure by the looping of telomere DNA. D shows the duplex telomere DNA dissociation by the
invasion of the single-stranded 3' G-rich overhang into the duplex DNA, forming the D-loop (circled).
The single-stranded 3' G-rich overhang binds to the 5' C-rich strand of the duplex DNA, forming a

triple-stranded structure. The end resulting noose-like structure is known as the t-loop.
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1.5.4 Protection of telomere and genome integrity — the function of Shelterin end
protection problem

In addition to the t-loop formation, the telomere-specific protein complex, known as
Shelterin, is required for various aspects of telomere function. Such functions include
telomere structure maintenance, telomere length maintenance and, most importantly,
preventing telomeres from being recognised as double-stranded DNA breaks (Palm and de
Lange, 2008). Double-stranded DNA breaks are unstable and are targeted by the DNA
repair pathways. A study that prevented the binding of the Shelterin complex to telomere
DNA, through the deletion of TERF1 and TERF2, revealed that the Shelterin complex was
required to repress DNA damage repair pathways such as NHEJ, HDR and, DNA damage-
induced kinases such as ATM and ATR signalling (Sfeir and de Lange, 2012). The Shelterin
complex binds the TTAGGG repeats at the telomeres (Liu et al., 2004a). In addition, the
components of the Shelterin complex also precisely localise to telomeres and are present
at telomeres throughout the cell cycle (Bilaud et al., 1997, Liu et al., 2004b, Broccoli et al.,
1997, Li et al., 2000, Shen et al., 1997, Ye et al., 2004). The Shelterin complex is made of
6 specific proteins: TERF1 (Zhong et al., 1992), Telomeric repeat binding factor 2 (TERF2)
(Bilaud et al., 1997, Broccoli et al., 1997), TERF2 interacting proteins (RAP1)(Li et al., 2000),
TERFL1 interacting nuclear factor 2 (TIN2) (Kim et al., 1999), Tripeptidyl peptidase | (TPP1)
(Houghtaling et al., 2004) and Protection of telomere 1(Baumann and Cech, 2001) (POT1;

Figure 1.7).

Various studies have shown the importance of the individual Shelterin subunits on telomere
maintenance (Sfeir and de Lange, 2012, Palm and de Lange, 2008, de Lange, 2005).
TERF1 is vital for regulating telomerase binding to telomere DNA (van Steensel and de

Lange, 1997). The lack of TERF1 binding to telomere DNA, through the expression of a
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dominant-negative TERF1, led to an increase in telomerase binding and subsequently, the
lengthening of telomeres. In addition, knockout of TERF1 led to a loss of telomere structural
integrity and replication fork stalling at the telomeres (Sfeir et al., 2009). Like the importance
of TERF1 in maintaining telomere function, TERF2 prevents chromosome end fusions and
the activation of ATM-dependent DNA damage response through the recruitment of proteins
such as RAP1 (van Steensel et al., 1998, Sfeir et al., 2010). In addition, the deletion of
TERF2 led to a reduction of t-loop formation and maintenance, suggesting that TERF2 is
vital for the remodelling of linear telomere DNA into t-loop (Stansel et al., 2001). Finally,
POTL1 prevents telomere erosion, which in turn prevents the activation of ATR-mediated

repair at the telomeres (Veldman et al., 2004, Gong and de Lange, 2010).

TTAGGG 3’

Figure 1.7: A simplified diagram of the Shelterin complex and telomere DNA.

TERF1 and TERF2 bind to duplex telomere DNA. POT1 binds to only the 3' single-stranded G rich
overhang. TIN2 acts as a connector between TERF1 and TERF2. TPP1 binds to TIN2 and POTL.
Finally, RAP1 binds to TERF2. Only a single Shelterin complex is depicted. In vivo, multiple Shelterin

complexes bind to the telomere DNA.
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1.6 Telomeres chromatin in somatic cells and pluripotent ES cells

In addition to the unique set of proteins and structure, telomere chromatin is constitutively
heterochromatic. The telomeric and sub-telomeric regions show low levels of acetylated
histones and are enriched with H3K9me3 and H4K20me3 marks (Garcia-Cao et al., 2004),
which are suggestive of a compact, repressed genomic region. The presence of H3K9me3
recruits HP1a, which regulates chromatin compaction. The binding of histone
methyltransferases such as SUV39H1 and SUV39H2 further identifies the telomeres as
heterochromatin. The loss of these heterochromatic marks through the deletion of SUV39H1
and SUV39H2 in mouse ES cells, porcine ES-like cells and porcine embryonic fibroblasts
led to a loss of H3K9me3 levels, which resulted in abnormal telomere DNA elongation and
recombination (Garcia-Cao et al., 2004, Benetti et al., 2007). In addition, the deletion of
SUV420H1 and SUV420H2 led to a loss of H4K20me3 levels which subsequently also led

to telomere DNA elongation and recombination (Benetti et al., 2007).

In addition to histone demethylation, DNA methyltransferase ([DNMT]; DNMT1, DNMT3a
and DMNT3b) regulates DNA methylation. Although telomeres lack CpG methylation site,
their sub-telomeric region is hyper-methylated. Indicating the importance of DNMT in
maintaining telomere integrity and the regulation of heterochromatin, the loss of DMNT
(DNMTL1 or both DMNT3a and DMNT3Db) results in telomere elongation. Furthermore, the
loss of DMNT gave rise to an increase in recombination events at the telomeres (Gonzalo
et al., 2006). These studies show the importance of heterochromatin maintenance at the

telomeres.

The regulation of heterochromatin in telomeres are essential for telomere integrity

maintenance. Unlike their somatic cell counterparts, the chromatin of ES cells comprises an
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overall more open (active) chromatin state (Meshorer and Misteli, 2006). Compared to
somatic cells, ES cells show presence of low levels of heterochromatic marks such as
H3K9me3 and H4K20me3 at telomeres, suggesting that in ES cells, open chromatin is
compatible with telomere function (Wong et al., 2009). In addition, telomere chromatin is
enriched with proteins such as H3.3, a histone H3 variant usually associated with active
chromatin. The depletion of H3.3 through ribonucleic acid (RNA) interference resulted in
telomere dysfunction, indicating that H3.3 has an essential role in maintaining telomere
function in ES cells (Wong et al., 2009). Additionally, telomeric H3.3 is phosphorylated at
Serine 31 (a residue unique to H3.3). This H3.3S31ph mark is not seen at the telomeres of
somatic cells (Wong et al., 2009). Furthermore, the chromatin remodeler ATRX/DAXX,
which functions to deposit H3.3 at the telomeres, is enriched at the telomeres of ES cells
(Wong et al., 2010, Wong et al., 2009). The depletion of ATRX led to a loss of H3.3S31ph
at telomeres in mouse ES cells and increased DNA damage at the telomeres. Due to the
unique properties of the telomeres of ES cells, we will study the function of H3.3S31ph in

regulating heterochromatin at telomeres in these pluripotent cells.
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1.7 Aims and sub aims
The aims of this thesis are a) to investigate the role of histone variant H3.3 serine 31
phosphorylation (H3.3S31ph) in heterochromatin assembly, particularly, in telomeric

chromatin assembly and b) to identify interacting protein(s) of H3.3S31ph at the telomere.

The aim of Chapter 3 was to uncover the function of AURKB, which is a mitotic kinase that
phosphorylates H3.3S31, in regulating TERF1 binding to maintain telomeric DNA integrity
in mouse ES cells. The unpublished data from our lab shows that AURKB localises to the
telomere during mitosis in ES cells and it phosphorylates both H3.3S31 and TERFL1 at the
telomere. To investigate the role of AURKB at the telomere, | investigated the impact of the
loss of AURKB on telomere function in mouse ES cells. This was achieved through siRNA
knockdown of AURKB expression and drug inhibition of its kinase activity. In mouse ES
cells, the loss of AURKB function resulted in the loss of telomere integrity, a phenotype also
found in cells subjected to sSiRNA mediated depletion of TERF1 expression. In vitro protein
binding assay and kinase experiments were performed to investigate the interaction
between AURKB bind TERF1, and to identify the putative AURKB target sites. Finally, the
importance of these candidate residues on TERF1 was determined by overexpressing the
phospho-null and phospho-mimic substitutions in cells, and analysis of the effects on

telomere maintenance.

The aim of Chapter 4 was to generate mutant mouse ES cell lines carrying H3.3S31
substitutions to study the importance of H3.3S31 and its phosphorylation (H3.3S31ph) in
heterochromatin maintenance, particularly, at telomeres. To achieve this, | employed a two-
step strategy to obtain mouse ES cells expressing only either the wild-type (WT) H3.3S31,

mutant H3.3S31A (serine to alanine) or mutant H3.3S31E (serine to glutamic acid) protein.
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The A31 substitution mimics H3.1/2 and is non-phosphorylatable, mimicking a non-
phosphorylated state. In contrast, the glutamic acid E31 substitution is a structural mimic of

a phosphorylated serine and mimics a phosphorylated state.

The aim of Chapter 5 was to determine the function of H3.3S31ph in heterochromatin
regulation at the telomeres using the S31A and S31E-H3.3 mouse ES cell lines generated
in Chapter 4. Although previous studies have shown the presence of H3.3S31ph at the
telomere (Wong et al., 2009) and the involvement of AURKB and CHK1 kinases in
phosphorylating H3.3S31, the function of H3.3S31ph in heterochromatin assembly has not
been defined (Chang et al., 2015, Li et al., 2017a). Thus, using the S31A and S31E-H3.3
mouse ES cell lines, | sought to determine if H3.3S31 and its phosphorylated form is required
for H3.3 deposition by ATRX and maintenance of heterochromatin at telomeres, and if

H3.3S31 substitutions affect telomere length regulation and protection.

The aim of Chapter 6 was to determine if histone H3K9me3 and K36me3 demethylase,
KDM4B, was an interacting partner of H3.3S31ph. Findings from Chapter 5 show that
heterochromatin structure at the telomere was disrupted in H3.3S31A phospho-null mutant
cells. In consideration of the previous findings from our lab that KDM4B localises to the
telomeres of ES cells where it is responsible for regulating H3K9me3 level (Udugama et al.,
2021, Voon et al., 2018), | hypothesised that H3.3S31ph is a key regulator of KDM4B binding
at the telomere and the loss of H3.3S31ph in H3.3S31A resulted in the increased binding of
KDM4B demethylase and thereby, loss of heterochromatin at the telomere. To address
these hypotheses, in vitro demethylase assay and in vivo binding assays were performed to

determine the interaction between KDM4B and H3.3. In addition, rescue experiments were
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performed by depleting KDM4B levels to investigate if the depletion of KDM4B should

rescue heterochromatin in H3.3S31A cells.
The implications of these results are discussed in chapter 7, with a focus on potential

function of H3.3S31ph, and future possibilities for the understanding and H3.3S31ph in

heterochromatin regulation.
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Chapter 2: Materials and methods
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2.1 Cell culture and transient transfection

2.1.1 Cell culture and maintenance

All mouse ES cell lines (ES129.1), h3f3afo/ox h3f3pfloxflox (Tang et al., 2013a) and mutant
ES cells lines were cultured at 37°C with 5% CO2 in Dulbecco's Modified Eagle Medium
(DMEM) with 4.5 g/L Glucose + 2 mM L-Glutamine that was supplemented with 12% heat-
inactivated FCS (v/v), 1000 units/ml leukaemia inhibitory factor, 0.1 mM B-mercaptoethanol,

0.1 mM non-essential amino acids (Gibco) and 1% Penicillin/Streptomycin (v/v).

All somatic (Mouse embryonic fibroblasts, NIH3T3 and human embryonic kidney 293T cells)
and cancer cells (HT1080 (fibrosarcoma) (Cristofari and Lingner, 2006), super-telomerase
HT1080 (Cristofari and Lingner, 2006), Alternative lengthening of telomere (ALT) positive
SKLU1 (lung adenocarcinoma), GM847 (SV40-transformed fibroblast)) were cultured at
37°C with 5% CO2 in DMEM (with 4.5 g/L Glucose) supplemented with 10% heat-inactivated
FCS (v/v) and 1% Penicillin/Streptomycin (v/v). Passaging of adherent cells involved a wash
with 1X PBS (137 mM NaCl, 5.4 mM KCI, 10 mM NA2HPO4, 5 mM NaH2PO4H20, 1 mM
Na2EDTA-2H20 pH to 7.4 with HCI), 5 minutes incubation with 0.025% (w/v) trypsin-EDTA
at 37°C to detach cells from cell culture plate and resuspension in fresh complete DMEM

every 3-4 days or as necessary.

2.1.2 Cell count
Cells were harvested by trypsinisation with trypsin-EDTA at 37°C for 5 minutes and
resuspended in a volume fresh medium equivalent to the volume of trypsin. Then, 200 ul of

cell suspension was added to an equal volume of Trypan Blue (Life technologies, dilution
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factor =2) and mixed by gentle pipetting. Finally, the cell suspension was added to the

hemocytometer and cells counted.

2.1.3 Cell-cycle arrest

Cells were arrested at the G1/S boundary by adding a final concentration of 2.5 mM
Thymidine (Sigma Aldrich) to the media for 16 hours. To arrest cells at metaphase, cells
were washed three times in pre-warmed PBS supplemented with 2.5 yM deoxycytidine
(Sigma Aldrich) before releasing into fresh cell culture media containing 100 ng/mi
Nocodazole (Sigma Aldrich) for 10 hours. To enrich for anaphase cells, cells arrested at
metaphase were washed three times in pre-warmed PBS and released into fresh media

containing 10 ng/ml cytochalasin B (Sigma Aldrich) for 1 hour.

2.1.4 Transient transfection

Cells were seeded at the appropriate concentration for the specific experiment. After 24
hours, cells were transfected with DNA using Lipofectamine 2000 (Invitrogen) at a
Reagent:DNA ratio of 4:1. The 4 pl Lipofectamine 2000 reagent and 1 pg of plasmid DNA
were diluted in 50 ul of Opti-MEM media (Gibco) separately before being mixed together,
followed by a 45-minute incubation at room temperature to form the lipid-DNA complex. This
lipid-DNA mix was then added to 2 x 10"> mammalian cells containing cell culture media

lacking penicillin and streptomycin. Culture media was changed after 8 hours.

2.1.5 siRNA transfection
siRNA oligonucleotides were commercially synthesised (GenePharma), and 40 nM of the

siRNA was transfected into cells with Lipofectamine 2000 (Invitrogen) as described in
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section 2.1.4 with the following changes. The lipid-siRNA complex, prepared at a
Lipofectamine:siRNA ratio of 2:1, was added into 2 x 10"> mammalian cells containing cell
culture media lacking penicillin and streptomycin. A set of scramble siRNA (provided by
GenePharma) was used as a control for all experiments. The cells were harvested and
examined after 24 hours and 48 hours of transfection. Knockdown efficiency was analysed
by real-time PCR as described in Section 2.7. The siRNA sequences used in this thesis are

shown below.

Table 2.1: siRNA and the sequences used in this thesis

Gene Name | Sequence Company

Forward (5'-3") Reverse (5'-3")

Kdm4b-mus-2703 | GCAGCGAUGGAAACUGAAATT | UUUCAGUUUCCAUCGCUGCTT | GenePharma

Kdm4b-mus-2933 | GCCAGAUCGUCAUCACCAATT | UUGGUGAUGACGAUCUGGCTT

Kdm4b-mus-3478 | CCUGUCCCACUGUAGGUAATT | UUACCUACAGUGGGACAGGTT

Kdm4b-mus-4552 | CCUCCAGUUCAGUAUCAAUTT | AUUGAUACUGAACUGGAGGTT

Mouse AURKB SMARTpool: ON-TARGETplus siRNA Dharmacon
Mouse AURKB s74513 Ambion

Mouse TERF1 SMARTpool: ON-TARGETplus siRNA Dharmacon
Mouse TERF2 SMARTpool: ON-TARGETplus siRNA Dharmacon

2.2 Expressing H3.3S31 wild type and mutants in h3f3a’ h3f3b” mouse ES cells

2.2.1 Generating H3.3S31 wild type and mutant plasmids
Plasmids containing Human influenza hemagglutinin (HA) tagged and untagged H3.3
(accession number: P84243) wildtype, H3.3S31A and H3.3S31E were commercially

synthesised with Ncol and EcoRI restriction sites at the 3’ and 5’ ends, respectively
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(Integrated DNA Technologies). HA tagged and untagged H3.3 wildtype, H3.3S31A and
H3.3S31E constructs, together with pHL-EF1la-SphcCas9-iP-A vector (Addgene #60599)
were digested with Ncol (NEB, 10,000 U/ml) and EcoRI (NEB, 20,000 U/ml) at 37°C
overnight to generate pHL-EFla-SphcCas9-iP-A vector backbone (~5300 bp) and
H3.3/H3.3-HA constructs (~400 bp) with sticky ends. These digested fragments with sticky
ends were purified by agarose gel electrophoresis and extracted from the agarose gel using
Wizard® SV Gel and PCR Clean-Up System (Promega). Sticky end ligation with T4 DNA
ligase (NEB) was performed at 16°C overnight. The ligation mix was transformed into
chemically competent DH5a cells at 42°C for 45 seconds and grown on Luria Broth-agar
plate supplemented with 100 pg/ml ampicillin (Sigma Aldrich) at 37°C overnight. Colonies
were cultured and screened for clones containing H3.3 by 3-hour digestion with Smal (NEB,
20,000 U/ml) and EcoRI (NEB, 20,000 U/ml) restriction enzymes at 37°C before separation
by agarose gel electrophoresis according to the presence of a 1927 bp and a 3866 bp band
of H3.3-HA constructs and a 1900 bp and 3866 bp band for H3.3 constructs. Clones carrying
the H3.3 constructs were further validated by capillary sequencing using BDT BigDye 3.1
(Micromon Sequencing Facility, Monash University, Clayton). The vector maps for pHL-

EFla-SphcCas9-iP-A and, HA-tagged and untagged H3.3 is shown in Figure 2.1.

2.2.2 Stable transfection of H3.3S31 wildtype and mutant plasmids into h3f3aflox/flox
h3f3bfloxflox mouse ES cells

Confirmed HA tagged and untagged H3.3 wildtype, H3.3S31A and H3.3S31E constructs
were linearised with Fspl digestion (NEB, 10,000 U/ml) at 37°C overnight and transfected
into h3f3aflo¥flox h3f3pfloxflox mouse ES cells by electroporation using the MicroPulser

Electroporator (BioRad). Cells were trypsinized and washed once with PBS and
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resuspended in 400 ul PBS and transferred to the Micropulser Electroporation cuvettes. 10
ug of linearised plasmid DNA was then added to 2 x 10° cells before electroporation at
0.25kV, 500uF. Cells were then replated into cell culture media lacking penicillin and
streptomycin. To select for H3.3S31 wildtype, H3.3S31A and H3.3S31E transfected cells, 2
pg/ml puromycin (Sigma Aldrich) was supplemented to the ES media after 24 hours. Single
colonies were then picked, cultured, and screened for the presence of exogenous HA tagged
and untagged H3.3 by immunoblotting (Section 2.4), immunofluorescence (Section 2.6),

and gRT-PCR (Section 2.7).

2.2.3 Knockout of h3f3a and h3f3b

To knockout endogenous H3.3, h3f3aflo¥flox h3f3pflodlox moyse ES cells expressing H3.3
wildtype, H3.3S31A and H3.3S31E constructs were co-transfected with 10 ug CAG-Cre
plasmid (Addgene #13775) and 2 ug of pZeoSV2(+) plasmid (Invitrogen; confers resistance
to Zeocin) using Lipofectamine 2000 (Invitrogen) as described in Section 2.1.4.. Zeocin
(Sigma Aldrich) was used at 100 pg/ml to select for clones co-transfected with CAG-Cre
plasmid. Single colonies were picked, cultured, and screened for the loss of endogenous
H3.3 by immunoblotting (Section 2.4), Fluorescence-activated cell sorting (FACS, Section

2.5), Immunofluorescence (Section 2.6), and southern blotting (Section 2.9).
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Figure 2.1: Plasmid maps of pHL-EF1a-SphcCas9-iP-A, untagged and HA-tagged H3.3

The plasmid maps of pHL-EF71a-SphcCas9-iP-A, untagged and HA-tagged H3.3 in pHL-EF1a

backbone are shown. The plasmid size, significant features and restriction sites of interest are

included.
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2.3 Expression GFP- TERF1 wildtype and mutant constructs in mouse ES cells

2.3.1 Generating GFP-TERF1 wildtype and mutant plasmids

gBLOCK DNA fragments corresponding to the N- (amino acid 2 - 257) and C- (amino acid
258 - 421) terminus of TERF1 (accession number: P70371) and Myc-HA-tagged TERF1
and TERF2 (accession number: 035144) were purchased from Integrated DNA
Technologies. The C-terminus fragments contained either wildtype or mutant (T343A,
S344A, S261A, T403A, S404A, S261E and S404E) TERF1 cDNA sequences. The N- and
C-terminus of TERF1 were cloned into pEGFP-C1 (Gibco) plasmid using the Gibson
Assembly Kit (New England Biolabs). These constructs were used for the transient
expression of wild-type and mutant green fluorescent protein (GFP)-TERFL1, as described
in section 2.1.3. DNA fragments of Myc-HA-TERF1, Myc-HA-TERF2, GFP-tagged wildtype
and mutant (S261A, S261E, S404A and S404E) TERF1 were cloned into pHL-EFla-
SphcCas9-iP-A (Addgene #60599) at Ncol and EcoRI sites. Restriction enzyme digest with
Ncol (NEB, 10,000 U/ml) and EcoRI (NEB, 20,000 U/ml) at 37°C overnight was used to
generate pHL-EF1a-SphcCas9-iP-A vector backbone (~5300 bp) and, GFP-TERF1 (~ 2000
bp), Myc-HA-TERF1 (~1400 bp) and Myc-HA-TERF2 (~1708 bp) inserts with sticky ends.
These digested fragments with sticky ends were purified by agarose gel electrophoresis and
extracted using Wizard® SV Gel and PCR Clean-Up System (Promega). Sticky end ligation
with T4 DNA ligase (NEB) was performed at 16°C overnight. The ligation mix was
transformed into chemically competent DH5a cells at 42°C for 45 seconds and grown on
Luria Broth-agar plate supplemented with 100 pg/ml ampicillin at 37°C overnight. Colonies
were cultured and screened for clones containing GFP-TERF1, Myc-HA-TERF1/2 by
overnight digestion using Ncol and EcoRI restriction enzymes at 37°C before separation by

agarose gel electrophoresis according to the presence of a 2021 bp and 5234 bp bands for
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TERF1 and a 1708 bp and 5234 bp band for TERF2. Positive clones carrying the respective
constructs were further validated by capillary sequencing using BDT BigDye 3.1 (Micromon
Sequencing Facility, Monash University, Clayton). The vector maps of pHL-EF1a-GFP-WT-
TERF1, pHL-EFla-Myc-HA-TERF1 and pHL-EFla-Myc-HA-TERF2 are shown in Figure

2.2
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Figure 2.2: Plasmid maps of GFP-TERF1 and siRNA resistant Myc/HA tagged TERF1 and

TERF2

The Plasmid maps of GFP-TERF1 and siRNA resistant Myc/HA tagged TERF1 and TERF2 in pHL-

EFla backbone are shown. In addition, the plasmid size, significant features and restriction sites of

interest are included.
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2.3.2 Stable transfection of GFP-TERF1 wildtype and mutant plasmids into mouse ES
cells

TERF1 wildtype and mutant plasmids were linearised with Fspl (NEB, 10,000 U/ml) at 37°C
overnight and transfected into to 2 x 10° ES129.1 mouse ES cells by electroporation using
the MicroPulser Electroporator (BioRad). Cells were trypsinized and washed once with
PBS and resuspended in 400 ul PBS and transferred to the Micropulser Electroporation
cuvettes. 10 pg of linearised plasmid DNA was then added before electroporation at 0.25kV,
500uF. Cells were then replated into cell culture media lacking penicillin and streptomycin.
To select for GFP-TERF1 wild-type and mutant-transfected cells, 2 pg/ml puromycin (Sigma
Aldrich) was supplemented to the ES media after 24 hours. Single colonies were then
picked, cultured, and screened for the presence of GFP-TERF1 by immunoblotting (Section

2.4), immmunofluorescence (Section 2.6), and gRT-PCR (Section 2.7).

2.4 Immunoblotting and protein analyses

2.4.1 Cell Lysates preparation and SDS-PAGE

Cells were lysed in cold RIPA buffer (150 mM NaCl, 50 mM Tris-HCI at pH 7.5, 0.25%
sodium deoxycholate, 0.1% NP40, 0.05% SDS, 1 mM NaF, 1mM sodium orthovanadate,
supplemented with mammalian protease inhibitors), followed by a 10-second pulse
sonication at amplitude 8 (Qsonica, Q700). After a 5-minute centrifugation at 16,000 g, the
supernatant was collected. PAGE sample buffer (50 mM Tris pH 6.8, 2% (v/v) SDS, 0.1%
bromophenol blue, 10% glycerol 2.5% B—mercaptoethanol) was added to each sample and
boiled for 5 minutes at 95°C. Samples were loaded onto a 4-12% SDS-PAGE gel in a Mini-
PROTEAN Tetra Vertical Electrophoresis Cell (Bio-Rad). Running buffer (25 mM Tris base,
190 mM glycine 0.1% SDS) was used for electrophoresis and gel was run at 80 volts for 1
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hour. Pre-Stained SDS-PAGE Standards (Bio-rad) was used as a molecular weight marker.
SDS-PAGE Gel was then either transferred for immunoblotting (section 2.4.2). or stained

with Coomassie blue stain (Section 2.4.3).

2.4.2 Immunoblotting

Proteins from the SDS-PAGE gel was transferred in a Mini-PROTEAN Tetra Vertical
Electrophoresis Cell (Bio-Rad), using transfer buffer (25 mM Tris, 192 mM glycine, 20%
ethanol), onto a Polyvinylidene fluoride (PVDF) membrane (Immobilon, Millipore) through a
wet/tank electroblotting procedure at 90 volts for 3 hours. Before transfer, membranes were
activated in methanol and equilibrated in transfer buffer. Following transfer, the PVDF
membrane was blocked either in 2% (w/v) Bovine Serum Albumin (Sigma Aldrich) or 5%
(w/v) skim milk in PBS with 0.2% (v/v) Tween 20 solution (MP biochemicals) at room
temperature for 1 hour. A primary antibody specific to the target protein was incubated with
the membrane at 4°C overnight; the horseradish peroxidase (HRP) conjugated secondary
antibody was incubated with the membrane at room temperature for 3 hours. After each
round of antibody incubation, the membrane was washed three times in PBS-Tween 20
solution. Protein signals were detected using the SuperSignal West Pico
Chemiluminescence HRP substrate detection kit (Thermo Scientific). Results were analysed

using ChemiDoc imaging systems (BioRad).

2.4.3 Coomassie blue staining for recombinant protein expression analysis
The SDS-PAGE gel was stained in Coomassie blue staining buffer (45% methanol, 10%
glacial acetic acid, 45% dH20, 0.25% Coomassie blue R250 (Sigma Aldrich) per litre) at

room temperature for 2 hours. Following the first de-staining with Solution 1 (50% methanol,
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10% glacial acetic acid in distilled water) for 2 hours, the gel was further destained with
Solution 2 (5% methanol, 1% glacial acetic acid in distilled water) at room temperature.

Coomasie stained gels were then imaged using the ChemiDoc imaging systems (BioRad).

2.5 FACS analyses

2.5.1 Detection of fluorescent proteins

Cells were harvested and washed once in the ice-cold FACS buffer (1% BSA and 2 mM
EDTA in PBS), then spun with pellets resuspended in Propidium iodide (PI) (1 ug/ml) in
PBS. Cells were analysed on a FACS LSR Analyzer (BD Biosciences, Flowcore, Monash

University) and FloJo Software (FlowJo LLC).

2.5.2 Cell cycle analysis

1 hour before harvesting, cells were incubated with 10 uM BrdU (Sigma Aldrich), then
washed in ice-cold PBS and fixed in 70% ethanol for another hour. Cells were pelleted at
300 g for 5 minutes and permeabilised with 2 N HCI/0.5% Triton X-100 for 30 minutes. Cells
were then incubated 0.1 M NaB4O~ (pH8.5) for 30 minutes before pelleting and resuspension
in 0.5% Tween 20/1% BSA/PBS containing antibody against BrdU prior to incubation at
room temperature for 30 minutes. Cells were washed with 1% BSA/PBS and incubated with
secondary antibody for 30 minutes. Cells were washed, resuspended in a solution
comprising 10 pg/ml Pl and 300 pg/ml RNase A (Cell Signalling, 4087S) and incubated in
the dark for 30 minutes, before analyses on a FACS LSR Analyzer (BD Biosciences,

Flowcore, Monash University). Data were analysed using FlowJo (FlowJo LLC).
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2.6 Immunofluorescence and FISH analysis

2.6.1 Cell preparation and image acquisition

To enrich for mitotic cells, cells were treated with a microtubule disrupting agent, Colcemid
(Life Technologies), at a final concentration of 0.1 pg/ml for 1 hour before harvesting for
immunofluorescence analysis (Sections 2.6.2 and 2.6.3) or Tel-FISH analysis (Section
2.6.4). Images were collected using a Zeiss Imager M2 fluorescence microscope linked to
an AxioCam MRm CCD camera system. Microscopy analyses were processed using the

Zen software 2011(Carl Zeiss Microscopy).

2.6.2 immunofluorescence of cytospun preparations

For immunofluorescence preparations, cells were subjected to hypotonic treatment in 0.075
M KCI and loaded onto a cytofunnel (Fisher Scientific) before being cytospun onto glass
slides using a cytocentrifuge at 1,000 g (Thermo Scientific™ Cytospin™ 4) . Slides were
incubated in KCM buffer (120 mM KCI, 20 mM NacCl, 10 mM Tris-HCI pH 7.5, 0.5 mM EDTA,
0.1% (v/v) Triton X-100) for 5 minutes. Cells were extracted with 0.5% (v/v) Triton X-100 in
KCM for 5 minutes and blocked in KCM buffer containing 1% (w/v) BSA before incubation
with relevant primary and secondary antibodies at 37°C for 1 hour. After each round of
antibody incubation, slides were washed three times in KCM buffer. Slides were then fixed
in KCM with 4% (v/v) formaldehyde and mounted with Vectashield (Vector Lab)
supplemented with DAPI at 250 ng/ml. Images were taken and processed as described in

section 2.6.1.
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2.6.3 Immunofluorescence of pre-fixed cells

Cells were fixed in 1% formaldehyde/phosphate-buffered saline (PBS) before being
cytopsun onto glass slides as in Section 2.6.2. Samples were extracted with 0.5% Triton X-
100/PBS, blocked with 1% BSA in PBS and incubated with the relevant primary and
secondary antibodies at 37°C. After each round of antibody incubation, slides were washed
three times in 0.2% Tween-20/PBS. Slides were fixed in PBS with 4% (v/v) formaldehyde
and mounted with Vectashield (Vector Lab) supplemented with DAPI at 250 ng/ml. Images

were taken and processed as described in section 2.6.1.

2.6.4 Fluorescence in-situ hybridisation (FISH) analysis

For Telomere-FISH (Tel-FISH) analyses, cells were diluted in hypotonic solution (75 mM
KCI) then were fixed in ice-cold methanol/acetic acid (3:1 ratio). Cells were dropped onto
slides and dried overnight. Slides were rehydrated in PBS, treated with 0.5 yg/ml RNase A
(Roche), fixed in 4% formaldehyde/PBS followed by serial ethanol dehydration
(75%>85%>100%). Chromosome preparations were hybridized with 0.5 yM telomere C-
strand AlexaFluor® 488-conjugated telomere PNA (peptide nucleic acid) probe (PNA Bio
Inc.); or in conjunction with 0.5 yM CENP-B box Cy5-conjugated centromere PNA probe
(PNA Bio Inc.) in hybridization solution (10 mM Tris—HCI pH 7.2, 70% deionized formamide
(ThermoFisher), 1% salmon sperm DNA (Thermofisher)) at 80°C for 3 minutes. After 2 hours
of incubationin the dark at room temperature, slides were sequentially rinsed in FISH buffer
[ (10 mM Tris—HCI pH 7.2, 70% formamide, 0.1% BSA) and FISH buffer Il (100 mM Tris—
HCI pH 7.5, 0.15 M NaCl, 0.08% Tween-20) before carrying out another round of serial

ethanol dehydration. Images were taken and processed as described in section 2.6.1.
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2.7 Nucleic acid extraction and PCR analyses

2.7.1 RNA extraction

RNA was prepared according to the manufacturer’s protocol (Roche) and treated with
DNAse using the Promega RQ1 reagent (Promega). Briefly, cells were lysed in lysis buffer
and the lysates were transferred to a High Pure Filter Tube. Samples were spun down
through the High Pure Filter Tube and incubated with DNase | for 15 minutes at 25°C before
being washed. RNA was eluted from High Pure Filter Tube with elution buffer and stored at
-80°C. cDNA was synthesised with oligo d(T)12-18 (Life Technologies) using the cDNA
Reverse Transcriptase kit (Life Technologies). The cDNA amount equivalent to 7.5 ng of
RNA was amplified with 250 nM of the respective primers and gPCR performed with the
FastStart DNA Green Sybr (Roche) using the LightCycler© (Roche) as described in Section

2.7.3.

2.7.2 DNA extraction

Cells were lysed in cell lysis buffer (50 mM Tris-HCL pH 8, 100 mM EDTA pH 8, 100 mM
NaCl, 1% SDS), and protein precipitated with a final concentration of 2.5 M ammonium
acetate. The solution was mixed and spun down at 16,000 g for 20 minutes at 4°C. Next,
the supernatant was extracted and mixed with equal volumes of isopropanol to precipitate
DNA. Precipitated DNA was spun down at 16,000 g for 20 minutes at 4°C, washed with 70%
ethanol, air-dried and finally dissolved in TE buffer (10 mM Tris-HCL pH 8, 1 mM EDTA pH
8). Samples were stored at -20°C. 100 ng of DNA was used for amplification with 250 nM of
respective primers and gPCR performed with the FastStart DNA Green Sybr (Roche) using

the LightCycler© (Roche) as described in Section 2.7.3.
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2.7.3 PCR analyses

The Lightcycler® 96 system (Roche) was used to run PCR analyses of DNA and cDNA
samples. All data analyses were calculated using the comparative cycle threshold method
(CT). The comparative cycle threshold method uses CT values obtained from two different
experimental RNA samples are normalised to a housekeeping gene and then compared.
The difference between the Ct values (ACt) of the gene of interest and the housekeeping
gene (GAPDH) is calculated for each sample. Then, the difference in the ACt values
between the experimental and control samples AACt is calculated. The fold-change in

expression of the gene of interest between the two samples is then equal to and expressed

as 2/\(-AACt).

2.8 Chromatin immunoprecipitation (ChIP) analyses

Cells were crosslinked with either a final concentration of 1% formaldehyde in PBS for 10 minutes
or a final concentration of 1.5 mM EGS (Thermofisher) for 45 minutes, followed by final
concentration of 1% formaldehyde for 20 minutes at room temperature. The reaction was
guenched with the addition of final concentration of 250 mM glycine for 10 minutes. Crosslinked
cells were pelleted at 300 g for 5 minutes and lysed in cold cell lysis buffer (10 mM Tris pH 8, 10
mM NacCl, 0.2% NP40 and mammalian protease inhibitors). Nuclei were collected, resuspended
in resuspension buffer (50 mM Tris pH 8, 10 mM EDTA and 1% sodium dodecyl sulphate (SDS))
and sonicated for 20 minutes (high power mode, 30 sec on / 30 sec off) in Diagenode Biorupter®
sonicator to obtain chromatin fragments of 500 bp or less. The chromatin suspension was diluted
in dilution buffer (20 mM Tris pH 8, 2 mM EDTA, 150 mM NacCl, 1% Triton X-100 and 0.01%
SDS) and precleared with Protein A sepharose beads (Sigma Aldrich) at 4°C for 1 hour with

rotation. Pre-cleared chromatin was immunoprecipitated with antibody-bound beads at 4°C
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overnight with rotation. 5% of cleared lysate was kept as input at -20°C. For each reaction, 2-5
Mg of antibody and 25 ul of Protein A sepharose beads (50% slurry) were used. The
immunoprecipitated material was washed (once in low salt buffer (10 mM Tris-HCI pH 8, 2 mM
EDTA, 0.1% SDS, 1% Triton X-100, 150 mM NacCl) twice in dilution buffer, once in high salt (10
mM Tris-HCI pH 8, 2 mM EDTA, 0.1% SDS, 1% Triton X-100, 500 mM NaCl) and twice in TE
buffer pH 8) and eluted in 200 ul elution buffer (100 mM NaHCOs and 1% SDS). The eluted
material was reverse crosslinked with NaCl at a final concentration of 0.3M and a final
concentration of 100 ug/mL RNase A and 200 pg/ml Proteinase K and reverse-crosslinked at
65°C overnight. DNA was extracted using equal volumes of phenol/chloroform and precipitated
in 1ml of 100% EtOH with 500 pg/ml tRNA and 500 ug/ml glycogen as carriers. Fractions of the
purified ChlP DNA was used as a template for gPCR with appropriate primers and GAPDH
(negative control) while inputs at varying concentration (undiluted, 1 in 10 dilution, 1 in 100
dilution, 1 in 1,000 dilution and 1 in 10,000 dilution) were used to generate a standard curve. In
addition, ChIP gPCR values of H3 ChIP using primers to (GAPDH) was also tabulated (with
standard curve). ChIP gPCR values from targeted purified ChlP DNA were expressed as relative
to input and normalised against purified H3 ChIP DNA to cater for variations in chromatin

amounts between sample numbers.

2.9 Southern Blotting

Genomic DNA was resuspended in TE buffer and 10 mg of DNA was digested with Sacl
restriction enzyme (NEB, 20,000 U/ml) in a minimum volume at 37°C overnight. 1 mg/well
for repetitive targets or 5 pg/well for single-copy targets of digested DNA was mixed in DNA
loading buffer (6x, NEB) loaded at and separated by 1% agarose gel electrophoresis. As a

DNA marker, 1kb plus DNA ladder (Life Technologies) was used. To prepare the gel for
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southern blotting after agarose gel electrophoresis, the gel was rinsed in distilled water,
immersed in depurination buffer (0.25 M HCI) for 15 minutes, rinsed in distilled water,
immersed in denaturing buffer (1.5 M NaCl, 0.5 M NaOH) for 1 hour before replacing the
denaturing buffer with neutralizing buffer (0.5 M Tris—HCI, 1.5 M NaCl. pH 7.3) for 90
minutes. To prepare the southern blot apparatus, the casting tray was placed upside down
in a large plastic tray to support the gel. Four layers of filter paper (Whatman) over the
casting tray for the wick. 20X SSC (3M NacCl, 0.3M Sodium Citrate, pH 7.2) was poured on
the filter paper and saturated the base of the tray. The agarose gel was then placed on the
blotting base and a piece of Hybond XL membrane (Amersham) was soaked in 2X SSC
before being placed on top of the agarose gel. Four layers of filter paper were soaked in 2X
SSC and layered on the blot followed by a stack of paper towels and a glass plate and 500
g weight. The blot was left overnight. The Hybond XL membrane was rinsed in 2X SSC and
blot dried with filter paper before 5 minutes UV treatment to fix the DNA on the membrane.
The blot was Pre-hybridized in hybridization solution (5X SSPE (0.75 M Sodium Chloride,
0.04 M Sodium Hydrogen Phosphate, 0.004 M EDTA pH of 7.4), 5x Denhardt’s solution
(0.1% ficoll (Sigma Aldrich), 0.1% polyvinylpyrrolidone (Sigma Aldrich), 0.1% BSA), 1%
SDS) at 65°C for 2 hours. Megaprime DNA labelling system, dCTP (GE Heathcare) was
used to label PCR product with dCTP-%2P (Perkin Elmer). Briefly, primers at a final
concentration of 0.2 uM was added to 25 ng of PCR product and incubated at 95 °C for 2
minutes before incubation with labelling buffer, 10 pmoles of dCTP-32P (Perkin Elmer) and
10 U of Klenow fragment polymerase (Cytiva) at 37°C for 15 minutes. The labelled probes
were denatured at 100°C for 5 minutes adding to 10 ml hybridization solution. The
hybridization solution on the blots were replacing with the hybridization solution with
denatured probed and incubated at 65°C overnight. Blots were washed twice (15 minutes,

65°C) with 0.2X SSC, 0.5 % SDS (single-copy targets) or 0.1X SSC, 0.5 % SDS (repetitive
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targets) before air-drying. The labelling of the blot was performed using the Typhoon
phosphorimager (GE healthcare) at 100 p scanning resolution. The sequences of probes
are shown below. Expected bands with H3F3a probe: WT: 2.9 Kb, H3f3aflo¥flox; 5.3 Kb,

H3f3a”: 3.9 Kb, and H3F3b probe: WT: 3.9 Kb, H3f3bflo¥flox: 7 32 Kb, H3f3b”: 4.9 Kb

w

218 GTCGAGCAGTGGGATAGTGTCTAAGCAGTATGTCCGTGTAATTTAACAGGAAGATAGTCAT
ACTTTTTGCTATGGGGAAAAGATGTTTCTCTCTTTTGAATGATTATTACTACTTGAATATGTAT

bp  GCATATGTTTGTGAACACATGTATCTTAGTATTCAGTTTGATAGATAACATTACATTTTGAAG
CTGTAATCTGATCTAAAAGCCTAAAAAGTC
GGAGTGCTAGTGTGCATAAATATAAAAATGGACCCGAGTCTATTCAGCAAGGCATTCTAGT

377 GAAGCTTTAGTAGCTAAAGAAGTGTAAGAGTTTGCATGTATCCCAGACTGGCTTACCCTTCT
CAGTCTCCTGAGGAGAAGTTACAAGGTGTGTACTGCCACACCTAGAACTTTAGGTCCCTTTG

bp  GATAAGTATGTACCTCAATGGACATGGTATTAATTAGAAGGGGCAGTAGCATAGTCTAGTAC
AATGAAAACAGTTCTGACCACATTGTTTTATGTTGGGCTGAGTAAAGTCTGAGGCAGCCCTGA
GCGACTGGCTTGTTGAGTTGCTACCTATAGTAACCAAGTCTGTGGCTTGGAGCATGTTGGTTATTGG

2.10 Protein expression and binding

2.10.1 Construction and expression of GST tagged constructs

N- (amino acids 2-251) and C-terminal GST-TERF1 (amino acid 252-421) and KDM4B
(accession number: 094953) constructs were generated by cloning N- and C-terminal
fragments of TERF1 (Integrated DNA Technologies) and, KDM4B (Integrated DNA
Technologies) into pGEX-2T (GE Healthcare Life Sciences) or pGEX4T-1 (Amersham)
plasmids, respectively. N- and C-terminal fragments of TERF1 were cloned into pGEX-2T
using BamHI and EcoRlI sites. N- and C-terminal fragments of KDM4B were cloned into
PGEX-4T-1 using Sall and Notl sites as described in section 2.2.1 and 2.3.1. These
plasmids were digested with the respective restriction enzymes at 37°C overnight to

generate backbone and inserts with sticky ends before separation by agarose gel
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electrophoresis and extraction using Wizard® SV Gel and PCR Clean-Up System
(Promega). Sticky end ligation with T4 DNA ligase (NEB) was performed at 16°C overnight.
The ligation mix was transformed into chemically competent BL21 bacterial cells at 42°C for
45 seconds and grown on Luria Broth-agar plate supplemented with 100 pg/ml ampicillin at
37°C overnight. Selected colonies were grown at 37°C for 6 hours and protein expression
was induced using a final concentration of 1 mM Isopropyl-B-D-thiogalactoside (IPTG) for
6—8 hours at 16°C. Bacterial cells were lysed in ice-cold TNE buffer (10 mM Tris—HCI pH
7.8, 1% (v/v) NP40, 150 mM NaCl, 1 mM EDTA, 1% (v/v) Triton X-100 and protease
inhibitors) and induction was confirmed by SDS-PAGE (Section 2.4.1) followed by
coomassie staining (Section 2.4.2). GST-fusion proteins were purified using Glutathione
Sepharose beads (GE Healthcare Life Sciences). GST-fusion proteins were eluted using

reduced glutathione (50 mM Tris, 10 mM reduced glutathione, pH 8.0) and stored at -80°C.

2.10.2 In vivo binding assay

GST-fusion proteins were bound to Glutathione Sepharose beads (GE Healthcare Life
Sciences) while antibodies against FLAG were bound to Protein A beads (Sigma Aldrich)
before incubation with mouse ES cell lysates for 4 hours at 4°C. Mouse ES cell lysates were
obtained as described in Section 2.4.1. After 4 hours incubation, protein A beads were
washed thrice in ice-cold RIPA buffer (150 mM NaCl, 50 mM Tris—HCI at pH 7.5, 0.25%
sodium deoxycholate, 0.1% NP40, 0.1% SDS, 1 mM NaF, 1 mM sodium orthovanadate and
protease inhibitor), and boiled in SDS-PAGE sample buffer before SDS-PAGE (Section

2.4.1) and immunoblotting (Section 2.4.2) using relevant antibodies.
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2.11 In vitro demethylase assay

250 ng of H3.3 WT K36me3, H3.3 S31ph K36me3, H3.3 A31 K36me3 or H3.3 E31 K36me3
peptides (Chinapeptides) were incubated with 50 nM KDM4B recombinant protein (Active
Motif) in reaction buffer (50 ul) containing 50 mM HEPES pH 7.5, 0.02% Triton X-100, 100
MM 20G, 100 pM Ascorbate, 50 pM (NH4)2Fe(SO4)2:6(H20), 1 mM TCEP for 2 hours at
room temperature. Samples were co-spotted onto an MTP anchorChip 800/384 TF MALDI
target plate with Matrix solution of 10 mg/ml a-cyano-4-hydroxycinnamic acid (Laser
BioLabs, Sophia-Antipolis, France) in 50% acetonitrile 0.1% TFA. Samples were analysed
on a Bruker Daltonics (Bremen, Germany) ULTRAFLEX MALDI TOF/TOF in reflector mode
with an m/z range of 1200-3500 Da, using Smartbeam parameter set 4, and detector gain
2.5x for 1000 shots. The data was processed using Flexanalysis (Bruker, Version 3.4, build
50). The spectra were externally calibrated against a 4700-peptide mix standard including
angiotensin (1296 m/z),  Glu-Fibrinopeptide B (1570 m/z), ACTH (2093 m/z),

ACTH (2465 m/z) and ACTH (3657 m/z) which were spotted on adjacent calibration wells.

Table 2.2: Peptides used for in vitro demethylase assay

Peptides Full peptide sequence (amino acids 21-44 on H3.3)
H3.3 ATKAARKSAPSTGGVK(Me3) KPHRYRPG-GK(Biotin)
H3.3S31ph ATKAARKSAPS(ph)TGGVK(Me3) KPHRYRPG-GK(Biotin)
H3.3S31A ATKAARKSAPATGGVK(Me3) KPHRYRPG-GK(Biotin)
H3.3S31E ATKAARKSAPETGGVK(Me3) KPHRYRPG-GK(Biotin)
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2.12 In vitro phosphorylation

1 ug of the peptide ‘NWAKILSHYKFNNRTSVMLKDRWRTMKRLK’ (TERF1 aa 389-418,
Chinapeptides) was incubated with 0.5 ug of recombinant human AURKB protein (Abcam)
in the presence of Magnesium/ATP cocktail (Merck Millipore) for 1 hour at 37°C. The in
vitro kinase assay products were digested in solution with 10 ng Lys-C at 37°C overnight.
Digested peptides were desalted and analysed by data-dependent acquisition LC-MS/MS.
Raw files were converted to the mzML format and searched with the search engine COMET
(Eng, Jahan, & Hoopmann, 2013) against a decoy human protein database (Swissprot;

https://www.uniprot.org/), including common contaminants. Methionine oxidation and

phosphorylation on serine, threonine and tyrosine were set as differential modifications.
Peptide-spectra-matches were statistically validated using the trans-proteomic pipeline
(Keller, Nesvizhskii, Kolker, & Aebersold, 2002). Peptides found phosphorylated were
further investigated by targeted MS-based proteomics using parallel-reaction monitoring
(PRM) or multiple-reaction monitoring (MRM) to refine the phosphorylation site localization.
PRM and MRM measurements were then analysed and visualized in Skyline (MacLean et

al., 2010) (Monash Proteomics & Metabolomics Facility, Monash University).

2.13 Antibodies

The antibodies and their working concentrations are listed in the table below.

Table 2.3: Antibodies and their concentrations used in this thesis

. IF WB Chl
Antibod Catalo o o
. y g Company (dilutio | (dilutio P Host
against number
ns) ns) (Hg)
ATRX SC15408 Santa Cruz 1:200 1:1000 3 Rabbit
Aurora Kinase B 611082 BD biosciences 1:300 1:1000 - Mouse
1:300
BrdU ab6326 Abcam (FACS) - - Rat
CHK1 S317ph 12302 Cell signalling 1:1000 ; Rabbit
technology
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CHK2-Thr68ph ABE343 Millipore - 1:1000 - Rabbit
Daxx SC7152 Santa Cruz - 1:1000 - Rabbit
Flag tag F1804 Sigma 1:200 1:1000 - Mouse
GFP tag 11814460001 Roche 1:200 1:1000 3 Mouse
H3 ab1791 Abcam - 1:1000 2 Rabbit
H3K4me3 ab8580 Abcam - 1:1000 - Rabbit
H3K9me3 ab8898 Abcam 1:200 1:1000 3 Rabbit
H3S10ph 9701 Cell signalling 1:300 - ; Rabbit
technology
H3K27ac 7360 Millipore - 1:1000 - Mouse
H3K27me3 7447 Millipore - 1:1000 - Rabbit
H3K36me3 ab9050 Abcam 1:200 1:1000 3 Rabbit
H3.3 9838 Millipore - 1:1000 Rabbit
H3.3S31ph 39637 Active motif 1:300 - - Rabbit
HP1a 05689 Millipore 1:200 - 3 Mouse
HA tag 3F10 Roche 1:200 1:1000 3 Rat
KDM4B ab191434 Abcam - 1:1000 4 Rabbit
PML MAB3738 Millipore 1:300 - - Mouse
RNA pol Il (4H8) ab5408 Abcam 1:200 - 3 Mouse
RNA pol Il (H5) ab24758 Abcam 1:200 - 3 Mouse
Trim25 ab167154 Abcam - 1:1000 3 Rabbit
B-actin SC69879 Santa Cruz - 1:5000 - Mouse
YH2AX 5636 Millipore 1:1000 1:1000 - Mouse
Alexa Fluor 488- anti- A32790 Molecular Probes 1:1000 - - Donkey
rabbit IgG
Al Fluor 488- anti-
exa Fluor 488- ant A32766 Molecular Probes |  1:1000 ; - | Donkey
mouse 1gG
Alexa Fluor 594- anti- A32744 Molecular Probes 1:1000 - - Donkey
mouse 1gG
AIexg Fluor 594- anti- A32754 Molecular Probes 1:1000 - - Donkey
rabbit 1I9G
. Molecular
Alexa Fluor 594- ant- A11014 Probes, Life 1:1000 - - Goat
human IgG .
Technologies
. Molecular .
Alexa Fluor 647- anti- A21247 Probes, Life 1:1000 ) i Rat
rat IgG . (FACS)
Technologies
anti-mouse 1gG- . . .
(H+L) HRP 31430 Life Technologies - 1:5000 Goat
ar;';at IgG- (H+L) 31470 Life Technologies ; 1:5000 ; Goat
i- it IgG- (H+L . .
anti-rabbit 1gG- (H+L) 31460 Life Technologies - 1:20,000 - Goat

HRP
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2.14 Table of primers

The primers used are listed in the table below.

Table 2.4: Primers and their sequences used

Gene Name Sequence

Forward (5'-3") Reverse (5'-3')

Primers Used for qPCR

TERF1 ACAGCGCCGAGGCTATTATT GTGTAATACGCTCATCAACT
AURKB GATCCCAGAACAAGCAGCCT TCGATTTCGATCTCTCGGCG
TERF2 AAGTGGAACAGCCCTAACGG TTCACCTGGTGCCTGAACTT
TBX3 GGTAAGGCAGACCCCGAAAT GCTTGGGAAGGCCAAAGTAAAT
NANOG TTGCTTACAAGGGTCTGCTACT ACTGGTAGAAGAATCAGGGCT
ACTIN TCCCTGGAGAAGAGCTACGA3 AGCACTGTGTTGGCGTACAG
Telomere GGTTTTTGAGGGTGAGGGTGAGGGT TCCCGACTATCCCTATCCCTATCCCT

GAGGGTGAGGGT ATCCCTATCCCTA
GAPDH AGAGAGGGAGGAGGGGAAATG AACAGGGAGGAGCAGAGAGCAC
Csf2ra GGTCACGACGTGGCGCGAT AGGCCTCACTCCCCAGCAGT
Polrmt CGGCCGCGGAAGTCCATGTT CGCAGCGAGGCCCTGTATCG
Spred2 TGAAGACTACCGGCACGCGC CCCTTGGCGAAGCGCACGTA
Zfp629 TTGGCTCCTGGTGGCGGAGT GCCCGGAGAGCTCAGGGTGA
AsxlI1 CCACTAGTTCGCTCTTGGGT GCATAACCACGGGGTCAGAG
Cops7a CACATGGTGTCTACCGGACG GAGGTGAGGTCACGTGGG
Hmgn2 TAGAACCGGATTTCACCTCCC GAGTTTAAACCCCGCCCACG
Fasn GAGACCGATGCAGACTCAGG GGGAAGACCCGAACTCCAAG
Eef2 CAAGGCATACCTGCCTGTCAAT ATTACACAGGCCTTGCAGGTTAT
Csf2ra GGTCACGACGTGGCGCGAT AGGCCTCACTCCCCAGCAGT

Primers used for sequencing

pHL-EF1a primer

TCAAGCCTCAGACAGTGGT

H3f3

TCTGTTTTGAAGTCCTGAGCA

Full H33 expression

GCTCGTACAAAGCAGACTGCCCGC

AGCACGTTCTCCGCGTATGCG

pEGFPC1 GCGATCACATGGTCCTGCTG TTAAAGCAAGTAAAACCTCTACAAA
pGEX-2T TACATGGACCCAATGTGCCTGGATG CCGGGAGCTGCATGTGTCAGAGG
Primers used for mRNA expression

Kdm4B ex 5 GGCGTGAATACACCCTACTT GCAGGTAGTTGATGCTGTAGA

Kdm4B ex 6/7 CCTGGCCATAGGCTTCTTC CGTACTTCTTCAGGATGATGGG

Kdm4B ex7/8 GCCTTCCTAAGGCACAAGAT CCCAGCTTCCTGTGTAATCC

Full H33 expression GCTCGTACAAAGCAGACTGCCCGC AGCACGTTCTCCGCGTATGCG

H33WT expression TCGCAAGAGTGCGCCCTC TCTGTTTTGAAGTCCTGAGCA

H33 S31A expression TCGCAAGAGTGCGCCCGC TCTGTTTTGAAGTCCTGAGCA

H33 S31E expression TCGCAAGAGTGCGCCCGA TCTGTTTTGAAGTCCTGAGCA

GAPDH expression GTGGAGTCTACTGGTGTCTTC GGTTCACACCCATCACAAAC
Primers used to make GST tagged constructs

KDM4B N-term GGGTCGACGCGGTAGCGAAGATCAT TATGCGGCCGCCTAAAATGTGCTCG
G GGGCCTGACCT
KDM4B C-term ATTGTCGACCAAGCAGCGGCGCAGG ATGCGGCCGCTTATTTGTCATCATCA
TCGTA TCC
Primers for southern blotting
h3f3a probe GTCGAGCAGTGGGATAGTGTC GACTTTTTAGGCTTTTAGATCAGA
TTACAG

h3f3b probe

GGAGTGCTAGTGTGCATAAAT

CCAATAACCAACATGCTCCAA
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Chapter 3: Aurora Kinase B, a novel
regulator of TERF1 binding and

telomeric integrity
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3.1 Introduction

3.1.1 Overview

Shelterin is a protein complex that binds specifically to mammalian telomeres to regulate
and maintain their length and protect the chromosome ends from being recognised as sites
of DNA damage (de Lange, 2005). Six different proteins make up the Shelterin complex:
TERF1, TERF2, TIN2, RAP1, POT1 and TPP1 (de Lange, 2005). Throughout the cell cycle,
these subunits function to repress DNA damage response at the telomeres and regulate
telomerase activity (Hockemeyer et al., 2006; Wu et al., 2006; Denchi and de Lange, 2007;

Wang et al., 2007; Xin et al., 2007).

The Shelterin complex binds to telomeres through its subunit compartments TERF1 and
TERF2, which interact with the double-stranded telomeric DNA (Broccoli et al., 1997).
TERF1 and TERF2 exist as homodimers and interact with telomere DNA through their Myb-
type double-stranded DNA recognition motifs. These motifs enable sequence-specific
contacts with DNA major groove (Bianchi et al., 1997, Hanaoka et al., 2005, Fairall et al.,
2001, Broccoli et al., 1997). TERF1 negatively regulate telomere length, where the long-
term overexpression of TERFL1 in telomerase-positive tumour cell lines resulted in telomere
shortening (Smogorzewska et al., 2000). Conversely, the expression of a dominant-negative
TERF1 mutant was seen to inhibit the binding of TERF1 to the telomeres and resulted in
telomere elongation (van Steensel and de Lange, 1997). TERF1 also facilitates DNA
replication and maintains telomere integrity where gene deletion of TERFL1 results in the loss
of telomere structural integrity, as observed by the formation of Multiple Telomeric Signals

(MTS) (Sfeir et al., 2009, van Steensel and de Lange, 1997). Furthermore, the deletion of
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TERF1 led to the activation of the ATR-mediated DNA damage response (Zimmermann et

al., 2014).

Like TERF1, TERF2 protects telomeres from being recognized as sites of DNA damage by
repressing ataxia telangiectasia mutated (ATM)-mediated DNA damage response and
NHEJ repair pathway. The loss of TERF2 by Cre-mediated deletion in mouse cells increases
DNA damage markers such as 53BP1 and yH2AX and, increased telomere fusions at GO/G1
of the cell cycle (Denchi and de Lange, 2007, Karlseder et al., 1999, Konishi and de Lange,
2008) Together, these studies show the importance of TERF2 in repressing ATM and NHEJ

mediated repair at the telomere.

Unlike TERF1 and TERF2, POT1 binds the 3' G-overhang single-stranded telomeric DNA
(Baumann and Cech, 2001) and associates with TERF1 and TERF2 through interactions
with TPP1. In addition, POT1 binds strongly to G-rich telomeric DNA, with preference to
telomere DNA of the same species (i.e. human POT1 preferred human telomere DNA)
(Baumann and Cech, 2001). POT1 and TPP1 function together to repress ATR signalling
and regulate telomerase activity. The knockout of either protein caused increased DNA
damage signalling at chromosome ends and, the loss of telomere integrity (Hockemeyer et
al., 2006; Wu et al., 2006; Denchi and de Lange, 2007; Wang et al., 2007; Xin et al., 2007).
Another Shelterin component, TIN2, is a bridging subunit that interacts with TERF1, TERF2
and TPP1 (O’Connor et al., 2006; Hu et al., 2017). It is a critical subunit that facilitates the
assembly of an intact Shelterin complex and contributes to telomere length regulation and
protection (Kim et al., 1999; Takai et al., 2011; Frescas and de Lange, 2014; Hu et al., 2017).
The sixth Shelterin subunit, RAP1, recruited to telomeres through interaction with TERF2,

functions together with TERF2 to inhibit HR-mediated DNA repair. Cre-mediated deletion of
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TERF2 led to the loss of RAP1 at the telomeres, indicating that TERF2 recruits RAP1 (Celli
and de Lange, 2005). Although the loss of RAP1 does not induce DNA damage signalling
and loss of telomere integrity at the telomeres, the loss of RAP1 in cells also lacking TERF2
caused an increase in HR and telomeric sister chromatid exchanges (Martinez et al., 2010;
Sfeir et al., 2010; Chen et al., 2011; Benarroch-Popivker et al., 2016; Rai et al., 2016).
Altogether, the Shelterin complex protects telomere ends from DNA repair mechanisms and
regulates telomere activity. In this chapter, we investigate the role of AURKB in regulating

the function of TERF1 at the telomeres.

3.1.2 TERF1 knockout and stem cell maintenance

TERFL1 is a vital regulator of telomere maintenance and cellular viability. In mouse cells,
deletion of TERF1 results in increased DNA damage at the telomeres, rapid telomere
shortening, sister chromatid fusion and a loss of telomere integrity (Beier et al., 2012,
Martinez et al., 2009). Gene knockout of TERF1 leads to early embryonic lethality in mice
(Karlseder et al., 2003, Iwano et al., 2004), while conditional deletion in adult tissue
compartments leads to exhausted adult stem cell reserves and premature tissue
degeneration (Beier et al., 2012, Martinez et al., 2009). The deletion of TERF1 in bone
marrow progenitor cells and hematopoietic progenitor cell compartment resulted in
increased DNA damage at the telomeres and induced rapid telomere shortening leading to
severe aplasia and bone marrow failure (Beier et al., 2012). Similarly, the deletion of TERF1
in the stratified epithelia also caused severe telomere defects, including increased DNA
damage, sister chromatid fusions, and MTS appearance, leading to tissue-specific
dysfunction such as reduced skin development in newborn mice (Martinez et al., 2009). In
addition to tissue-specific dysfunction, the deletion of TERFL1 in the epidermis in mouse also

caused the absence of epidermal stem cell compartments, indicating an essential role for
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TERF1-mediated telomere maintenance to maintain cellular and tissue viability (Martinez et

al., 2009).

A key phenotype associated with the loss of TERF1 function is aberrant telomere structure,
as observed by the increase in MTS formation (Sfeir et al., 2009, Martinez et al., 2009,
Munoz et al., 2009). This increase in MTS formation is predominantly caused by DNA
replication fork stalling at the telomere, which is further exacerbated by treatment with
aphidicolin, a DNA polymerase inhibitor (Glover et al., 1984, Sfeir et al., 2009). DNA
helicases such as BLM and RTEL1 that associate with telomeres, play important role in
suppressing replication fork stalling (Opresko et al., 2002). BIm or Rtell1-deficient mouse ES
cells show increased MTS formation (Ding et al., 2004, Martinez et al., 2009). Furthermore,
gene knockdown of either of these helicases, in addition to TERF1 depletion, resulted in a
further increase in MTS formation (Sfeir et al., 2009). Importantly, BLM has also been found
to directly interact with TERFL1 in vitro (Lillard-Wetherell et al., 2004). Collectively, these
findings indicate that TERF1, BLM and RTEL1 act in cooperation to maintain telomere
integrity. Specifically, they work together to regulate replication fork progression at

telomeres.

In addition to stem cell telomere maintenance, TERF1 also play a role in the maintenance
of cellular pluripotency (Bejarano et al., 2017, Schneider et al., 2013). Compared to
differentiated cell compartments, adult stem cell compartments such as the skin and small
intestine have increased TERF1 expression (Schneider et al., 2013). The reprogramming
of mouse embryonic fibroblasts (MEFs) to induced pluripotent stem cells resulted in
increased TERF1 expression levels, further suggesting a role of TERF1 in maintaining

pluripotency. The knockout of p53 and TERF1 in MEF cells prevented cellular
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reprogramming. Interestingly, the pluripotency-associated factors such as Oct3/4 interact
with TERF1 promoter (Schneider et al., 2013), suggesting that Oct3/4 may directly
regulate TERF1 expression and that TERF1 is critical for reprogramming of the telomere
to generate induced pluripotent stem cells. Altogether, these studies show the importance
of TERF1 in maintaining the telomeres of various cells and cellular compartments. Although
the molecular mechanism of TERF1 in regulating cellular development and telomere
integrity is unknown, these studies show the differential regulation of TERF1 at the
telomeres of various cell types. As TERF1 is a critical telomere specific protein, it is

unsurprising that one of its functions is telomere length maintenance.

3.1.3 TERF1 regulates telomere length

The ability for stem cells to have long telomeres and unlimited potential for cellular division
is due to telomerase. This reverse transcriptase enzyme functions to synthesise telomere
DNA de novo and maintain telomere length (Szostak and Blackburn, 1982). Interestingly,
the Shelterin components regulate the interaction between the telomere DNA and
telomerase (Hockemeyer and Collins, 2015). Therefore, the regulation of telomere length

by TERF1 is of importance to this study.

The long-term overexpression of TERFL1 in telomerase-positive cells and human somatic
cells resulted in telomere shortening (van Steensel and de Lange, 1997, Smogorzewska et
al., 2000, Ancelin et al., 2002). In contrast, the loss of TERF1 binding to the telomeres
facilitated by the expression of a dominant-negative TERF1 lacking the Myb-binding domain

resulted in increased telomere length, within both telomerase-positive cells and human
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somatic cells. (van Steensel and de Lange, 1997, Ancelin et al., 2002, Smogorzewska et

al., 2000).

Interestingly, in induced pluripotent stem cells, high levels of TERF1 overexpression resulted
in longer telomeres compared to low levels of TERF1 overexpression (Schneider et al.,
2013). This change of telomere lengthening indicates that the upregulation of TERF1 is
essential for the maintenance of telomere length. However, TERF1 overexpression or
inhibition did not affect telomerase expression and activity (van Steensel and de Lange,
1997, van Steensel et al., 1998, Smogorzewska et al., 2000). This indicates that telomere
length maintenance by TERFL1 is independent of telomerase levels and function. Altogether,
these findings indicate a differential function of TERF1 that may depend on cell type or
organism. However, while this is the case, the molecular mechanism of how TERF1

regulates telomere length remains unknown.

3.1.4 Phosphorylation of TERF1

TERFL1 is conserved between mouse and human (Martinez et al., 2009). Both analogues of
TERF1 consist of an N-terminal TERFH domain which is essential for TERF1
homodimerization (Fairall et al., 2001, Bianchi et al., 1997) and a C-terminal Myb domain
which is vital for TERF1 binding to telomere DNA (Figure 3.1.1) (Broccoli et al., 1997). The
functions of TERF1 are regulated by post-translational modifications (PTMs), including
ubiquitination, SUMOylation and phosphorylation (Walker and Zhu, 2012). The
phosphorylation of TERFL1 is facilitated by a range of kinases, including ATM kinase, Cyclin-
dependent kinase 1 (CDK1) and Polo-like kinase 1 (PLK1). Some essential roles of TERF1

phosphorylation are the regulation of TERF1 binding, stability and localization (Walker and
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Zhu, 2012). Examples of TERF1 phosphorylation and function are listed in Table 3.1. The
phosphorylation of Threonine 371 on human TERF1 (T358 in mouse TERF1; which lies
adjacent to the Myb-like binding domain) by Cyclin B-dependent kinase prevents binding of
TERF1 to the telomeres, indicating that phosphorylation of Threonine 371 on TERF1
negatively regulates TERF1 binding to the telomeres to induce telomere lengthening

(McKerlie and Zhu, 2011).

Several residues, including Threonine 122 and Threonine 149, located within the TERFH
domain on human TERF1 (T109 and T136 in on mouse TERF1), are also phosphorylated
(Kim et al.,, 2008, Lee et al., 2009). Casein kinase 2, a Serine/Threonine kinase that
regulates cell cycle control, phosphorylates Threonine 122 to promote homodimerization,
stability and binding of TERF1 to the telomeres (Kim et al., 2008). Conversely, Threonine
149 is a target of Cyclin B-dependent kinase 1 (Lee et al., 2009), and its phosphorylation
promotes interaction of TERF1 with PIN1, a prolyl isomerase. Interestingly, PIN1 interacts
with Threonine 149 motif in TERF1 through a phosphorylation-dependent manner during
mitosis, and this interaction regulates TERF1 stability, telomere maintenance and ageing
(Lee et al., 2009). The inhibition of PIN1 renders TERF1 resistant to degradation, leading to
enhanced TERF1 binding to telomeres and gradual loss of telomere length in both human
and mouse cells (Lee et al.,, 2009). These studies underline the importance of TERF1
phosphorylation and that the phosphorylation of specific TERF1 residue is responsible for a

specific function.
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Figure 3.1.1: Overview of human and mouse TERF1 domains

(A) Simplified representation of mouse TERF1 and human TERF1 and their specific domains. Mouse
TERF1 is a 421 amino acid protein, smaller than the 439 amino acids human TERF1 protein. Both
mouse and human TERF1 have similar structural domains such as the acidic domain (blue), TERF1
homodimerization domain (orange), Nuclear Localisation Signal (green) and a Myb-like DNA binding
domain (red). The length of these domains is shown. (B) BLASTP (NCBI) was used to identify the
similarities in amino acid sequence between human (P54274-1) and mouse (P70371-1) TERF1.

Encapsulated in orange and red Is the TERFH domain and Myb domain, respectively.
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Table 3.1: Summary of kinases that regulate TERF1 function

Casein Kinase Il

Cyclin-dependent
kinases

Akt

Ataxia-
Telangiectasia
Mutated

Aurora Kinase A

Cyclin-dependent
kinase 1

Ataxia-
Telangiectasia
Mutated
Cyclin-dependent
kinase 1

Polo-Like Kinase 1

Human

Human

Human

Human

Human

Human

Human

Human

Human

Promotes TERF1 stability and binding to
telomere DNA (Kim et al., 2008)

Promotes TERF1 and PIN1 interaction
(Lee et al., 2009)

Negatively regulates telomere length
(Chen et al., 2009)

Promotes TERF1 binding to telomere
DNA

(Wu et al., 2007)

Promotes and causes mitotic defects
(Ohishi et al., 2010)

Prepare TERF1 for phosphorylation by
PLK1

(Wu et al., 2008)

Inhibit TERF1 binding to telomeres

Mark for TERF1 degradation

(McKerlie et al., 2012, Wu et al., 2007)
Prevents TERF1 binding to telomeres
(McKerlie and Zhu, 2011)

Promotes TERF1 binding to telomere
DNA

(Wu et al., 2008)
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3.1.5 Aurora Kinase B

The family of Aurora protein kinase is made of Aurora Kinase A, Aurora Kinase B and Aurora
Kinase C. The Aurora Kinase C is only found in mammals due to evolutionary
pressure(Seeling et al., 2017), which plays a similar role as AURKB as a chromosome-
passenger complex (CPC) protein (Seeling et al., 2017). This family of Serine/Threonine
kinase has a conserved kinase domain (Bolanos-Garcia, 2005) where the phosphorylation
of Threonine 288 (Aurora kinase A), Threonine 232 (Aurora kinase B) and Threonine 195
(Aurora kinase C), induces a conformation change activating kinase activity (Bayliss et al.,
2017, Dodson et al., 2010, Giet and Prigent, 1999, Tang et al., 2017). These kinases mainly
localise to the centromere to regulate proper mitotic progression (Li et al., 2015, Liu and
Ruderman, 2006, Scrittori et al., 2005). However, little is known about Aurora kinase C.
Nonetheless, Aurora kinase A and B are required for the establishment of the bipolar
spindle, chromosome alignment and kinetochores anchoring, chromosome separation and
cytokinesis (Adams et al., 2001, Adams et al., 2000, Andrews et al., 2004, Bishop and
Schumacher, 2002, Carmena et al., 2009, Liu and Ruderman, 2006, Tanaka et al., 2002,
Wang et al., 2010). Interestingly, the overexpression of Aurora kinase A and B causes
aneuploidy, chromosome instability, chromosome misalignment as well as uncontrolled
proliferation and survival (Cabhill et al., 1999, Zhou et al., 1998, Dauch et al., 2016). (Li et al.,
2015, Liu and Ruderman, 2006, Willems et al., 2018, Carmena et al., 2009, Hochegger et
al., 2013, Hegarat et al., 2011, Marumoto et al., 2003, Cahill et al., 1999, Zhou et al., 1998)As
such aurora kinases are prime target for its therapeutic effects in the treatment of cancer

(Umene et al., 2013, Du et al., 2021).

Of importance to this chapter is AURKB. AURKB is a serine/threonine kinase known for its

role in controlling chromosome segregation during mitosis (Hochegger et al., 2013). Through
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its highly regulated spatio-temporal association and phosphorylation of an array of
interacting proteins at the centromere/kinetochore (CENP-A, inner centromere protein and
MCAK), AURKB controls mitotic spindle assembly/checkpoint, chromosome alignment and
cytokinesis (Hochegger et al., 2013). The loss of AURKB (through RNAIi knockdown,
expression of AURKB kinase-dead mutants and AURKB inhibitors (Hesperadin and
ZMA447439)) resulted in defective mitotic progression and chromosome missegregation,
leading to genetic instability (Gimenez-Abian et al., 2004, Buvelot et al., 2003, Ditchfield et
al., 2003, Andrews et al., 2004, Gadea and Ruderman, 2005, Hauf et al., 2003, Ruchaud et
al., 2007). Recent studies have also linked AURKB to proteins unrelated to chromosome
segregation, including factors regulating cellular pluripotency, suggesting that AURKB plays
other critical cellular functions apart from its functions for cell cycle progression (Mallm and

Rippe, 2015, Lee et al., 2012).

A previous study has shown that Aurora Kinase A (AURKA), another member of the Aurora
Kinase family, binds and phosphorylates human TERF1 at Serine 296 in vitro (Ohishi et al.,
2010). Overexpression of AURKA resulted in mitotic defects, including cytokinetic failure
and prolonged mitosis. However, TERF1 depletion prevented cytokinetic failure and
prolonged mitosis following AURKA overexpression. Interestingly, the phosphorylation of
S296-TERF1 by AURKA induces mitotic defects such as multinucleation. These mitotic
defects were prevented following the expression of a S296-phospho-null-TERF1 mutant
(S296A-TERF1(Serine to Alanine)) (Ohishi et al., 2010). Overall, this indicates that the

phosphorylation of TERF1 causes mitotic defects in human cells overexpressing AURKA.
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3.1.6 Aims

Unpublished data from the lab has shown that AURKB localises to the telomeres of ES cells
and that the loss of AURKB led to MTS formation, a similar phenotype of TERF1 knockdown.
As Aurora kinase A is known to phosphorylate TERF1, we hypothesized that AURKB may
phosphorylate TERF1 in ES cells. Considering that Aurora kinase A and B have overlapping
functions, the function of AURKB, it is possible that AURKB plays a role in phosphorylating
TERFL1. This chapter explores the localisation and function of AURKB at the telomeres of
ES cells. In addition, this chapter also explores the binding and activity of AURKB on S404-
TERF1, and if phosphorylation of S404 affects TERF1 function in regulating telomere
maintenance. Finally, this chapter investigates the long-term effects of the phospho-null and

phospho-mimic S404-TERF1 on telomere lengthening.
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3.2 Results

3.2.1 AURKB localises to the telomeres of interphase and mitotic mouse ES cells

To investigate the localisation of AURKB in mouse ES cells, a range of immunofluorescence
staining was performed. The results showed that AURKB localised to the telomeres of both
interphase and mitotic ES cells (Figure 3.2.1A). In agreement with previous studies (Adams
et al., 2000, Andrews et al., 2004), AURKB also localised to the centromeric regions of
mitotic ES cells with a similar staining pattern as somatic cells (Figure 3.2.1A). To rule out
antibody cross-reactivity as a reason for the localisation of AURKB at the telomeres, GFP-
tagged AURKB (GFP-AURKB) was expressed in ES cells. The localisation of GFP-AURKB
at the telomeres was assessed by immunofluorescence analyses using a GFP antibody and
either TERF1 antibody or H3.3S31ph antibody (as a marker used as another telomere
marker (Wong et al., 2009)) for the telomeric regions in ES cells. Immunofluorescence
analyses using antibody against H3.3S31ph and GFP showed that GFP-AURKB colocalised
with H3.3S31ph at both the telomeres and pericentric regions of mitotic cells (Figure

3.2.1B).

Next, to study if the cell cycle dynamics of AURKB localisation at the telomere, mouse ES
cells were synchronised to the G1/S phase with thymidine treatment. A previous report from
our lab showed that ES cells released form G1/S block progressed through S phase after 4
to 6 hours, entered M phase after 8 to 10 hours and re-entered G1 phase after 10 to 12

hours (Wong et al., 2009). Thus, cells were released from G1/S phase and harvested as

they progressed through the cell cycle at 0, 2-, 4-, 6-, and 8-hours post thymidine release
before immunofluorescence analyses. Foci containing AURKB/TERF1 colocalisation
peaked at 4-6 hours post thymidine release (at S phase), with 60-76% of cells showing six
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or more colocalising foci (Figure 3.2.1C). Together, these results show that AURKB
localises to the telomeres during the S phase and remains bound to telomeres during mitosis

in mouse ES cells.
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Figure 3.2.1: AURKB localises to the telomeres of mouse ES cells during late S phase and

mitosis

(A) Immunofluorescence analyses were performed with antibodies against TERF1 (red) and AURKB
(green) to determine the distribution of AURKB in mouse ES cells. AURKB colocalised with TERF1
at the telomeres of interphase (i) and mitotic cells (ii, arrowheads). (B) Plasmid containing GFP-
AURKB was transfected into mouse ES cells before immunofluorescence analyses with antibodies
against TERF1 (red) or H3.3S31ph (red) and GFP (green) were performed to determine the
distribution of GFP-AURKB. AURKB colocalised with TERF1 and H3.3S31ph at the telomeres of
interphase and mitotic cells (arrowheads), respectively. TERF1 and H3.3S31ph were used as
telomere markers. The arrows show the enrichment of AURKB at the centromeres. (C) Mouse ES
cells were blocked at the G1/S phase with thymidine treatment. Cells were harvested at (i) 0 h, (ii)
2 h, (iii) 4 h, (iv) 6 h and (v) 8 h post thymidine release. Immunofluorescence analyses with antibody
against TERF1 (red) and AURKB (green) were performed to determine the stage of the cell cycle
that AURKB localised to the telomeres. Arrowheads show the colocalisation of AURKB and TERF1
at the telomeres. A minimum of 50 cells per time point was analysed and graphed (vi). Cells released
from thymidine block at 0, 2, 4, 6 and 8 h showed that 36%, 40%, 76%, 60% and 56% of cells,
respectively, had 6 or more AURKB/TERF1 colocalisation foci. DAPI was used as a nuclear

counterstain (blue). Scale bar represents 4 um.
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To determine if AURKB localised to the telomeres of non-pluripotent mouse cell types,
immunofluorescence analyses of AURKB in somatic mouse NIH3T3 cells were performed
(Figure 3.2.2A). As reported by other studies (Andrews et al., 2004, Buvelot et al., 2003,
Ditchfield et al., 2003), AURKB localised only to the centromere regions of interphase and
mitotic cells. This indicated that AURKB may have a specialised function in regulating the

telomere function of pluripotent ES cells (Adams et al., 2000, Andrews et al., 2004).

Telomere chromatin undergoes extensive remodelling during cellular differentiation (Wong
et al., 2009, Schneider et al., 2013). Thus, to determine if ES cell differentiation causes a
loss of AURKB at the telomeres, differentiation was induced by withdrawing Leukaemia
inhibitory factor (LIF) and treating ES cells with retinoic acid (RA) (Strickland and Mahdauvi,
1978, Wong et al., 2009). To confirm that differentiation was induced by RA treatment, qRT-
PCR using primers specific to pluripotency related genes NANOG (Loh et al., 2006) and
TBX3 (Lu et al., 2011) was performed. The results showed a loss of NANOG and TBX3
MRNA expression levels after 2, 4, 6, and 8 days after RA treatment, confirming the

induction of differentiation (Figure 3.2.2Dii).

Immunofluorescence analyses showed that AURKB levels were depleted at the telomeres
in ES cells undergoing differentiation (Figure 3.2.2B). As expected, the localisation of
AURKB at the pericentric region remained unchanged during the differentiation process
(Figure 3.2.2B). To identify if AURKB at the telomeres were lost after differentiation, cells
showing AURKB/TERF1 colocalisation were quantified 0, 2, 4, 6 and 8 days of post
differentiation. Before differentiation, 93% of ES cells showed clear colocalisation of AURKB
and TERF1 at the telomeres. However, after eight days of differentiation, only 26% of

AURKB and TERF1 colocalised at the telomeres (Figure 3.2.2C).
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It is possible that the expression levels of AURKB may have been altered, rather than the
localisation of AURKB to the telomeres. Thus, gRT-PCR was performed to determine the
MRNA expression levels of AURKB and TERF1. The results showed no significant change
in the mRNA expression levels of AURKB or TERF1 at different time points after
differentiation (Figure 3.2.2Di). This result indicates that the expression level of either

AURKB or TERF1 is unrelated to AURKB binding at the telomeres during differentiation.
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Figure 3.2.2: AURKB does not localise to the telomeres of differentiated cells

(A) Immunofluorescence analyses were performed in mouse NIH3T3 cells using antibodies against
AURKB (green) and TERF1 (red) to determine the distribution of AURKB. TERF1 was used as a
telomere marker. AURKB did not colocalise with TERF1 at the telomeres of interphase (i) and
metaphase cell (ii). However, AURKB was present at the centromeres (arrows). (B) Leukaemia
inhibitory factor (LIF) was withdrawn from ES cells and treated with Retinoic Acid (RA) to induce
cellular differentiation. Immunofluorescence analyses were performed with antibodies against
AURKB and TERF1 to determine the distribution of AURKB. TERF1 was used as a telomere marker.
(i) AURKB (green) colocalised with TERF1 (red) at the telomeres (arrowheads) of untreated cells.
(ii) In RA treated cells, AURKB was not enriched at the telomeres. Instead, AURKB was enriched at
the centromere (arrows). DAPI was used as a nuclear counterstain (blue). (C) The percentage (%)
of AURKB/TERF1 colocalisation in ES cells after 0, 2, 4, 6, and 8 days post cellular differentiation
were quantified. In undifferentiated cells, 93% of metaphase spreads showed AURKB colocalisation
with TERF1 signals, and this declined to 82%, 58%, 37% and 26% after 2, 4, 6 and 8 days of LIF
withdrawal/RA treatment, respectively. A minimum of 50 metaphase spreads were analysed per time
point. (D) RNA was extracted from pluripotent and differentiated ES cells, and cDNA was generated.
gPCR analyses determined the levels of TERF1, AURKB, TBX3 and NANOG expression. Results
are relative to GAPDH expression levels. Following differentiation, expression levels of (i) TERF1
and AURKB showed no significant change while the expression of pluripotent markers (ii) TBX3 and

NANOG decreased. Scale bar represents 4 um. N=4, Error bars represent S.D..
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Mouse ES cells have long telomeres and high levels of telomerase activity (Varela et al.,
2011). Thus, to study if AURKB localisation to the telomere in ES cells is associated with
long telomeres and/or telomerase activity, AURKB localisation at the telomeres of cells with
long telomeres and high telomerase activity such as telomerase overexpressing HT1080
cells (Pickett et al., 2009) or cells with long telomeres with no telomerase activity such as
ALT-cancer cells, which maintain their long telomeres through homologous recombination,
was investigated. Consistent with the lack of AURKB at the telomeres of differentiated
mouse ES cells, AURKB was also not observed at the telomeres of human somatic HT1080
cells (Figure 3.2.3A), telomerase overexpressing HT1080 cells (Figure 3.2.3B) and ALT
positive SKLU1 cancer cells (Figure 3.2.3C). However, the localisation of AURKB at
centromeres was prominent in all these cells (Figure 3.2.3). This result suggests that the
localisation of AURKB at the telomeres is independent of telomere length and telomerase

status.
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Figure 3.2.3: AURKB does not localise to the telomeres of differentiated cells with long

telomeres

Immunofluorescence analyses were performed on somatic (A) human HT1080, (B) telomerase
overexpressing HT1080 and (C) telomerase negative SKLU1 ALT cancer cells with antibodies
against TERF2 (red) and AURKB (green). TERF2 was used as a telomere marker. In the respective
(i) interphase and (ii) metaphase cells, AURKB did not localise to the telomeres. However, AURKB
was present at the centromeres (arrows). DAPI was used as a nuclear counterstain (blue). Scale

bar represents 4 pm.
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3.2.2 AURKB inhibition and knockdown leads to a loss of telomere structural integrity
AURKB is a master regulator of mitosis and plays a vital role in regulating chromosome
segregation (Hochegger et al., 2013). The deletion of AURKB in MEF cells and embryos led
to an accumulation of prometaphase/metaphase cells, eventually leading to apoptosis
(Fernandez-Miranda et al.,, 2011). However, inhibition of AURKB with a low level of
ZM447439, an AURKB inhibitor, avoids deleterious cell-cycle changes in mouse ES cells
(Mallm and Rippe, 2015, Umene et al., 2013). Thus, to examine the role of AURKB in
regulating telomere function, the impact of a low-level AURKB inhibition by ZM447439

treatment on mouse ES cells was explored.

A well-known protein that AURKB phosphorylates is Histone H3 at Serine 10 (Adams et al.,
2001). This mitosis specific marker occurs during prophase and persists to anaphase, where
it localises to the outermost peripheral regions of the chromosome (Hake et al., 2005). To
identify the optimal concentration and duration of ZM447439 treatment in ES cells, ES cells
were treated with 1 uM ZM447439 treatment for 24 hours. Immunofluorescence analyses
were performed to examine the loss of H3 Serine 10 phosphorylation (H3S10ph) after
AURKB inhibition in mouse ES cells. With 1 uM ZM447439 treatment for 24 hours, the
results showed that H3S10ph levels were diminished (Figure 3.2.4A), identifying effective
inhibition of AURKB activity. However, despite AURKB inhibition, the localisation of AURKB

at the pericentric region and the telomeres was unaffected (Figure 3.2.4A).

With the identification of 1 uM ZM447439 treatment for 24 hours is effective at inhibition
AURKB activity, the changes in telomere structural integrity, a phenotype of aberrant
telomere structure, after AURKB inhibition was investigated. Telomere Fluorescent In-Situ

Hybridization (Tel-FISH) analyses were performed, and MTS formation quantified in mouse
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ES cells. In normal cells, a single signal per sister chromatid end is seen with Tel-FISH. However,
in cells with aberrant telomere structure multiple signals per sister chromatid end is observed with

Tel-FISH (examples shown in Figure 3.2.4B). Untreated cells were used as a negative
control while cells treated with 0.2 uM aphidicolin (APH), which has been previously reported
to induce MTS formation, were used as a positive control (Sfeir et al., 2009, Glover et al.,
1984). The results showed that with the inhibition of AURKB, metaphase chromosomes
exhibited a significant increase in MTS formation compared to untreated metaphase
chromosomes (2.3 MTS/metaphase spread to 8.5 MTS/metaphase spread). This increase
was similar to APH treated cells (7.3 MTS/metaphase spread) (Figure 3.2.4C). To
determine if the formation of MTS observed after AURKB inhibition was specific to mouse
ES cells, AURKB was inhibited in the primary non-ES cells MEF, and MTS incidence was
quantified. MEF was selected as other immortalised mouse laboratory cell lines had a
relatively high background level of MTS (unpublished data). There was no significant change
in MTS formation between untreated and AURKB-inhibited MEF cells (Figure 3.2.4D).
Together, these results show that the role of AURKB in telomere maintenance is unique to

pluripotent mouse ES cells.
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Figure 3.2.4: Loss of AURKB function results in increased MTS incidence in mouse ES cells

(A) Mouse ES cells were treated with 1 pM ZM447439 for 24 hours, and immunofluorescence
analyses were performed with antibodies against AURKB (red) or H3S10ph (green). (i) In control
cells, H3S10ph was enriched throughout mitotic chromosomes. (ii) In cells treated with 1 pM
ZM447439, H3S10ph was diminished throughout the mitotic chromosome. In both untreated and
treated cells, AUKB localised to the centromere and telomeres of mitotic chromosomes. (B)
Examples of standard telomere signal and MTS formation (APH treated, arrowheads) after Tel-FISH
analyses are shown. (C) Mouse ES cells were treated with either (ii) 0.2 uM APH or (iii) 1 pM
ZM447439 for 24 h, followed by Tel-FISH analyses. Control untreated cells are shown in (i). Tel-
FISH signals are shown in green. DAPI was used as a nuclear counterstain. (iv/v) Quantification of
MTS identified that untreated cells had an average of 2.3 of MTS/metaphase spread, APH treated
cells had 7.3 MTS/metaphase spread (P < 0.0001 compared to untreated cells), and ZM447439
treated cells had 8.5 MTS/metaphase spread (P < 0.0001 compared to untreated cells). A magnified
image of the boxed chromosome is shown in the inset, with MTS indicated by the arrowheads. n =
1000 chromosomes from three biological replicates. (D) MEFs were treated with 1 pM ZM447439
for 12 hrs before Tel-FISH analyses as prolonged treatment resulted in loss of mitotic cells and
apoptosis. Quantification of Tel-FISH analyses did not show a significant difference in MTS incidence
between control and ZM447439 treated MEF cells. n = 1400 chromosomes from three biological
replicates. Each point in the scatterplot (Civ) represents the number of MTS in a single metaphase
spread, with error bars showing Q1, Q2 and Q3 values. P-values are indicated in column graphs

(Cv). Error bars represent S.D..
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Previous work has reported that MTS formation is closely associated with both APH
treatment and the depletion of TERF1 (Sfeir et al.,, 2009). Thus, the induction of MTS
formation is a result of a loss of telomere structural integrity. As MTS is associated with the
loss of shelterin component and the loss of AURKB, the association between AURKB and
TERF1 was investigated. siRNA against these AURKB and TERF1 were generated. siRNA
against TERF2 was also generated and used as a control as it is another member of the
Shelterin complex that binds to telomere DNA (Opresko et al., 2002). The knockdown of
TERF1 was confirmed by immunofluorescence analyses and qRT-PCR (Figure 3.2.5A and
B), while the knockdown of AURKB was confirmed by immunofluorescence analyses, qRT-
PCR and immunoblotting (Figure 3.2.5Aii, B, C). Immunoblotting of TERF1 and TERF2
could not be performed due to poor antibody efficiency. The knockdown of TERF2 did not
affect the localisation of AURKB and TERFL1 to the telomeres, indicating that TERF2 is not
required for either TERF1 or AURKB localisation to the telomeres (Figure 3.2.5Aiii). In
contrast, the knockdown of TERF1 resulted in a loss of AURKB at the telomeres (Figure
3.2.5Aii), while AURKB knockdown did not result in a loss of TERF1 to the telomeres
(Figure 3.2.5Aiv). These findings suggest that AURKB localisation at the telomeres of

mouse ES cells is dependent on the presence of TERF1.
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Figure 3.2.5: AURKB localisation at the telomeres of mouse ES cells is dependent on the

presence of TERF1

(A) Mouse ES cells were transfected with either control scramble siRNA or siRNAs specific to
TERF1, TERF2 or AURKB for 72h before immunofluorescence analyses with antibody against
AURKB (red) and TERFL1 (green) was performed. (i) In scramble siRNA transfected cells, TERF1
colocalised with AURKB at the telomeres (arrowhead). (ii) With TERF1 knockdown, TERF1 and
AURKB at the telomeres were undetectable. (iii) With TERF2 knockdown, AURKB colocalised with
TERF1 at the telomeres (arrowhead). AURKB was enriched at the centromere (i, ii, iii; arrow). (iv)
With AURKB siRNA transfection, TERF1 was enriched at the telomeres (arrowhead) while AURKB
at the telomeres and centromere was lost. DAPI was used as a nuclear counterstain (blue). Scale
bar represents 4um. (B) Mouse ES cells were transfected with either control scramble siRNA or
siRNA specific to TERF1 or AURKB for 72h before RNA extraction. gRT-PCR was performed, and
the expression level of AURKB, TERF1 and tubulin were determined. Tubulin was used as a
negative control. AURKB, TERF1 and tubulin transcript levels were normalised against actin. (C)
Mouse ES cells were transfected with either control scramble siRNA oligonucleotides or siRNA
oligonucleotides specific to TERF1, TERF2 or AURKB for 24h and harvested for immunoblotting with
antibody against AURKB. AURKB levels were depleted in AURKB siRNA transfected cells but not

scramble, TERF1 and TERF2 siRNA transfected cells. Actin was used as a loading control.
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To examine if the loss of AURKB caused MTS formation, Tel-FISH analyses were performed
on ES cells following RNAI depletion of AURKB or TERF1 (Figure 3.2.6). The depletion of
TERF1 led to the formation of high levels of MTS compared to the scramble siRNA
transfected control (Figure 3.2.6). Furthermore, the depletion of AURKB with two
independent sets on siRNA (set #1 (A) and set #2 (B)) showed increased MTS formation

(Figure 3.2.6).

MTS has previously been reported in cells with aberrant TERF1 dynamics (Sfeir et al.,
2009). Thus, to investigate if AURKB associated with TERF1, AURKB was depleted and the
changes in TERF1 levels at the telomeres was assessed by immunofluorescence analyses
followed by the quantification of TERF1 staining fluorescence intensity at the telomeres of
mitotic chromosomes. The result showed that the knockdown of AURKB significantly
increased TERF1 fluorescence intensity at the telomeres of AURKB deleted mouse ES cells,
indicating that TERF1 binding at the telomeres was increased (66.7% increase compared
to control; Figure 3.2.6C). Furthermore, ChIP/qPCR analyses of TERF1 levels at the
telomeres after AURKB inhibition in ES cells also showed an increase of TERF1 compared
to untreated cells (Figure 3.2.7Di). However, AURKB inhibition did not affect TERF2 levels
the inhibition and knockdown of AURKB result in both MTS formation and increased TERF1
binding to the telomeres, identifying a role of AURKB in regulating TERF1 levels at the

telomeres of ES cells.
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Figure 3.2.6: Loss of AURKB results in increased MTS formation and TERFL1 at the telomeres

(A) Mouse ES cells were transfected with scramble control SiRNA, AURKB siRNA or TERF1 siRNA
for 72 hours, treated with colcemid, and harvested for Tel-FISH analyses. Representative Tel-FISH
image of (i) scramble control siRNA, (ii)) AURKB siRNA (set #1) or (iii) TERF1 siRNA transfected
cells is shown. Tel-FISH signals are shown in green. Magnified images of the boxed chromosomes
are shown in the inset, with examples of MTS indicated by the arrowheads. DAPI was used as a
nuclear counterstain (blue). Scale bars represent 4 um. (iv/v) Cells transfected with scramble siRNA
had an average of 2.3 MTS/metaphase spread. AURKB and TERF1 knockdown cells had an
average of 5.1 MTS/metaphase spread (P =0.0006) and 19.95 MTS/metaphase spread (P < 0.0001)
respectively. n = 1200 chromosomes from three biological replicates. (B) Mouse ES cells were
transfected with scramble control sSiIRNA or AURKB siRNA (set #2) for 72 h and treated with colcemid
before Tel-FISH analyses. (i/iil) AURKB depletion resulted in aberrant MTS formation, increasing
from an average of 1 MTS/metaphase spread in cells transfected with scramble siRNA to 4
MTS/metaphase spread. P = 0.0006, n = 1200 chromosomes from 3 biological replicates. Each point
in the scatterplot (Aiv and Bi) represents the number of MTS in a single metaphase spread, with
error bars showing Q1, Q2 and Q3 values. Error bars represent S.D.. (C) Mouse ES cells were
transfected with either (i) scramble siRNA or (ii))AURKB siRNA for 72 hours before
immunofluorescence analyses were performed with antibodies against AURKB (green) or TERF1
(red). DAPI was used as a nuclear counterstain (blue). (iii) Loss of AURKB led to a 66.7% increase
in mean fluorescence staining intensity in TERF1 binding at the telomeres (P < 0.0001, n = >4000
TERF1 foci from three biological replicates). Error bars represent S.E.M., with box and whiskers plot
showing Q1, Q2 and Q3 values. P-values are indicated in column graphs. (B) Mouse ES cells stably
expressing GFP-WT-TERF1 were treated with 1uM ZM447439 for 72 h, and ChIP/qPCR analyses were
performed with antibodies against IgG, GFP and H3. GFP-WT-TERF1 and TERF2 binding was
normalised against the level of H3 at the telomeres. (i) GFP-WT-TERF1 was increased by approximately
2-fold when compared to control untreated cells. (ii) TERF2 and (iii) H3 levels at the telomeres were not

significantly affected following treatment with ZM447439. N=3. Error bars represent S.D..
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3.2.3 AURKB interacts with TERF1 in mouse ES cells

Next, to investigate if AURKB directly interacts with TERF1, reciprocal co-
immunoprecipitation was performed using ES cells expressing GFP-TERFL1. Due to the lack
of suitable TERF1 antibody, GFP-TERF1 was used. The results showed that GFP-TERF1
co-purified with AURKB (Figure 3.2.7i). To identify the region where AURKB interreacted
with TERF1, GST-TERF1 fusion proteins containing either the N-terminal TRFH domain
(GST-N-TERF1; amino acids 2-251) or the C-terminal Myb domain (GST-C-TERF1; amino
acids 240-421) were generated (Figure 3.2.7ii). These GST-tagged TERF1 fragments were
purified and immobilized onto glutathione agarose beads before incubation with lysates from
mouse ES cells. The upper blot in Figure 3.2.7iii is probed with a GST antibody to show the
presence of GST-N/C terminal TERF1 while the bottom blot is probed with a AURKB
antibody to show level of AURKB bound to the respective GST-N/C terminal TERF1 protein
fragments. The GST- only control did not bind any AURKB. A higher affinity to the C-terminal
was determined by the level of binding between AURKB and GST-N/C terminal TERF1,
respectively. GST-C-terminal TERF1 immunoprecipitated significantly more AURKB than
the GST-N-terminal AURKB (Figure 3.2.7iii). This suggests that AURKB is likely to bind or

interact with C terminal of TERFL1.
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Figure 3.2.7: AURKB directly interacts with TERF1 to regulate TERF1 binding to the

telomeres

(i) GFP-WT-TERF1 stably expressing cells were used in reciprocal co-immunoprecipitation experiments
followed by immunoblotting using antibody against GFP and AURKB. GFP-WT-TERF1 co-purified with
AURKB immunoprecipitation while AURKB co-purified with GFP-TERF1 immunoprecipitation (arrows). *
denotes unspecific band, ** denotes the heavy and light chains of the GFP antibody. (ii) Schematic of
GST-N-TERF1 and GST-C-TERFL1 used in the in vitro binding assay. (iii) GST-fusion TERF1 fragments
were immobilized on glutathione agarose beads and incubated with mouse ES cell lysates before
immunoblotting with antibody against GST and AURKB. Immunoblotting with GST showed the presence
of GST-N-TERF1 and GST-C-TERF1. GST-TERF1 was not observed in both mouse ES cell lysate and
GST-only control. Immunoblotting with AURKB showed interactions between AURKB and both GST-N-
TERF1 and GST-C-TERF1. Mouse ES cell lysate showed high levels of AURKB, while GST-only control

showed no interaction with AURKB.
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3.2.4 AURKB phosphorylates S404 and T403-TERFL1 in vitro

GPS2.1, a phosphorylation prediction tool (Xue et al., 2011), was used to identify potential
AURKB sites on the C-terminal fragment of TERF1. Of the residues on the C-terminal of
TERF1, GPS2.1 identified S404 as a candidate residue (Figure 3.2.8A). Thus, in vitro
kinase assay was performed to determine if AURKB phosphorylates S404-TERF1. Mass
spectrometric analyses were undertaken on a 30-amino acid synthetic TERF1 peptide
spanning N389 to K418 following incubation with recombinant AURKB in the presence or
absence of an AURKB inhibitor. The result showed that S404-TERF1 and T403-TERF1
were phosphorylated. However, the phosphorylation of T403-TERF1 was detected at much
lower levels. With the addition of an AURKB inhibitor, the phosphorylation of S404-TERF1
and T403-TERF1 was lost (Figure 3.2.8B, Supplementary Figure 3.4.1). This result shows

that AURKB phosphorylates T403-TERF1 and S404-TERF1 in vitro.
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Figure 3.2.8: AURKB phosphorylates TERFL1 in vitro

(A) GPS2.1 show that S404 on mouse TERF1 is a likely candidate that is phosphorylated by AURKB
(top table). The residue of interest on mouse TERF1 and its human analogue is highlighted in red.
The amino acid residues flanking the residue of interest is also shown. In mouse TERF1, S404 and
the surrounding region is conserved. mTERFL1 represents mouse TERF1, and hTERF1 represents
human TERFL1. (Bi) Targeted MS-based proteomics on a 30-amino acid synthetic peptide spanning
N389-K418 of TERF1 incubated with recombinant AURKB in the presence or absence of an AURKB
inhibitor in an in vitro kinase assay and digested with Lys-C. Analysis was done by multiple-reaction
monitoring (MRM). Only ten amino acid sequence N399-K408 (spanning S404) is shown for clarity.
Arrows indicate Lys-C cleavage sites. The theoretical b- and y-ion fragment series after higher-
energy collision dissociation (HCD) are indicated above and below the peptide sequence. MRM
traces of the peptides FNNRTpSVMLK (Brown trace), FNNRpTSVMLK (Blue trace)
FNNRTpSVoxMLK (purple trace) and FNNRpTSVoxMLK (purple trace) across the three different
conditions are shown. The mass-to-charge ratio (m/z), the charge (z) and the monitored transitions
are shown for each peptide. (ii) A ratio of phosphorylated S404 TERF1/ phosphorylated T403 TERF1

is shown. 79.13% of the observed phosphorylation were located at S404 and 20.86 % at T403.
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3.2.5 T403A-TERF1 regulates TERF1 stability

With T403-TERF1 and S404-TERF1 identified as AURKB targets in vitro, phospho-null
mutants were generated to study the effect of the loss of phosphorylation at these sites in
vivo. T403-TERF1 and S404-TERF1 were mutated to alanine (Wu et al., 2007), preventing
phosphorylation (Figure 3.2.9A). In addition, a GFP tag (Stretton et al., 1998) was added to

differentiate between endogenous and exogenous TERF1.

To test the expression of GFP tagged WT, T403A and S404A-TERF1, mouse ES cells were
transfected with the relevant plasmids, followed by immunoblotting analysis with an antibody
against GFP (Figure 3.2.9B). There was a robust expression of GFP-WT and S404A-
TERF1 in the cells, however, the expression level of GFP-T403A-TERF1 was barely
detectable. The expression of GFP-WT and S404A-TERF1suggested that the GFP tag was
not detrimental to the cells while the low level of GFP-T403A-TERF1 protein expression

suggests that T403A-TERF1, not the GFP tag, may be unstable or degraded.

Unstable proteins may be targeted for degradation by the proteasome (Janse et al., 2004).
To identify if the proteasome degraded GFP-T403A-TERF1, cells were treated for 4 hours
with 2uM of MG132, a proteasome inhibitor, before immunoblotting (Rock et al., 1994, Yu
et al., 2005). The results showed that GFP-T403A-TERF1 was partially rescued compared
to the levels of MG132 treated and untreated GFP-WT-TERFL1 after proteasome inhibition
(Figure 3.2.9C). Thus, the partial rescue of T403A-TERF1 indicated that a fraction of

T403A-TERF1 was indeed degraded following expression in mouse ES.
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Figure 3.2.9: GFP-T403A-TERF1 is unstable and is degraded by the proteasome.

(A) WT-TERF1 sequence and the mutation of the respective serine/threonine residues to alanine
(red). (B) Mouse ES cells were transfected with pEGFP-C1 and GFP-TERF1 (WT and mutant)
plasmid DNA before immunoblotting with antibody against GFP. GFP-TERF1 was not detected in
untransfected and pEGFP-C1 transfected cells. GFP-WT and S404-TERF1 were expressed at high
levels. The expression of GFP-T403A-TERF1 was barely detectable. (C) Mouse ES cells were
transfected with GFP-WT-TERF1 or GFP-T403A-TERF1 and treated with 2 pM of MG132 for 4h
before immunoblotting with antibody against GFP. GFP-TERF1 was not detected in untransfected
cells. GFP-WT-TERF1 was detected at similar levels with or without MG132 treatment. GFP-T403A-
TERF1 was undetectable before treatment and was partially rescued (compared to GFP-WT-

TERF1) after treatment. Actin was used as a loading control.
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To investigate if GFP-T403A-TERF1 localises to the telomeres of ES cells,
immunofluorescence analyses were performed after proteasome inhibition. Following the
proteasome inhibition, low level of GFP-T403A-TERF1 was restored and colocalised with
endogenous TERFL1 at the telomeres of interphase cells (Figure 3.2.10A). However, the
recruitment of GFP-T403A-TERF1 was too low to be detected at similar levels to wildtype-
TERF1. GFP-T403A-TERF1 was undetectable in mitotic cells (Figure 3.2.10B). In contrast,
the localisation of GFP-WT-TERF1 at the telomeres remained unchanged despite
proteasome inhibition in both interphase and mitotic cells. This result suggested that T403-
TERF1 may regulate TERF1 stability and abundance within the cells. Further
characterisation of the role of T403-TERF1 would provide valuable insight into the function
of T403-TERF1 phosphorylation in regulating TERF1 levels. However, the instability and
toxicity of the mutation needs consideration. As the expression of T403A-TERF1 was
unstable and could not be fully rescued by proteasome inhibition, subsequent analyses

focused on S404-TERFL1.
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Figure 3.2.10: GFP-T403A-TERF1 is partially rescued and localised to the telomeres of

interphase mouse ES cells post proteasome inhibition

Mouse ES cells were transfected with GFP-WT-TERF1 or GFP-T403-TERF1 and treated with or without
2uM MG 132 for 4 hours before immunofluorescence analyses with antibody against GFP (green) and
TERF1 (red). Endogenous TERF1 was used as a telomere marker. GFP was undetectable in
untransfected interphase and mitotic cells with and without MG132 treatment. However, GFP-WT-TERF1
colocalised with endogenous TERF1 despite MG132 treatment at the telomeres of interphase and mitotic
cells (arrows). (A) GFP-T403A-TERF1 was partially rescued at the telomeres of interphase cells and
colocalised with endogenous TERF1 after MG132 treatment (arrows). (B) GFP-T403A-TERF1 was
undetectable in metaphase cells despite MG132 treatment. Magnified images of the boxed chromosomes

are shown in (Bii). DAPI was used as a nuclear counterstain (blue). Scale bar represents 2um.
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3.2.6 S404E-TERF1 prevents TERF1 binding to telomeres of mouse ES cells

To characterise S404-TERF1 phosphorylation, the phospho-mimic GFP-S404E-TERF1 was
also generated (Figure 3.2.11A). Mutation to glutamic acid (E) mimics a constantly
phosphorylated state (Fink et al., 2007). Next, to investigate if the phospho-null and
phospho-mimic S404-TERF1 mutants were expressed in mouse ES cells, immunoblotting
was performed after transfection with the respective plasmids. Both S404A and S404E-

TERF1 were expressed, similar to GFP-WT-TERF1 expression levels (Figure 3.2.11B).

To validate the expression and localisation of S404A and S404E-TERFL1 to the telomeres of
mouse ES cells, immunofluorescence analyses were performed. Following transfection,
S404A-TERF1 localised to the telomeres of both interphase and metaphase cells (Figure
3.2.11Cii, Dii). However, despite the robust protein expression of S404E-TERF1, its
localisation was detected at lower levels at the telomeres in both interphase and mitotic cells
(Figure 3.2.11Ciii, Diii). This shows that the recruitment of S404E-TERFL1 to the telomeres
is reduced in interphase cells and mitotic telomeres. Thus, the robust expression and
reduced telomeric binding of S404E-TERF1 suggests that the phosphorylation of S404-
TERF1 may function to release TERF1 from the telomeres rather than a signal for TERF1

degradation.
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Figure 3.2.11: GFP-S404E-TERF1 does not bind to the telomere

(A) WT-TERF1 sequence and the mutation of the respective serine/threonine residues to alanine
and glutamic acid (red). (B) Mouse ES cells were transfected with GFP-WT, S404A- and S404E-
TERF1 plasmid DNA before immunoblotting with antibody against GFP. GFP-WT, S404A- and
S404E-TERF1 were expressed at high levels. Untransfected cells showed no expression of GFP-
TERF1. Actin was used as a loading control. (C/D) Mouse ES cells were transfected with GFP-WT,
S404A- and S404E-TERF1 plasmid DNA before immunofluorescence analyses with antibody
against GFP (green) and TERF1 (red). Endogenous TERF1 was used as a telomere marker. GFP-
WT- and S404A-TERF1 were expressed and colocalised with endogenous TERF1 at the telomeres
of interphase and mitotic cells (arrowhead; i, ii). In interphase cells and mitotic cells, GFP-S404E-
TERF1 staining at the telomeres was weak but colocalised with endogenous TERF1 (arrowhead;
Ciii; Diii). GFP-S404E-TERF1 also showed a diffused staining pattern in interphase cells. DAPI was

used as a nuclear counterstain (blue). Scale bar represents 2um.
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To prevent endogenous TERF1 from rescuing the effects of mutant TERF1 expression, HA-
tagged siRNA-resistant WT, S404A and S404E-TERF1 constructs were generated by
changing the nucleotide sequence on TERF1 but not altering the resultant amino acid
codon. These constructs were transiently expressed in mouse ES cells before TERF1 siRNA
knockdown. The knockdown of endogenous TERF1 with siRNA was previously shown to be
efficient (Figure 3.2.5B). Next, to determine if these constructs were resistant to TERF1
siRNA knockdown, immunoblotting was performed against the HA tag after TERF1 siRNA
knockdown. Robust expression of siRNA resistant WT, S404A and S404E-TERF1
confirmed that the constructs were indeed resistant to TERF1 siRNA knockdown although
lower levels of S404A and S404E-TERF1 were observed compared to WT-TERF1 (Figure

3.2.12A).

Next, to investigate if SIRNA resistant WT, S404A and S404E-TERF1 to the telomeres of
mouse ES cells after TERF1 siRNA knockdown, immunofluorescence analyses using
antibody against HA was performed. Consistent with the GFP-TERF1 cells (Figure 3.2.11C
and D), both HA-WT-TERF1 and HA-S404A-TERF1 localised and bound to the telomeres
while HA-S404E-TERF1 failed to localise and bind to the telomeres (Figure 3.2.12B).
Altogether, these results indicate a role for the phosphorylation of S404-TERF1 in regulating

TERF1 binding at the telomeres.
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Figure 3.2.12: The loss of GFP-S404E-TERF1 binding to the telomeres is not coupled to

endogenous TERF1 levels

Mouse ES cells were subjected to TERF1 siRNA depletion and transfected with siRNA resistant HA-
tagged WT, S404A and S404E TERF1 plasmids. (A) Immunoblot analyses using antibody against
HA showed that HA-TERF1 was not detected in untransfected and scramble siRNA transfected cells.
Robust expression of HA-WT-TERF1, HA-S404A-TERF1 and HA-S404E-TERF1 siRNA resistant
proteins was detected. Actin was used as a loading control. (B) Immunofluorescence analyses with
antibody against TERF1 (red) and HA (green) showed that (i) HA-WT- and (ii) S404A-TERF1 were
expressed and localised to the telomeres of mitotic cells. (iii) HA-S404E-TERF1 was undetectable
at the telomeres. In addition, staining for TERF1 (red) in HA-S404E-TERF1 was weak compared to
HA-WT-TERF1 and HA-S404A-TERF1. TERF1 was used as a telomere marker. DAPI was used as

a nuclear counterstain (blue). Scale bar represents 5 um.
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3.2.7 S404-TERF1 phospho-mutants show aberrant MTS formation and binding in
mouse ES cells

To study the long-term effects of S404 mutation on TERF1 binding and telomere function,
mouse ES cells with stable expression of GFP-S404A and S404E-TERF1 mutants were
generated. To determine the expression levels of GFP-WT, S404A and S404E-TERF1,
immunoblotting was performed using antibody against GFP. The results showed robust

GFP-WT, S404A and S404E-TERF1 expression in mouse ES cells (Figure 3.2.13A).

To determine the levels of GFP-WT, S404A and S404E-TERF1 proteins that bound to the
telomeres, ChlIP/qPCR analyses were performed using an anti-GFP antibody and telomeric
DNA specific oligonucleotides. Compared to GFP-WT-TERF1, GFP-S404A-TERF1 showed
a moderate increase in telomere binding, while GFP-S404E-TERF1 showed a considerable
reduction in telomere binding (Figure 3.2.13B). This change in telomere binding further
suggests the role of S404-TERF1 phosphorylation in regulating TERF1 binding at the
telomeres of mouse ES cells. Cell lines expressing similar levels of GFP-TERF1 protein
were selected (WT: clone 1; S404A: clone 2; S404E: clone 1, Figure 3.2.13 A and B). To
confirm if stably expressed GFP-S404A and S404E-TERF1 mutants localised to the
telomeres, immunofluorescence analyses were performed. Consistent with the GFP-TERF1
(Figure 3.2.11) and HA-TERFL1 cells (Figure 3.2.12), the stable expression of GFP-S404A-
TERF1 did not affect its ability to localise to the telomeres, whereas S404E-TERF1 failed to
localise the telomeres (Figure 3.2.13C). Interestingly, endogenous TERF1 levels were
depleted at the telomeres of cells with stable expression of GFP-S404E-TERF1 (Figure
3.2.13Ciii). This suggests a dominant negative effect of S404E-TERF1, and phosphorylated

S404-TERF1.
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Mouse ES cells with stable expression of GFP-WT, S404A and S404E-TERF1 were generated. (A)
Immunoblot analyses using antibody against GFP showed that GFP-WT- (clones #1 and #2), S404A-
(clones #1 and #2) and S404E- (clones #1 and #2) TERF1 proteins were expressed. GFP-TERF1
was not detected in untransfected cells. Actin was used as a loading control. (B) ChIP/gPCR
analyses with antibody against GFP showed that compared to GFP-WT-TERF1, GFP-S404A-
TERF1 had approximately 2-fold increased binding while GFP-S404E-TERF1 had an approximately
2-fold decrease in their binding level at the telomeres. Two cell lines for each construct are shown.
Results were normalised to H3 levels at GAPDH and are relative to input. Error bars represent S.D..
(C) Immunofluorescence analyses with antibody against TERF1 (red) and GFP (green) showed that
(i) GFP-WT-TERFL1 and (ii) GFP-S404A-TERF1 were expressed and colocalised with endogenous
TERF1 at the telomeres of metaphase cells (arrowhead). (iii) GFP-S404E-TERF1 was undetectable
at the telomeres and staining for TERF1 in cells expressing GFP-S404E-TERF1 also showed
diminished endogenous TERFL1 levels at the telomeres. DAPI was used as a nuclear counterstain

(blue). TERF1 was used as a telomere marker. Scale bar represents 5um.

120



To assess if S404A- and S404E-TERF1 cells showed compromised telomere integrity, Tel-
FISH analyses were performed. In addition, this experiment aimed to identify if AURKB
inhibition further aggravate MTS formation in S404A- and S404E-TERF1 cells. This would
show that AURKB regulation of this residue was related to MTS formation or if other residues
on TERF1 regulated MTS formation. Both GFP-S404A and S404E-TERF1 mouse ES cells
showed increased MTS formation when compared to GFP-WT-TERF1 (Figure 3.2.14A).
Notably, the addition of the AURKB inhibitor, ZM447439, did not result in increased MTS
formation in either GFP-S404A or S404E TERF1 mutant cells (Figure 3.2.14A). In contrast,
the addition of ZM447439 resulted in a significant increase in MTS formation in GFP-WT-
TERF1 cells (Figure 3.2.14A). Consistent with the increase in MTS formation seen in cells
depleted of AURKB function (Figure 3.2.6), these results show that S404-TERF1

phosphorylation by AURKB is associated with MTS formation.

In addition, ChIP/gPCR showed an increase in yH2AX levels at the telomere of cells
expressing either S404A or S404E-TERF1 compared to WT-TERF1 expressing mouse ES
cells (Figures 3.2.14B). Immunofluorescence analyses supported this data where yH2AX
staining showed increased yH2AX levels following S404A and S404E-TERF1 expression
(Supplementary Figure 3.4.2). These findings are consistent with previous reports showing
dysregulation of TERF1 telomere binding results in MTS formation, which is accompanied
by DNA damage marker yH2AX (Martinez et al., 2009, Sfeir et al., 2009). Furthermore,
despite minimal levels of GFP-S404E-TERF1 at the telomeres, GFP-S404E-TERF1 cells
showed a greater increase in MTS formation. Altogether, these results indicate that AURKB
targets S404-TERFL1 to regulate telomere structural integrity. Furthermore, the long-term

expression of the TERF1 phospho-mimic S404E may act in a dominant-negative fashion,
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depleting telomeres of TERF1 binding, resulting in aberrant telomere phenotype as indicated

by the MTS formation.
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Figure 3.2.14: Regulation of S404-TERF1 prevent DNA damage responses and MTS formation

at the telomeres

(A) Tel-FISH analyses were performed on mouse ES cells with stable expression of GFP-WT,
S404A- and S404E-TERF1 to assess MTS formation with and without ZM447439 treatment. (i)
Without ZM447439 treatment and compared to GFP-WT-TERF1 (4.2 MTS/metaphase), GFP-
S404A-TERF1 (7.5 MTS/metaphase) and GFP-S404E-TERF1 (10.5 MTS/metaphase) cell lines
showed increased MTS formation. (ii) With ZM447439 treatment, MTS formation increased from 4.2
to 6.5 MTS/metaphase in GFP-WT-TERF1 cells. MTS formation in GFP-S404A-TERF1 and GFP-
S404E-TERF1 cells were unchanged despite ZM447439 treatment. Error bars represent S.E.M..
Asterisk in (Ai) indicates P-values < 0.001; N > 1300 chromosomes from over 30 mitotic spreads
per condition from three biological replicates. Box and whiskers plot (Aii) represents Q1, Q2 and Q3,
with the maximum and minimum values plotted. (B) ChIP/gPCR analyses were performed on mouse
ES cells with stable expression of GFP-WT, S404A- and S404E-TERF1 with antibody against yH2AX
at the telomeres. yH2AX levels were increased in both GFP- S404A and S404E-TERF1, compared
to GFP-WT-TERF1. Results were normalised to input and H3 levels at GAPDH. N=3; Error bars

represent S.E.M..

124



3.2.8 The phosphorylation of S404-TERF1 promotes aberrant telomere lengthening

Compared to GFP-WT-TERF1 cells, GFP-S404A-TERF1 cells showed increased MTS
formation (Figure 3.2.14A), suggesting that loss of S404-TERF1 phosphorylation is
associated with MTS formation, similar to the increase in MTS formation in cells depleted of
AURKB function through either ZM447439 treatment or siRNA knockdown (Figures 3.2.4
and 3.2.6). However, GFP-S404E-TERF1 cells showed an even greater increase in MTS
formation (Figure 3.2.14A) despite minimal binding of GFP-S404E-TERF1 at the telomeres
(Figure 3.2.11C). In addition to the minimal binding of GFP-S404E-TERF1 at the telomeres,
a decrease in the level of endogenous TERF1 binding at the telomeres was observed,
suggesting that long-term expression of phospho-mimic S404E mutant, but not S404A
mutant, acts in a dominant negative fashion, depleting telomeres of TERF1 binding, resulting
in aberrant telomere phenotype as indicated by the MTS formation. A previous study has
shown that the loss of TERF1 binding at the telomeres led to increased telomere length (van
Steensel and de Lange, 1997, Smogorzewska et al., 2000). Thus, we investigated the length

of telomeres by Tel -FISH analyses on GFP-S404E-TERF1 cells after 3 months in culture.

After 3 months in culture, compared to GFP-WT-TERF1 cells, Tel-FISH signals in GFP-
S404E-TERF1 increased in intensity (Figure 3.2.15A). When normalised against the
centromere FISH signal to account for chromatin levels, the overall Tel-FISH signal in GFP-
S404E-TERF1 cells was increased by approximately 2.9 folds than that in GFP-WT-TERF1
cells (Figure 3.2.15B). This increase in Tel-FISH intensity indicated that the long-term

dominant negative effect of S404E-TERF1 results in telomere lengthening in these cells.
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Figure 3.2.15: Long-term expression of S404E-TERF1 results in telomere lengthening

(A) Telomere (green) and centromere (red)-FISH analyses were performed on mouse ES cells with
stable expression of GFP-WT and S404E-TERFL1 to assess changes in telomere length. DAPI was
used as a nuclear counterstain (blue). Compared to the Tel-FISH signal intensity of (i) GFP-WT-
TERF1 cells, the Tel-FISH signal intensity of GFP-S404E-TERF1 cells was increased. (B)
Fluorescence quantification showed increased Tel-FISH signal intensity in GFP-TERF1-S404E
compared to GFP-WT-TERF1 cells. (i) The scatter plot shows the mean pixel intensities of Telomere
and centromere-FISH signals for all metaphase spreads. The centromere FISH signals between the
GFP-WT-TERF1 and GFP-S404E-TERF1 cell lines were similar in levels. Tel-FISH signals were
normalised against centromere-FISH signals and are shown as (ii) column graphs and (iii) box and
whiskers plots. Tel-FISH signals in GFP-S404E-TERF1 cells were increased by almost three times
than those in GFP-WT-TERF1 cells. Error bars in (Bi) represent S.E.M. (P = 0.0001, > 50 spreads
from three biological replicates were assessed per cell line). Box and whiskers plot shown in (Bii)

represents Q1, Q2 and Q3, with the maximum and minimum values plotted.
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3.3 Discussion

AURKB is a well-known regulator of mitosis, where it plays critical functions in chromosome
segregation through its roles at the centromere and mitotic spindle during mitosis (Carmena
et al., 2009, Hochegger et al., 2013). A recent study has shed light on the localisation of
AURKB at the pericentric and subtelomeric regions in mouse ES cells (Mallm and Rippe,
2015). AURKB was shown to regulate the generation of hon-coding centromeric transcripts
(from the centromere regions). These transcripts could, in turn, induce telomerase activity
in ES cells (Mallm and Rippe, 2015). However, it is unclear if the association of AURKB with
the telomeres correlates with its role in controlling centromeric transcription. Nonetheless,
despite its indirect role at the telomeres, the direct function of AURKB at the telomeres has

not been uncovered.

This chapter has shown the novel localisation of AURKB at the telomeres of ES cells and
investigated its role at the telomeres (Figure 3.2.1). The localisation of AURKB at the
telomeres is lost with differentiation concomitant with the unique telomere chromatin of ES
cells (Wong et al., 2009). Interestingly, loss of AURKB in ES cells results in MTS formation
and increased TERFL1 binding at telomeres (Figures 3.2.5 and 3.2.6). The long telomere
lengths and unique telomere chromatin regulation of ES cells are essential for their
pluripotency and self-renewal (Huang et al., 2011). In line with this, emerging data show that
telomere chromatin of mouse ES cells contain a unique set of proteins. For example,
ZSCAN4 (Zalzman et al., 2010) and the unique H3.3S31ph epigenetic mark (Wong et al.,
2009) are enriched at the telomeres of pluripotent stem cells. In fact, H3.3S31ph is also
regulated by AURKB (Li et al., 2017a). Our results have implicated AURKB as a newly
identified protein present in ES cell telomere chromatin and that AURKB function at the

telomeres is independent of telomere length maintenance (Figure 3.2.3).
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With our cell-based binding assays (Figure 3.2.7) and in vitro kinase assay (Figure 3.2.8),
we identified S404-TERF1 as the prime candidate for AURKB phosphorylation. However,
AURKB may act on other residues on TERF1, similar to its activity on various residues on
histone H3 (Goto et al., 2002, Hirota et al., 2005). Although T403-TERF1 was identified as
a candidate, the phospho-null mutation, T403A-TERF1, resulted in TERF1 instability,
leading to degradation by the proteasome (Figure 3.2.9 and 3.2.10). It is possible that T403-
TERFL1 acts in a similar manner to S367 on human TERF1, where phosphorylation by the
ATM kinase disrupts TERF1 binding to telomere and marks TERF1 for degradation
(McKerlie et al., 2012). Thus, the phosphorylation of T403-TERF1 may act to prevent
degradation. However, further investigation of the kinase that regulates T403-TERF1 and
the E3 ligase responsible for proteasome-mediated degradation is required. In addition,
experiments, such as mass spectrometry, identifying the cell cycle stage that T403 or S404-

TERFL1 is phosphorylated will give insights on TERF1 regulation within the cells.

The phosphorylation of S404-TERF1 has not been detected in cells and is a current
limitation of this study. Nonetheless, our stable S404-TERF1 mutagenesis studies in mouse
cells strongly suggest that S404-TERF1 phosphorylation negatively regulates TERF1
binding to telomeric DNA (Figure 3.2.11 to 3.2.13). Furthermore, we have demonstrated
that unphosphorylated S404-TERF1 (S404A-TERF1) leads to increased MTS formation, a
similar phenotype seen in both AURKB-depleted and TERF1-depleted mouse ES cells
(Figure 3.2.14). The phosphorylated S404-TERF1 (S404E-TERF1) leads to increased MTS
formation together with increased telomere length (Figure 3.2.14 and 3.2.15). This is likely
caused by a dominant-negative impact of S404E mutation on the endogenous TERF1
function. The MTS formation in both S404A and S404E-TERF1 was accompanied by an

increase in DNA damage at the telomeres, indicating the importance of S404-TERF1
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phosphorylation in regulating telomere integrity (Figure 3.2.14). As our model utilises an
overexpression system, TERF1 levels in both S404A and S404E are overexpressed. The
overexpression of TERF1 has detrimental effects on the cells including aberrant telomere
shortening (van Steensel and de Lange, 1997, Smogorzewska et al., 2000, Munoz et al.,
2009) and replication fork stalling which are areas of fragile sites and MTS formations (Ohki
and Ishikawa, 2004, Leman et al., 2012). Although the deletion of TERF1 causes aberrant
telomere lengthening, it also causes the formation of fragile site and MTS formation (Sfeir
et al., 2009, Martinez et al., 2009). Thus, the observed increase in DNA damage in both the
S404A and S404E-TERF1 complements previous reports. The loss of TERF1 also leads to
increased DNA damage (Beier et al., 2012). Thus, the increased DNA damage observed in
S404E-TERF1, compared to S404E-TERF1, may be related to the overall increase in
TERFL1 protein and the dominant negative binding ability of S404E-TERF1 to telomere DNA,
mimicking a TERF1 knockout environment. (Ohki and Ishikawa, 2004, Leman et al., 2012,
Sfeir et al., 2009, Martinez et al., 2009). Nonetheless, future work to understand the function
of long-term expression of unphosphorylated S404-TERF1 is needed. In addition, the T403
and S404 — TERF1 residues were candidates of AURKB phosphorylation. Although this
chapter has shown the mutation of individual residues, a double mutation can be considered
for future work to provide insights into TERF1 phosphorylation by AURKB. This would clarify
if the presence of a wildtype residue beside a mutated residue partially rescues the
phenotype, preventing further deficiencies. Altogether, our study shows the role of AURKB
as a novel TERF1 kinase, and it is required for maintaining telomere integrity in mouse ES

cells. A model of AURKB function is shown below (Figure 3.3.1).
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Figure 3.3.1: A model of AURKB function on TERF1

The phosphorylation of S404 by AURKB acts in a dominant negative manner and prevents
homodimerized TERF1 from binding to telomere DNA. This causes telomere abnormalities including
replication fork stalling, telomere DNA damage and telomere elongation. The presence of MTS
formation is indicative of an increase in replication fork stalling at the telomeres. This fork stalling
may be rescued by helicases such as BLM and RTEL1. The need for TERF1 detachment may be

related to chromosome separation during mitosis.
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The binding pattern of TERF1 at the telomeres is dynamic (Mattern et al., 2004). This
pattern is regulated through post-translational modification such as phosphorylation (Kim et
al., 2008, McKerlie et al.,, 2012). TERF1 phosphorylation is driven by many kinases,
including CDK1, PLK1, ATM and AURKA (McKerlie et al., 2012, Wu et al., 2008, McKerlie
and Zhu, 2011). These kinases may act on more than one residue for different functions.
For example, phosphorylation of T344 on human TERF1 by CDK1 prepares TERF1 for
phosphorylation by PLK1, activating TERF1 binding to telomeric DNA (Wu et al., 2008). In
contrast, the phosphorylation of T371 on TERF1 by CDK1 prevents TERF1 binding to the
telomere (McKerlie and Zhu, 2011). Here, we have identified AURKB as a novel kinase that
targets S404-TERF1, a residue located on the highly conserved Myb DNA-binding domain.
The phosphorylation of neither S404-mouse TERF1 nor its corresponding/analogous
position on human TERF1 were previously reported. Like CDK1, AURKB may target other
residues on TERFL1. In line with the possibility of AURKB in phosphorylating other residues
on TERF1, previous reports have shown that AURKB phosphorylates various residues on
Histone H3 (H3S10 and H3S28) (Goto et al., 2002, Hirota et al., 2005). Nonetheless, the
phosphomimic (S404E-TERF1) data suggests that phosphorylation of S404-TERF1
negatively regulates TERF1 binding to the telomere DNA. More importantly, we have shown
that AURKB inhibition together with S404-TERF1 phospho-mutants did not further increase
MTS formation (Figure 3.2.14A), suggesting a link between AURKB-inhibited cells and
unphosphorylated S404-TERFL1 in mouse ES cells (Figure 3.2.6 and 3.2.14A). In addition,
TERF1 binding to telomere DNA was increased in AURKB-depleted cells (unphosphorylated
S404-TERF1 phenotype) while S404E-TERF1 (phosphorylated phenotype) showed
impaired binding of TERFL1 to telomere DNA. Thus, we propose that AURKB phosphorylates

S404-TERFL1 to releases TERF1 from telomere DNA (Figure 3.2.7, 3.2.13 and 3.3.1).
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Proper telomere maintenance in ES cells is maintained by the regulation of TERF1 binding,
through the phosphorylation of S404-TERF1 by AURKB. These data support previous
studies that show the importance of a strict TERF1 regulation where both the overexpression
(van Steensel and de Lange, 1997, Smogorzewska et al., 2000, Sfeir et al., 2009, Schneider
et al., 2013) and loss (Sfeir et al., 2009, Martinez et al., 2009) of TERF1 have harmful effects
on the cells such as telomere shortening, activation of DNA damage responses and cell

death.

TERFL1 is highly expressed in pluripotent cells (Schneider et al., 2013, Varela et al., 2011).
Thus, the unique localisation of AURKB and its phosphorylation of S404-TERF1 at the
telomere of ES cells may provide additional regulation of TERF1 binding to telomere DNA.
This rapid and reversible regulation may be critical as TERF1 is involved in many processes,
including telomere length control and telomere DNA replication throughout the cell cycle
(van Steensel and de Lange, 1997, Smogorzewska et al., 2000, Sfeir et al., 2009).
Interestingly, the inhibition of AURKB led to telomere shortening function (Mallm and Rippe,
2015). A reduction in telomerase activity was observed with either AURKB inhibition or
centromere RNA depletion via RNase-H-mediated degradation. In vitro, phosphorylation
showed that AURKB phosphorylates TERT for telomerase activity, and this activity is
enhanced with the expression of centromere RNA function (Mallm and Rippe, 2015).
Consistently, we have shown that constant phosphorylation of S404-TERF1, presumably by
AURKB, also results in telomere lengthening due to the loss of TERF1 binding (Figure
3.2.15). This result was complemented by another study that showed telomere lengthening
with a dominant negative TERF1 mutant (van Steensel and de Lange, 1997), further
suggesting that S404E-TERF1 acts in a dominant negative manner. Together, these studies

and data strongly suggest that AURKB regulates telomere length indirectly.
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In conclusion, this study identified AURKB as a novel TERFL1 kinase, and the regulation of
S404-TERF1 phosphorylation mediates TERF1 binding to telomere DNA and maintains
telomere integrity in mouse ES cells. The dynamic function of AURKB is still being
investigated where recent studies have identified its association with pluripotency (Lee et
al., 2012) and control of telomerase activity (Mallm and Rippe, 2015). This chapter has

contributed to understanding AURKB function and pluripotent stem cell biology.
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3.4 Supplementary Figures

AURKB
Kinase - + +
ZM447439 = - +
— 0. 1062 5728w w— 8 . D48 520%
— 33812374y —— y2-260 1868+
— 022021180 = D0 .T7103423~
a 2 b7-3194108" —— bB-8504513+
1 ®1
¥ - " »
JN e ) o ! ‘ o1 ‘
=M ©° =L s "
._8 nogt 5 > |
Il N 2 - -
zE = ~ =3 N
Z I'\ | ‘ " %’
w | \\.~ ‘ r“ '\
0 = - 0 )&;\'L
8 19 12 18 10
— )7-01445200  =—— y5-7583518+
w— g0 -08 - 060.3749% — y5.657 3041~
—— ¥5-98-559,3272¢ —— yi-490,3058+
— 02 - 202 1188~ — 04 - 532 2627+
—— 05-633.3103+  —— D6-300.3087+
8 -33 - 702 3318+ == b7 -06 - 8014002+
— 03 -48 - 432 4407~

5 2 2 2
™
<o
= .
2 :
— 21 21
A :
E 4
=~
w
0 ol e ]
19 20 12 20
— 0 -8 - 1044.5610¢ = y7-014.4520+
—yf - 750 3518+ — -0 - 8603749
— 55773370+ — y4- 430 2050+
— y3-39123744 —— bd-5322627+
— 7132787+ —— b5-50-6152030«
06 - 800 3087+ — 050 - 7023318+
— b7 43 - 801 24002
N 2 Z 2
=5
£ . .
va§ > °
u‘ 2 > >
EN % g I
ZE = £ =
&
w
0 0 ol S
19 20 12 20

135



AURKB

Kinase = + £ 2
ZM447439 - - +
—— 15-593 3327+ —— y3-407 2323+
— Y2 -260.1969¢ —— D2-262.1186¢
— b4 -5322627 — D6-720.3424¢
b7 -619.4108+ —— bB-966.4462¢
5 2 _\ 10 5
29 o ' T g *
om \ ° e
55 \ > >3
4 i £,
ZE < £
S
w 1
" SE—— 0
185 17
Retention time
— 7 - 53044780 — b - 5063007
—y3- 40723234 — 2 - 260 1969+
—— b2-262 1186+ — D - 5322627+
x s b7 98 - 801.4002+ = DG -90-948.3356¢
d 3 3 3
%8 - " >, 4
SO~ 2 ° \ o
‘3_3? 5 B ' §2
I NG Zz | z
EN§ i £
Zg = - o) T
z \
i \
17175 17 18 17 8
Retention time Retention time Retention time
— T - 9303478+ —yd - 5083007+
— y3-4072323~  —— y2-260.1969+
— D2 - 262 1188+ — 4 - 5322627+
—— b7-98-8014002~ —— b3-08- §48.4356=
X 3 3 3
s
%8 = & o X
= ® \ =
7827 2’ | 57
ol | =z
= LN 3 5 g
zé ! 1 , 1
pra \
w !§ Nl e
717E 17 18 : 17 18
Retention time Retention time Retention time
% of peptide in
Kinase - - +
Inhibitor - - +
FNNRTSVMLK 91.22 1555 8435
FNNRT] MLK or
ISVIEN 0.01 73.39 7.12
FNNRpTSVMLK
FNNRTSVM[+16]LK 8.74 183 412
FNNRT] MLK
BV o 0.03 9.24 3.79
FNNRpTSVoxMLK

136



Supplementary figure 3.4.1: Summary of MRM results.

Near 100% of the FNNRTSVMLK peptide was unphosphorylated in the absence of AURKB.
Incubation with AURKB resulted in S404 (and/or T403) phosphorylation on approx. 80% of the
FNNRTSVMLK peptide, which was inhibited by the addition of the AURKB inhibitor. Moreover,
approx. 8-10% of the Methionine residues appeared to be oxidized in each sample. Shown are the
MRM traces of the few transitions used to differentiate between FNNRTpSVMLK and
FNNRpTSVMLK. The mass-to-charge ratio (m/z), the charge (z) and the monitored transitions are
shown for each peptide. The MRM tracAes of six peptides are shown across the three different
conditions. These peptides are phosphorylated and oxidized variants of the FNNRTSVMLK peptide.
The mass-to-charge ratio (m/z), the charge (z) and the monitored transitions are shown for each
peptide. Of note, the oxidation of Methionine, a common post-translational modification known to
happen spontaneously during sample preparation, has no significant impact on phosphorylation of
the peptide. In addition, only a few transitions can be used to distinguish FNNRTpSVMLK and
FNNRpTSVMLK (as well as FNNRTpSVoxMLK and FNNRpTSVoxMLK). Most transitions shown

here are common between these variants resulting in nearly identical MRM traces.
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Supplementary figure 3.4.2: S404E-TERF1 induces an increase in yH2AX levels at the

telomeres

Mouse ES cells were subjected to TERF1 siRNA depletion followed by transfection with siRNA
resistant HA-tagged WT, S404A and S404E TERF1 plasmids. Immunofluorescence analyses with
antibody against HA (red) and yH2AX (green) showed that when compared to HA-WT-TERF1 cells,
yH2AX levels were increased in HA-S404A-TERF1 and HA-S404E-TERF1 cells. In addition, HA-
S404E-TERF1 showed weak staining at the telomeres. DAPI was used as a nuclear counterstain

(blue). Scale bar represents 5um.
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4.1 Introduction

4.1.1 Histone PTMs and their role in chromatin regulation

Nucleosomes are the basic building blocks of chromatin. Each nucleosome comprises a
segment of DNA wound around comprises two histone proteins H2A, H2B, H3, and H4
(Kornberg, 1974), known as a histone octamer (Andrews and Luger, 2011). The flexible
region of the histones, known as the histone tails, protrude from the nucleosome (Hartzog
and Winston, 1997). The N-terminal histone tails are subjected to PTMs, including
acetylation, methylation (mono-, di- or tri-methylation) and phosphorylation. These PTMs
are critical for controlling nucleosome dynamics and transcription (see Chapter 1, Table 1.1

for an overview of PTMs and functions) (Bowman and Poirier, 2015).

Many of the PTMs on histone, specifically those on the N-terminal histone tail, have been
extensively studied (Bowman and Poirier, 2015, Bannister and Kouzarides, 2011). Among
them, PTMs on histone H3 is best characterised (Zhang et al., 2015). Examples of PTMs on
H3 are shown in Figure 4.1.1. These various modifications on histone tails are regulated by
chromatin re-modellers, including epigenetics writers (histone methyltransferases,
acetyltransferases and kinases) and erasers (histone demethylases, deacetylases and
phosphatases), and they play essential roles in transcription regulation. For example, the
tri-methylation of H3 Lysine 4 by KMT2 is associated with transcriptional activation
(Shilatifard, 2012). In contrast, the tri-methylation of H3 Lysine 9 by Suv39H1/2 is linked to
transcriptional repression (Barski et al., 2007, Garcia-Cao et al., 2004). Also, lysine
acetylation of histones H3 and H4 tails enhance transcription activation by reducing the
affinity between histones and DNA and increasing accessibility to DNA for transcription

factors (Fischer et al., 2008).
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Phosphorylation is a critical PTM that occurs on histone tails. H3 Serine 10 phosphorylation
(H3S10ph) and H3 Serine 28 phosphorylation (H3S28ph) are well-established mitotic
markers (Goto et al., 2002, Li et al., 2017b). These residues are phosphorylated at the
pericentric heterochromatin during prophase, extend to chromosome arms during
metaphase, and are lost by anaphase (Hendzel et al., 1997, McManus and Hendzel, 2006).
However, neither the function of H3S10ph nor H3S28ph is well-studied. In S. cerevisiae,
H3S10ph and H3S28ph appear to be dispensable for cell cycle progression as mutations of
individual residues (phospho-null mutation of H3S10 or H3S28 to alanine
(H3S10A/H3S28A)) or both H3S10A and H3S28A have no impact on mitotic or meiotic
chromosome segregation (Hsu et al., 2000). In contrast, H3S10ph is critical for regulating
mitosis and meiosis in Tetrahymena as H3S10A results in defective chromosome
condensation and segregation, leading to chromosome loss (Wei et al., 1999). Interestingly,
a study showed that the phosphorylation of H3S10 in MEF cells by AURKB dissociates
HPla from heterochromatin and forms an open chromatin state (Hirota et al., 2005).
Nonetheless, the specific function of H3S10ph and H3S28ph in chromatin regulation

remains to be fully understood (Wei et al., 1998, Wei et al., 1999, Goto et al., 2002).
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Figure 4.1.1: PTMs on N-terminal tail of Histone H3

Examples of PTMs on the N-terminal tail of H3. Threonine and Serine residues can be
phosphorylated (green pentagon), while Lysine residues can be either methylated (blue circles) or

acetylated (red square). The numbers indicate the position of the individual residues.
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4.1.2 Histone H3.3 and its role in maintaining chromatin integrity

Various studies have identified variants for all histones other than H4 (Bowman and Poirier,
2015, Hake et al., 2006, Sawicka and Seiser, 2012). Similar to the canonical histones, their
variants are also subjected to PTMs. Furthermore, these variants play specific roles in
various tissues to maintain chromatin integrity (Ueda et al., 2017, Weber and Henikoff,

2014). This thesis will focus on the study of H3.3, a variant of Histone H3 (Figure 4.1.2A).

H3.3 is evolutionarily conserved among eukaryotes (Li et al., 2017a, Schulmeister et al.,
2007, Wong et al., 2009) and differs from canonical H3.1 by five amino acids (Figure
4.2.1B). In addition to the amino acid differences, the histone chaperone that loads
canonical H3 differs from the histone chaperone that loads H3.3. H3 is loaded into chromatin
by Chromatin Assembly Factor 1 (CAF1) in a replication dependant manner (Tagami et al.,
2004). In contrast, H3.3 is loaded in a replication-independent manner by ATRX/DAXX at
heterochromatic regions and HIRA at euchromatic regions (Tagami et al., 2004, Wong et

al., 2010, Ahmad and Henikoff, 2002).

In mammalian cells, H3.3 is encoded by two distinct genes: h3f3a and h3f3b. In mouse ES
cells, h3f3b encodes approximately 70-80% of the total H3.3 protein (Udugama et al., 2015).
The homozygous deletion of h3f3a in mice identified its importance in testes development
and male fertility (Yuen et al., 2014, Tang et al., 2015). Similarly, the homozygous deletion
of h3f3b in mice also caused detrimental effects such as male sterility, growth deficiency
and death at birth (Yuen et al., 2014, Tang et al., 2015). Interestingly, the complete knockout
of h3f3a and h3f3b in mice led to primary oocyte failure and rapid cell death (Bush et al.,
2013, Jang et al., 2015, Tang et al., 2015, Tang et al., 2013a). At the cellular level, knockout

of both h3f3a and h3f3b genes in MEF resulted in various chromosomal defects such as
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aberrant sister chromatid exchange, polyploidy, aneuploidy and DNA damage (Jang et al.,
2015). Together, these studies indicate the importance of H3.3 in embryonic development

and chromatin maintenance.
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B N-term tail Core domain

¢H |edluoue)

¢'€tH

Figure 4.1.2: Amino acid sequence and secondary structure of Histones H3 variants

(A) The differences between amino acid residues in the N-terminal tail (aa 29-35) and globular region
(aa 60-135) between canonical H3.1/2 and H3.3 is shown. (B) The secondary structures are shown.
B sheets — orange; a-helix — red; random loops — cyan. Residues of interest are shown in red.

(Canonical H3 - 5bs7 and 4n4h; H3.3 - 5b33 and 4n4i)
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4.1.3 Regulation of H3.3S31 phosphorylation.

The unique serine residue at position 31 in H3.3 is evolutionarily conserved from yeasts to
humans (Table 4.1) (Elsaesser et al., 2010). Interestingly, in single-cell eukaryotes such as
S. cerevisiae, H3.3 is present in place of canonical H3 other H3 variants. In contrast,
multicellular eukaryotes such as humans utilise H3.3 and other H3 variants to perform

specialised functions (Hake et al., 2006).

Various reports have shown the phosphorylation of H3.3S31, enriched specifically during
mitosis, in several cell types and organisms, including mouse cells and sea squirts (Hake et
al., 2005, Wong et al., 2009, Schulmeister et al., 2007, Hinchcliffe et al., 2016, Sitbon et al.,
2020). The alignment of amino acid sequences also shows the evolutionary conservation of
H3.3 Serine 31 in various organisms (Table 4.1). Furthermore, recent studies have identified
AURKB, CHK1 and IkB Kinase a (IKKa) as kinases that phosphorylate H3.3S31 (Li et al.,
2017a, Chang et al., 2015, Sitbon et al., 2020, Armache et al., 2020). Interestingly, the
enrichment of H3.3 Serine 31 phosphorylation (H3.3S31ph) only localises to the pericentric
region of metaphase chromosomes in somatic cells (Hake et al., 2005). In addition to the
enrichment of H3.3S31ph at the pericentric region, the enrichment of H3.3S31ph was
reported at the telomeres of mitotic chromosomes in ES and embryonic germ cells (Wong
et al.,, 2009). Hence, the localisation of H3.3S31ph at these heterochromatic regions

highlight the potential role of H3.3S31ph in heterochromatin maintenance.
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Table 4.1: Conservation of H3.3S31 between organisms

N-terminal tail Histone Core domain % similarityto | Accessionno.
human H3.3

Homo sapiens /IKSAPSTGGVK//  /[FQSAAIGALQEASEAYLY/ - AAAS2654.1
Xenopuslaevis [ KSAPSTGGVK/  /IFQSAAIGALQEASEAYL/ 100 NP_001079375.1
Mus musculus IKSAPSTGGVK/  /IFQSAAIGALQEASEAYL// 100 NP_032237.1
DEEILIE IKSAPSTGGVK//  /IFQSAAIGALQEASEAYLY/ 100 B
melanogaster
S. cerevisiae IKSAPSTGGVK//  /IFQSSAIGALQESVEAYL// 90 NP_014367.1

31 87 90 96

4.1.4 The function of H3.3 Serine 31 phosphorylation

Most studies of H3.3S31ph have investigated its role during mitosis. H3.3S31ph is vital for
cell survival, development, and transcriptional regulation (Chang et al., 2015, Schulmeister
et al., 2007, Hake et al., 2005, Sitbon et al., 2020, Armache et al., 2020). One study has
demonstrated that H3.3S31ph accumulates along the chromosome arms of lagging or
misaligned chromosomes, leading to p53 induction and inhibition of cell proliferation in
monkey cells (Hinchcliffe et al., 2016). The masking of H3.3S31ph by antibody
microinjection prevented nuclear p53 accumulation on the chromosomes and growth arrest,

indicating the importance of H3.3S31ph in cell cycle maintenance and survival.

In another study using chicken DT40 cells, knockout of H3.3 genes results in increased
sensitivity to UV light but did not lead to cell death (Frey et al., 2014). Interestingly, this is
different from mammalian cells, where knockout of H3.3 led to rapid cell death (Bush et al.,
2013, Jang et al., 2015, Tang et al., 2015, Tang et al., 2013a, Frey et al., 2014). Furthermore,
when exposed to UV light, DT40 cells lacking H3.3 could not maintain replication fork

progression (Frey et al., 2014). However, the expression of phospho-null H3.3S31A mutant

147



(serine to alanine mutation; phospho-null) in these cells restored fork progression (Frey et
al., 2014). Thus, although unphosphorylated H3.3S31 may be necessary for replication fork
progression in DT40 cells, further investigation to determine the phenotype of H3.3S31E

mutants is required.

Recently, the function of H3.3S31ph in regulation transcription was examined (Matrtire et al.,
2019). The knockdown of H3.3 through shRNA depletion of h3f3a and complete knockout
of h3f3b (Banaszynski et al., 2013) resulted in the reduction of H3.1K27ac, with prominence
at the enhancers. Interestingly, inhibition of CHK1 but not AURKB prevented the
phosphorylation of H3.3S31, reducing H3K27ac at the enhancers. Further investigation
using mass spectrometry identified that H3.3S31ph stimulates p300 activity, a histone
acetyltransferase responsible for the acetylation of H3K27 in mouse ES cells. This
stimulation resulted in higher levels of H3K27ac at the enhancers (Martire et al., 2019). As
many latent enhancers are activated during differentiation, H3.3 knockout cells expressing
H3.3S31E were differentiated and showed an increase in H3K27ac at these enhancer
regions. This led to an increase in transcription from differentiation-specific genes, indicating
that H3.3S31ph is essential for the regulation of chromatin state and transcriptional

activation at DNA enhancers

Another study employed a unique method to reduce H3.3 levels within Xenopus laevis
embryos (Sitbon et al., 2020, Szenker et al., 2012). To knockdown of H3.3 in Xenopus laevis
embryos, morpholino to target H3.3 specifically was used and resulted in defects during late
gastrulation, followed by embryo death (Sitbon et al., 2020, Szenker et al., 2012). The
expression of the phospho-mimic mutant H3.3S31D (Serine to Aspartic acid) but not

H3.3S31A rescued H3.3 levels. However, only the pulldown of H3.3S31D at gastrulation
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showed high levels of H3.3K27ac (Sitbon et al., 2020). The increased H3K27ac was
previously reported after H3.3 knockdown with H3.3S31E expression, identifying the
importance of H3.3S31ph in transcriptional regulation (Martire et al., 2019).

Another recent study showed the importance of H3.3S31ph in transcriptional regulation
(Armache et al., 2020). Clustered regularly interspaced short palindromic repeats (CRISPR)
targeting both h3f3a and h3f3b resulted in the complete knockout of H3.3 in the macrophage
cells. Furthermore, the expression of the phospho-mimic, H3.3S31E, in H3.3 knockout
macrophage cells but not the phospho-null, H3.3S31A, increased gene expression at
regions with high H3.3S31ph levels after stimulation. Interestingly, the H3.3S31E mutant
activated SETD2, a histone methyltransferase, to regulate gene expression (Armache et al.,
2020). Altogether, these studies show that H3.3S31ph is critical for cellular functions.
Furthermore, they demonstrate that H3.3S31ph act to regulate the activity of histone
remodellers to maintain gene transcription. To date, H3.3S31ph has been investigated in
the context of transcription regulation. Thus, this thesis aims to investigate the function of

H3.3S31ph in heterochromatin maintenance.

4.1.5 Aims

H3.3 S31ph is enriched at telomeres of mouse ES cells (Wong et al., 2009). The function of
H3.3S31ph at euchromatic regions has been reported. However, its function at
heterochromatic regions has yet to be studied. The experiments performed in this chapter
aimed to generate HA-tagged and untagged H3.3S31 phospho-null (alanine) and phospho-
mimic (glutamic acid) mutations in mouse ES cells void of endogenous H3.3. In Chapter 5,

these H3.3S31 phospho-mutant cell lines were used for investigating the impact of the
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H3.3S31 mutation on cell survival and heterochromatin maintenance, particularly the role of

H3.3S31ph in telomere heterochromatin maintenance.
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4.2 Results

4.2.1 Generation of wild-type and mutant H3.3 untagged and HA-tagged expression
vectors

In a previous study, a conditional H3.3 knockout mouse ES cell line in which the targeting
vector substituted most of exon 2 for h3f3a and all of exon 2 for h3f3b was established (Tang
et al., 2013a). Briefly, the targeting vector contained the Cre-LoxP system, which flanked
either h3f3a or h3f3b gene and, a reporter coding sequence. With the expression of Cre-
recombinase, the knockout of h3f3a would result in the expression of yellow fluorescent
protein (YFP), while the knockout of h3f3b would result in the expression of cyan fluorescent
protein (CFP) (Tang et al., 2013a) (Figure 4.2.1). The complete loss of endogenous H3.3 is
crucial as this will prevent a masking response and directly relate the observed phenotypes
with the respective H3.3S31 phospho-mutants. Thus, we aimed to generate H3.3S31
phospho-mutant cell lines in a endogenous H3.3 null background to study the role of

H3.3S31ph in heterochromatin maintenance.

Cre-mediated deletion of all h3f3a and h3f3b genes led to rapid cell death (overview of the
process shown in Figure 4.2.2). Several studies also reported this phenomenon where
knockout of H3.3 in mouse cells led to reduced cell proliferation and cell death (Bush et al.,
2013, Jang et al., 2015, Tang et al., 2015, Tang et al., 2013a). Thus, to study the function
of H3.3S31ph, H3.3S31 wild-type and mutant histones (Alanine 31 and Glutamic acid 31)
were expressed in h3f3afloxflox h3f3pfloxlox ES cells, respectively, prior to cre-mediated

knockout of endogenous H3.3.
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Figure 4.2.1: H3.3 targeting vectors and knocked in strategies.

The core region of cassettes was nearly identical for h3f3a and h3f3b, and the difference was in the UTR,
which gives the specificity for homologous recombination. This targeting sequence substituted for much
of exon 2 for h3f3a (encoding the first 17 amino acids) and all of exon 2 for h3f3b (encoding the first 41
amino acids). Exposure to Flp recombinase removed the neo selection cassette. The cassette
arrangement and positioning of the loxP sites allows for conditional allelic replacement: on Cre-mediated
excision of the H3.3 coding sequences (cds), an alternative cds is brought under control of the
endogenous promoter; this being the YFP cds for h3f3a, and the CFP cds for h3f3b. The yellow shading
marks the regions where strand exchange would be expected to occur. The red line marks a potential
and undesired internal strand exchange (ISE) event occurring due to internal regions of homology. Such
events would lead to the loss of upstream targeting vector sequence, including the loxP site.

SpA, synthetic splice acceptor; ex, exon; neo, neomycin positive selection cassette; dtA, diphtheria toxin
A chain negative selection cassette; E, EcoRlI, K, Kpnl; N, Nhel site; X, Xhol; pBS, pBluescript vector.

Adapted from (Tang et al., 2013b)
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Figure 4.2.2: Overview of experimental design for generating H3.3S31 mutant cell lines

h3f3allovflox h3f3pflovfiox ES cells transfected with of Cre-recombinase resulted in rapid cell death (Left).
Thus, an alternative experimental design was employed to generate H3.3S31 mutant cell lines.
H3f3afo/ox K3f3pfloox ES cells were transfected with wild-type, S31A and S31E expression vectors and
clones were selected for resistance to puromycin (right). The expression of H3.3-HA was determined by
immunoblotting using an antibody against HA while PCR analyses with specific primers determined the
expression of untagged H3.3. Endogenous H3.3 was knocked out by transfection of Cre-recombinase.
The loss of endogenous H3.3 in ES cell clones was screened by FACS analyses and immunoblotting
with antibody against GFP to determine YFP/CFP expression, southern blotting and,

immunofluorescence analyses with antibody against H3.3S31ph.
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To study the function of H3.3S31ph, the serine 31 residue of H3.3 was mutated to either
alanine (S31A-H3.3, phospho-null) or glutamic acid (S31E-H3.3, phospho-mimic, Figure
4.2.3A). As previously discussed in Chapter 3, Alanine was selected as it has no charge
and cannot be phosphorylated (Li et al., 2017a, Hake et al., 2005, Chan et al., 2017,
Armache et al., 2020, Sitbon et al., 2020, Matrtire et al., 2019). In contrast, glutamic acid was
selected as it is negatively charged, allowing it to act as a constitutively phosphorylated
serine residue (Chan et al., 2017, Fink et al., 2007, Rios-Doria et al., 2009, Armache et al.,
2020, Martire et al., 2019). Although other amino acids, including valine and aspartic acid,
have also been used as phospho-null and phospho-mimic substitutions respectively
(Dissmeyer and Schnittger, 2011, Aihara et al., 2016, Sitbon et al., 2020), alanine and

glutamic acid are commonly used.

Studies have used a wide range of protein tags to determine the localisation of H3.3. These
tags include YFP (Goldberg et al., 2010), Myc (Wong et al., 2009), and HA (Sitbon et al.,
2020). Thus, a HA tag was selected for this study to identify the localisation and differentiate
between endogenous and exogenous H3.3. Furthermore, the HA tag was selected due to
its considerably small size of 1 kDa and was fused to the C-terminal of H3.3 (H3.3-HA).
Nonetheless, untagged wild-type S31A and S31E-H3.3 clones were also generated
presuming that the HA tag was detrimental to the cells. Altogether, 6 different h3f3aflo/flox
h3f3bfloxox mouse ES cell lines were established: HA-tagged and untagged H3.3 wild-type,

S31A and S31E cell lines, respectively.

The S31 mutations were created by substituting the nucleotides TCT on H3.3 wild-type to
either GCT for S31A-H3.3 or GAG for S31E-H3.3 (Figure 4.2.3B). To determine the

successful incorporation of HA tagged and untagged wild-type, S31A and S31E-H3.3 cDNA
154



into the expression vector, restriction enzyme digests (Figure 4.2.3Ci) and sequencing
analyses were performed (Figure 4.2.3D and E). The results showed that untagged and
HA-tagged wild-type, S31A and S31E H3.3 constructs were successfully incorporated into
the expression vector. Furthermore, for stable transfection into h3f3aflo/ilox h3f3[flox/fox
mouse ES cells, these plasmids were linearised (Figure 4.2.3Cii), as previously described

in Section 2.2.2, prior to transfection.
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Figure 4.2.3: Generation of H3.3 wild-type, S31A and S31E mammalian expression plasmids

(A) Chemical structure of serine, phosphoserine, alanine (phospho-null) and glutamic acid (phospho-
mimic) is shown.. (B) A segment of the H3.3 protein sequence, ranging from amino acid residues 23 to
34, is shown. Serine 31 (H3.3 WT, blue) residue is substituted with either an Alanine (H3.3 S31A, yellow)
or Glutamic acid (H3.3 S31E, red). Amino acids are shown as single-letter codes. nt - nucleotide, aa —
amino acid. (Ci) Restriction enzyme digest of pHL-EF1a-GW-iP-A expression plasmid containing H3.3
wild-type and mutants (untagged and HA-tagged H3.3) with Smal and EcoRlI. (Cii) Linearization of H3.3
wild-type and mutant plasmids (untagged and HA-tagged H3.3) with Fspl. (D/E) Chromatograms from
sequencing experiments of (D) untagged and (E) HA-tagged H3.3 showing the substitution (red box) of

(i) S31 with (ii) A31 or (jii) E31.
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4.2.2 Expression of HA-tagged wild-type and mutant H3.3 in ES cells

Firstly, to determine if wild-type, S31A and S31E HA-tagged H3.3 were expressed in
h3f3afloxflox h3f3pfloxlox ES cells, immunoblot analyses using a specific antibody against the
HA-tag were performed on ES cell colonies (Figure 4.2.4A). The results showed that wild-
type (upper panel), S31A (middle panel) and S31E (lower panel) HA-tagged H3.3 were
expressed in h3f3aflo/ilox K3f3pfloxXflox ES cells (Figure 4.2.4A). Compared to S31A-H3.3-HA,
wild-type and S31E-H3.3-HA were expressed at greater levels (for example, lanes 5 and 6
of Figure 4.2.4A). Nonetheless, the clones expressing similar levels of H3.3S31 mutant
proteins were selected for downstream and further experiments (wild-type-H3.3-HA clone 5;
S31A-H3.3-HA clone 8; S31E-H3.3-HA clone 2). In addition, immunoblotting was performed
to determine if the relative abundance of H3.3 levels were similar to wild-type, S31A and
S31E HA-tagged-H3.3 cell lines (Figure 4.2.4B). The results indicated that H3.3 and H3.3-
HA were expressed at similar levels between cells expressing wild-type, S31A and S31E-

HA-tagged H3.3.
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Figure 4.2.4: Expression of wild-type, S31A and S31E HA-tagged-H3.3 in h3f3a

flox/flox

h3f3b ES cells

(A) Wild-type, S31A and S31E HA-tagged H3.3 expression plasmids were transfected into

flox/flox flox/flox

h3f3a h3f3b mouse ES cells and their expressions in the respective clones were

determined by immunoblotting with a specific antibody against HA. Wild-type, S31A and S31E HA-

flox/flox flox/flox

tagged H3.3 were successfully expressed in h3f3a h3f3b mouse ES cells. (B)
Immunoblotting was performed on H3.3 wild-type-HA clone #5, H3.3S31A-HA clone #8 and
H3.3S31E-HA clone #2 with antibodies specific to HA and H3.3. Endogenous H3.3 (17KDa) was

detected in untransfected and transfected cells lines while wild-type, S31A and S31E HA-tagged

flox/flox flox/flox

H3.3 (18 KDa) were detected only in transfected h3f3a h3f3b ES cells. HA-tagged H3.3

was not detectable in untransfected h3f3a" " h3f3b"""™ ES cells (control). Actin was used as a

loading control.
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Having established the expression of wild-type, S31A and S31E HA-tagged H3.3 proteins
in h3f3aflovlox K3f3pfloxflox ES cells, their deposition into chromatin and distribution in the
genome was next investigated. Immunofluorescence analyses were performed using a
specific antibody against HA and ATRX, a histone H3.3 chaperone (Wong et al., 2010).
ATRX localises to heterochromatic regions such as the telomeres (punctate signals) and
pericentric regions where it deposits H3.3 into chromatin (diffused patterns) (Wong et al.,
2010). The results showed that wild-type, S31A and S31E HA-tagged H3.3 were expressed
throughout the nucleus and colocalised with ATRX at the telomeres of interphase cells
(Figure 4.2.5A). In metaphase cells, wild-type, S31A and S31E HA-tagged H3.3 were found
to be distributed across the chromosome arms, with enrichment at the telomeres and the

pericentric regions (Figure 4.2.5B).

To further investigate if wild-type, S31A and S31E HA-tagged H3.3 localised to the
telomeres, immunofluorescence analyses were performed using antibodies against HA and
TERF1. TERF1 is a telomere specific protein and thus was used as a telomere marker. The
results showed that wild-type, S31A and S31E HA-tagged H3.3 colocalised with TERF1 at
the telomeres of both interphase and mitotic cells (Figure 4.2.6). Together, these results
showed that wild-type, S31A and S31E HA-tagged H3.3 were distributed throughout the

chromosomes, including the telomeres.
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Figure 4.2.5: Distribution of wild-type, S31A and S31E HA-tagged H3.3 in ES cells

(i) Immunofluorescence analyses were performed on wild-type, S31A and S31E HA-tagged
H3.3 clone with antibodies against HA tag (red) and ATRX (green) to determine their
deposition into chromatin. Wild-type, S31A and S31E HA-tagged H3.3 were also distributed
throughout the chromatin and, colocalised with ATRX at the telomeres of interphase cell (A;
arrows) and at the pericentric region of mitotic cells (B; arrowhead). The HA/ATRX co-
staining signals were weaker in S31A-H3.3-HA cells, but stronger in S31E-H3.3-HA cells,

when compared to those in wild-type-H3.3-HA cells. HA staining was undetected in

h3f3a™" h3t3p" " ES cells (control). An enlarged image of the selected region (yellow

box) is shown in (ii). DAPI was used as a nuclear counterstain. Scale bar represents 4 um.
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Figure 4.2.6: Wild-type, S31A and S31E HA-tagged-H3.3 localise to the telomeres of ES cells

(i) Immunofluorescence analyses were performed on wild-type, S31A and S31E HA-tagged H3.3 ES
cell clones with antibodies against HA tag (red) and TERF1 (green) to determine their localisation to
telomeres. TERF1 was used as a telomere marker. Wild-type, S31A and S31E HA-tagged-H3.3

colocalised with TERF1 at the telomeres of (A) interphase and (B) mitotic cells (arrows). HA staining

flox/flox flox/flox

was undetected in h3f3a h3f3b ES cells (control). An enlarged image of the selected region

(yellow box) is shown in (ii). DAPI was used as a nuclear counterstain. Scale bar represents 4 um.
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Next, to investigate if wild-type, S31A and S31E HA-tagged H3.3 were distributed at
H3.3S31ph enriched regions, immunofluorescence analyses were performed using specific
antibodies against HA and H3.3S31ph. The antibody against H3.3S31ph is specific and has
been tested and verified in our previous studies (Chang et al., 2015, Wong et al., 2009, Chan
et al., 2017). In metaphase cells, wild-type, S31A and S31E HA-tagged H3.3 colocalised
with H3.3S31ph at the telomeres and pericentric regions (Figure 4.2.7). Importantly, cells
expressing wild-type and S31E HA-tagged H3.3 showed clear enrichment of H3.3S31ph at
the telomeres and pericentric regions, while cells expressing S31A-HA-tagged H3.3 showed
less enrichment of H3.3S31ph at these sites. Although both residues are not able to be
phosphorylated, a previous report has shown that the antibody against H3.3S31ph antibody
can detect H3.3S31E protein. Thus, the increased H3.3S31ph levels in S31E HA-tagged
H3.3 expressing cells, could be due to the antibody recognition of the H3.3S31E protein

(Sitbon et al., 2020).

Altogether, both wild-type, and mutant, S31A and S31E HA-tagged H3.3, were successfully
expressed in h3f3aflo¥flox K3f3pfloxflox ES cells. Specifically, these wild-type, S31A and S31E
HA-tagged H3.3 were found deposited at heterochromatic regions, including the telomere
(indicated by TERF1 staining) and pericentric DNA repeats (indicated by ATRX staining). In
addition to these HA-tagged wild-type, S31A and S31E H3.3, | have also expressed their
untagged counterparts in h3f3aflo/ilox h3f3pfloxflox ES cells, in order to avoid any potential

detrimental off-target effects caused by the addition of the HA-tag.
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Figure 4.2.7: Wild-type, S31A and S31E HA-tagged H3.3 localise to regions enriched with

H3.3S31ph in ES cells

(i) Immunofluorescence analyses were performed on wild-type, S31A and S31E HA-tagged H3.3
clones with antibody against HA tag (red) and H3.3S31ph (green) to determine their localisation to
H3.3S31ph enriched regions. Wild-type, S31A and S31E HA-tagged H3.3 showed colocalisation

with H3.3S31ph at the telomeres (arrow) and pericentric region (arrowhead). HA staining was

flox/flox flox/flox

undetected in h3f3a h3f3b ES cells (control). An enlarged image of the selected region

(yellow box) is shown in (ii). DAPI was used as a nuclear counterstain. Scale bar represents 4 um.
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4.2.3 Untagged H3.3 mutants were expressed in h3f3afloxflox h3f3pfloxflox ES cells

Like the HA-tagged H3.3 constructs, linearised untagged wild-type, S31A and S31E H3.3
plasmids were transfected into h3f3aflox/flox h3f3pfloxlox ES cells to establish stable clones.
Single colonies were picked and screened for the expression of H3.3 transcripts as
described in Chapter 2.2.3. Unlike their HA-tagged counterparts, immunoblotting and
immunofluorescence analyses could not differentiate between the endogenous and
exogenous H3.3. Thus, qRT-PCR, using primers specifically targeting wild-type, S31A and
S31E H3.3 transcripts, was performed to examine the expression of untagged H3.3
(overview in Figure 4.2.8A). The results indicated that untagged H3.3 wild-type, H3.3S31A
and H3.3S31E transcripts were expressed in h3f3afloxflox h3f3pfloxfox ES cells (Figure
4.2.8B). The low levels of untagged H3.3 wild-type, when compared to H3.3S31A (Bii) and
H3.3S31E (Biii), may be due to the wildtype primers recognising both endogenous and
exogenous H3.3. Nonetheless, this result determined the expression of exogenous

untagged wild-type, S31A and S31E H3.3 in h3f3aflo¥/flox h3f3pfloxflox ES cells.
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Figure 4.2.8: Expression of untagged H3.3 in h3f3ao/flox h3f3pflox/lox ES cells

(A) Forward primers were designed specifically for wild-type, S31A and S31E H3.3, where the last
two nucleotides of the primer sequence recognise the first two nucleotides of H3.3 wild-type, S31A
or S31E H3.3 sequence at codon 31 (cyan). The reverse primer used was the same. (B) RNA was
harvested from control untransfected and untagged wild-type, S31A, S31E H3.3 transfected
h3f3a"1x h3f3p""* ES cells. cDNA was synthesised before qPCR analyses determined the level
of exogenous untagged (i) wild-type, (ii) S31A, (iii) S31E-H3.3 mRNA. Expression of untagged wild-
type, S31A, S31E-H3.3 are shown relative to GAPDH levels and are normalised to control. 2 clones
were used for the relevant primers. WTprimer: H3.3WT primer, Aprimer: H3.3S31A primers, Eprimer:

H3.3S31E primer. h3f3a""* h3f3p""* ES cells were used as a negative control.
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4.2.4 Knockout of endogenous H3.3 in h3f3aflox/flox h3f3pflox/flox ES cells expressing HA-
tagged H3.3 and untagged H3.3 mutants

With the successful expression of wild-type, S31A and S31E HA-tagged H3.3 in h3f3afloX/flox
h3f3bflo¥ox mouse ES cells, h3f3a and h3f3b genes were next knocked out. To knockout
h3f3a and h3f3b genes, a vector containing Cre-recombinase was transiently transfected
into these cells. The knockout of either allele of h3f3a will result in the expression of YFP,
and the knockout of either allele of h3f3b will result in the expression of CFP (Tang et al.,

2013a).

To determine the loss of endogenous H3.3 proteins, immunoblot analyses were performed
using antibody against GFP to detect the presence of YFP/CFP (Figure 4.2.9A). As the
antibody against green/cyan/yellow fluorescent proteins cross-react and recognise other
fluorescent proteins due to their sequence homology, antibody against GFP was used. In
addition, antibody against the HA-tag was used to detect wild-type, S31A and S31E HA-
tagged H3.3 proteins while antibody against H3.3 was used to determine the levels of total
H3.3 after endogenous H3.3 knockout (Figure 4.2.9A). The 1 kDa (HA tag) difference

between endogenous H3.3 and H3.3-HA is detectable by immunoblotting.

In wild-type-HA-H3.3 expressing clones, the endogenous H3.3 (17kDa) was lost while the
wild-type-HA-tagged H3.3 (18 kDa) was present (Figure 4.2.9A). In S31A-HA-tagged-H3.3
clones, there were low but detectable levels of endogenous H3.3 and a loss of S31A-HA- -
H3.3. Finally, S31E-HA-tagged H3.3 clones retained both endogenous H3.3 and S31A-HA-
H3.3 proteins, indicating a failure to knockout the endogenous H3.3 genes. Supporting this,
YFP/CFP was detected in wild-type and S31A-HA-H3.3 clones but not in S31E-HA-H3.3

clones (Figure 4.2.9A). These results suggest that the endogenous H3.3 alleles were not
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completely removed in both S31A-H3.3-HA and S31E-H3.3-HA expressing mutant clones
although YFP/CFP was detected. It is likely that the endogenous H3.3 genes were only
partially removed. As complete endogenous H3.3 knockout in S31A and S31E-H3.3-HA
expressing cells were unattainable, the focus was on the knockout of endogenous H3.3 in
untagged wild-type, S31A and S31E H3.3 expressing cells. The loss of S31A-H3.3-HA
expression may be due to cell toxicity from combining the S31A mutation and the HA-tag.
As complete endogenous H3.3 knockout in S31A and S31E-H3.3-HA expressing cells were
unattainable, the focus was on the knockout of endogenous H3.3 in untagged wild-type,

S31A and S31E H3.3 expressing cells.

Similarly, to knockout endogenous H3.3 in untagged wild-type, S31A and S31E-H3.3 cells,
a vector containing Cre-recombinase was transiently transfected into these cells.
Immunoblot analyses were performed with antibodies against H3.3 and GFP to determine
the loss of endogenous H3.3. YFP/CFP was detected for all untagged wild-type, S31A and
S31E-H3.3 clones, indicating a loss of endogenous H3.3 in these cells. However,
immunoblotting with H3.3 antibody could not differentiate between endogenous and
exogenous H3.3 (Figure 4.2.9B). Thus, it was impossible to determine the complete
knockout of endogenous H3.3. Nonetheless, due to their relatively similar H3.3 expression
levels, wild-type-H3.3 clone #1, S31A-H3.3 clone #2 and S31E-H3.3 clone #2 were selected

for further investigation.

Next, to investigate if either h3f3a or h3f3b was knocked out, FACS was performed to detect
the expression of YFP and CFP. The results showed that YFP and CFP were expressed for
untagged wild-type, S31A and S31E-H3.3 cells, indicating a loss of at least one allele of

h3f3a and h3f3b (Figure 4.2.9C). Altogether, the results from immunoblotting and FACS
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confirmed the loss of at least one allele of h3f3a and h3f3b in these untagged wild-type,

S31A and S31E-H3.3 cell lines.
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Figure 4.2.9: Partial knockout of endogenous H3.3 in untagged wild-type, S31A and S31E-

H3.3 clones after Cre-recombinase expression

(A) Immunoblot analyses of wild-type, S31A and S31E HA-tagged H3.3 clones after Cre-
recombinase transfection using antibody against H3.3, HA and GFP. Wild-type and S31E HA-tagged
H3.3 were detected, while S31A HA-tagged H3.3 was undetectable. YFP/CFP was detected for Wild-
type and S31A HA-tagged H3.3 clones but not S31E HA-tagged H3.3 clone. h3f3a™* h3f3b” ES cells
were used as a positive control for CFP expression. (B) Immunoblot analyses of cell lysates
extracted from untagged wild-type, S31A and S31E H3.3 clones after Cre-recombinase transfection
using antibodies against H3.3 and GFP. YFP/CFP was detected for all untagged wild-type, S31A
and S31E H3.3 clones. H3.3 was detected at high levels for all untagged wild-type, S31A and S31E
H3.3 clones. Actin was used as a loading control. Neither HA-tagged H3.3 nor YFP/CFP were
detected in untransfected h3f3a"1x h3f3p"*Mox ES cell (control). (Ci) FACS analyses were
performed to detect CFP or YFP expression in the untagged wild-type, S31A and S31E cells. CFP
and YFP were detected for untagged wild-type, S31A and S31E H3.3 clones. Y-axis: CFP, X-axis:

YFP (ii) Normalised YFP and CFP levels in untagged wild-type, S31A and S31E H3.3 clones.

YFP/CFP signal was undetected in untransfected h3f3a'~"" h3f3b""""*ES cells (control).
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4.2.5 Validation of H3.3 knockout after Cre-recombinase expression

Despite identifying the expression of both YFP and CFP, the homozygous loss of h3f3a or
h3f3b was not established. Thus, southern blot analyses were performed on the genomic
DNA of untagged wild-type, S31A and S31E-H3.3 cells using specific probes to identify the
complete deletion of either h3f3a or h3f3b genes (refer to Figure 4.2.1 for complete
information on endogenous H3.3 knockout including probe position and restriction
sites)(Tang et al., 2013a) (sequence of probes and primers are shown in Table 2.15).
Analysis was performed on two S31A and S31E-H3.3 clones. The results showed that
untagged wild-type, S31A and S31E H3.3 cells were homozygous for the knockout of both

h3f3a and h3f3b genes (Figure 4.2.10).

A summary of the H3.3 mutants cell line generation is shown in Table 4.2. The number of
colonies screened for HA-tagged and untagged H3.3S31A after endogenous H3.3 knockout
was significantly high compared to the wild-type and S31E untagged H3.3 under same
conditions. The ease of attaining S31E-H3.3 mutants suggests the importance of
H3.3S31ph in maintaining cell survival while the knockout of endogenous H3.3 from H3.3
conditional ES cells expressing S31A-H3.3, caused rapid cell death, indicating the
importance of the evolutionarily conserved H3.3S31 residue. With the screening of 150
S31A-H3.3 clones after endogenous H3.3 knockout, only 6 clones expressed CFP/YFP
reporter proteins, indicating a partial loss of endogenous H3.3. Of which, only 2 showed a
compete loss of both h3f3a and h3f3b genes. This suggest that the H3.3S31 residue is
required for normal growth and that the mutation of H3.3S31 to alanine affect ES cell

survival.
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Figure 4.2.10: Complete knockout of h3f3a and h3f3b in wild-type, S31A and S31E H3.3 cells

Southern blot analyses were performed on h3f3a"/1x h3f3pio/lox ES cell (h3f3 FLOX), h3f3a**
h3f3b” ES cell (h3f3b™) and, Cre-recombinase transfected H3.3 wild-type-HA (WT-HA), H3.3 wild-
type (H3.3WT), H3.3S31A (S31A) and H3.3S31E (S31E) cells. Sacl was used to digest the genomic
DNA. Probes specific to either h3f3a or h3f3b were used to detect the presence of the respective
sequence. (i) All clones tested after Cre-recombinase transfection showed a complete loss of h3f3a
(single 3.9 kb band). The control h3f3 FLOX®® showed no loss of h3f3a (single 5.2 kb band). (ii) All
clones tested after Cre-recombinase transfection showed a complete loss of h3f3b (single 4.9 kb
band). The control h3f3 FLOX®® showed no loss of h3f3b (single 7.2 kb band). As a positive control,

h3f3b™ cells showed a single 4.9 kb band. ES129.1 was used as a negative control.
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Table 4.2: Summary of H3.3 mutants after knockout of endogenous H3.3

H3.3KO cl
Total number of Number of clones CIONES

Clone confirmed by

clones screened | expressing YFP/CFP S

H3.3WT-HA 9 b 1
H3.3531A-HA 90 23 -
H3.3S31E-HA 2 1 -
H3.3WT 2 2 1
H3.3531A 150 6 2
H3.3S31E 8 b 2

The expression of S31A-H3.3-HA was lost following the knockout of the endogenous H3.3
genes (Figure 4.2.9A). Thus, to investigate if exogenous untagged wild-type, S31A and
S31E-H3.3, were expressed after endogenous H3.3 knockout, gRT-PCR analyses were
performed. The primers used are as shown in Figure 4.2.8A. The results showed robust
expression of wild-type, S31A and S31E-H3.3 transcripts, identifying that, unlike the S31A-
H3.3-HA counterpart, untagged S31A-H3.3 was expressed after endogenous H3.3 knockout

(Figure 4.2.11).
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Figure 4.2.11: Expression of untagged H3.3 in after endogenous H3.3 knockout

RNA was harvested from untagged wild-type, S31A, S31E-H3.3 expressing ES cell clones after cre-
mediated knockout of endogenous H3.3 genes. cDNA synthesised before gPCR analyses
determined the level of exogenous untagged (i) wild-type, (ii) S31A, (iii) S31E H3.3 mRNA.
Expression of untagged wild-type, S31A, S31E H3.3 are shown relative to GAPDH levels. WT

primer: H3.3WT primers, A primer: H3.3S31A primers, E primer: H3.3S31E primers.
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To confirm the loss of H3.3, the resultant loss of the H3.3-specific H3.3S31ph mark was
investigated. Immunofluorescence analyses using antibody against H3.3S31ph followed by
Tel-FISH in untagged wild-type, S31A and S31E-H3.3 clones showed that H3.3S31ph was
present in wild-type H3.3 clone. In contrast, H3.3S31ph was not detectable in S31A and
S31E-H3.3 expressing ES cell clones (Figure 4.2.12). However, results from
immunofluorescence analyses, without Tel-FISH, showed the presence of low H3.3S31ph
levels in S31E-H3.3 clones but undetectable levels of H3.3S31ph in S31A-H3.3 clones
(Figure 4.2.13A). This result suggests that the H3.3S31ph antibody has a low affinity to
H3.3S31E. As S31E-H3.3 acts as H3.3S31ph, there was potential for H3.3S31E to be

recognised by the H3.3S31ph antibody (Sitbon et al., 2020).

The results from immunoblotting showed that H3.3 levels between wild-type, untagged S31A
and S31E-H3.3 were similar (Figure 4.2.13B). Thus, the loss of H3.3S31ph observed in
S31A and S31E-H3.3 cells (Figure 4.2.12 and 13A) was likely due to a loss of wildtype H3.3
protein. Altogether, these results complement the results from southern blot analyses to
indicate a complete knockout of endogenous H3.3 from untagged wild-type, S31A and

S31E-H3.3 clones
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Figure 4.2.12: H3.3S31ph is lost in S31A and S31E-H3.3 ES cell clones

(A) Immunofluorescence analyses were performed after endogenous H3.3 knockout on wild-type,
S31A and S31E H3.3 expressing ES cell clones with antibody against H3.3S31ph (green) followed

by Tel-FISH (telomere marker; red) to determine the presence of H3.3S31ph. Both untransfected

flox/flox flox/flox

h3f3a h3f3b ES cells (control) and wild-type-H3.3 cells showed enrichment of H3.3S31ph
at the telomeres of mitotic cells (arrow). H3.3S31ph signals were undetectable in mitotic S31A and
S31E-H3.3 ES cells. An enlarged image of the selected region (yellow box) is shown in (ii). DAPI

was used as a nuclear counterstain. Scale bar represents 4 ym.
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Figure 4.2.13: H3.3S31ph antibody has low affinity to H3.3S31E

(A1) Immunofluorescence analyses were performed on wild-type, S31A and S31E-H3.3 ES cell
clones after the knockout of the endogenous H3.3 genes with antibodies against H3.3S31ph (green)

and centromere (CREST6, red) to determine the presence of H3.3S31ph. Both untransfected

flox/flox flox/flox

h3f3a h3f3b ES cells (control) and H3.3 wild-type mitotic cells showed enrichment of
H3.3S31ph at the telomeres (arrow). H3.3S31ph signals were undetectable in mitotic S31A-H3.3
clones. Weak H3.3S31ph levels were observed in mitotic S31E-H3.3 cells. An enlarged image of the
selected region (yellow box) is shown in (ii). DAPI was used as a nuclear counterstain. Scale bar
represents 4 um. (B) Immunoblot analyses of untagged wild-type, S31A and S31E-H3.3 using
antibody against H3.3. H3.3 was detected at similar levels between untransfected h3f3afoflox
h3f3b""* ES cell (control), untagged wild-type, S31A and S31E-H3.3 expressing ES cell clones.

Actin was used as a loading control.
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4.3 Discussion

The tail of Histone H3.3 is regulated by PTMs, including acetylation, methylation and
phosphorylation (Bowman and Poirier, 2015). However, the lack of an experimental model
to study these specific modifications hinder our more profound understandings of the various
H3.3 PTMs. In this chapter, H3.3 conditional knockout ES cell line (h3f3afo/flox h3f3pflox/flox
ES cells), which was previously created (Tang et al., 2013a), were used to generate
H3.3S31 phospho-null (S31A-H3.3) and phospho-mimic (S31E-H3.3) mutant ES cell lines
in an endogenous H3.3-null background. The successful expression of untagged S31A and
S31E-H3.3 proteins in h3f3aflo/iox h3f3pflovox ES cells was confirmed by qPCR using
primers specific to the respective mutation (Figure 4.2.8). Furthermore, with the expression
of Cre-recombinase, FACS and immunoblotting for CFP/YFP reporter proteins (Figure
4.2.9), southern blotting (Figure 4.2.10) and immunofluorescence analyses of H3.3S31ph
(Figure 4.2.12 and Figure 4.2.13) confirmed the complete knockout of endogenous H3.3.
Although immunofluorescence analyses of H3.3S31ph showed a weak presence of
H3.3S31ph in S31E-H3.3 ES cell lines (Figure 4.2.12), this detection is likely due to the
recognition of H3.3S31E as the H3.3S31ph antibody was previously shown to detect
H3.3S31D, another H3.3S31 phospho-mimic mutant (Sitbon et al., 2020). Nonetheless,
southern blotting showed the complete loss of both h3f3a and h3f3b genes in the S31E-

H3.3 ES cell lines.

In addition to these untagged H3.3 mutants, HA-tagged S31A-H3.3 (S31A-H3.3-HA) and
S31E-H3.3 (S31E-H3.3-HA) were also generated to differentiate between endogenous and
exogenous H3.3 proteins. The expression of S31A-H3.3-HA and S31E-H3.3-HA in
h3f3aflovflox K3f3pflovflox ES cells was confirmed by and immunoblotting (Figure 4.2.4) and

immunofluorescence analyses (Figure 4.2.5, 4.2.6 and 4.2.7) of the HA protein. However,
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with the expression of Cre-recombinase, immunoblotting showed that a complete knockout
of endogenous H3.3 was not achieved for the S31A-H3.3-HA and S31E-H3.3-HA ES cell
lines (Figure 4.2.9). Thus, the untagged S31A and S31E-H3.3 cell lines were selected for

further studies.

In S31A-H3.3-HA cell lines after knockout of endogenous H3.3, despite screening of 90
clones, none of the clones showed a complete loss of endogenous H3.3. Interestingly,
together with rapid cell death, these S31A-H3.3-HA clones also showed a loss of H3.3S31A-
HA proteins, suggesting that the substitution of H3.3S31 to alanine, in conjunction with the
HA tag, further exacerbate the chances of cell survival. Further indicating increased toxicity
to the cells due to the HA tag, only 2 colonies were attained for S31E-H3.3-HA cell line, with
only one expressing the CFP/YFP reporter proteins and neither having a complete loss of
both h3f3a and h3f3b genes (Table 4.2). This phenomenon may be unique to mammalian
cells as another study was able to express H3.3S31A-HA and H3.3S31E-HA in Xenopus
eggs (Sitbon et al., 2020). Another possibility is the high levels of H3.3-HA proteins,
compared to endogenous H3.3 levels (Figure 4.2.2B). The increased levels of H3.3 itself
may have been detrimental to the cells. Future experiments will identify cells with H3.3-HA

levels similar to endogenous H3.3 levels to prevent cell death.

As the HA tag is considerably large (1 kDa) when compared to histone proteins (17 kDa),
its tagging to the histone globular domain may affect the total number of DNA wrapped
around the nucleosome, leading to genomic defects resulting in rapid cell death. Although
another study was able to insert a HA tag on the C-terminal domain of H3.3 in Xenopus egg
(Sitbon et al., 2020), it is possible that the HA tag on the C-terminal domain of H3.3 may be

more detrimental in mammalian cells. Thus, tagging of the N-terminal tail of the histone
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protein may be a more viable option. In fact, previous studies using YFP-H3.3 showed a
loss H3.3 at endogenous retroviral repeats (Voon et al., 2015, Elsasser et al., 2015) while a
study using untagged H3.3 reported increased H3.3 at endogenous retroviral repeats (Sadic
et al., 2015). These studies complement the possible dysfunction of a tag in affecting the
proper DNA wrapping around nucleosomes, leading to dysregulated genomic integrity.
Thus, untagged S31A and S31E-H3.3 ES cell lines were used for further studies

investigating the role of H3.3S31ph and its function in heterochromatin regulation.
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Chapter 5: H3.3S31 phosphorylation is
required for maintaining telomere

heterochromatin
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5.1 Introduction

5.1.1 Overview

Chromatin functions, including chromatin compaction and accessibility, are regulated by
various factors, including histone variants and histone PTM. For example, H2AX, H2AZ and
macroH2A are variants of Histone H2A (Talbert and Henikoff, 2021). Compared to canonical
H2A, the H2A variants differ mainly at the C-terminal (Marzluff et al., 2002). H2AX contains
a C-terminal SQ(D/E]J® motif (where @ is a hydrophobic amino acid) (Turinetto and
Giachino, 2015, Talbert and Henikoff, 2021) and is loaded into chromatin by the histone
chaperone facilitates chromatin transcription (FACT) (Piquet et al., 2018). The H2AX variant
is widely known for its role in DNA damage regulation where in response to DNA breaks,
the Serine at residue 139 is phosphorylated by ATM or ATR (Podhorecka et al., 2010,
Bakkenist and Kastan, 2003). The Serine 139-phosphorylated H2AX, also known as yH2AX,
then recruits the DNA repair machinery to repair the double stranded breaks (Celeste et al.,

2002).

Another H2A variant, H2AZ is critical for transcriptional regulation and its loading into
chromatin is regulated by various chaperones such as SWR1, ANP32E, FACT, Spt6, chzl
and INO80 (Giaimo et al., 2019, Luk et al., 2007, Obri et al., 2014, Jeronimo et al., 2015,
Papamichos-Chronakis et al., 2011). H2AZ has been reported to be involved in both gene
activation and gene silencing. H2A.Z deposition leads to an abnormal nucleosome structure
which decreases nucleosome occupancy and increases accessibility of DNA to transcription
factors and chromatin-associated proteins (Hu et al., 2013). H2AZ is enriched at promoters,
enhancers and poise genes where is promotes transcription and RNA polymerase Il

recruitment (Weber et al., 2014, Hu et al., 2013, Adam et al., 2001). H2AZ occupies the
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promoter regions of transcriptional factor families including Fox, Sox and Tbhx (Burch, 2005,
Lehmann et al., 2003, Schepers et al., 2002, Showell et al., 2004). Interestingly, the
depletion of H2AZ prevented the expression of differentiation related markers such as Sox1
which inhibited ES cell differentiation (Creyghton et al., 2008, Hu et al., 2013). Contrary to
this study which showed and proposed that H2AZ is not required for ES cell renewal, a more
recent study showed that the loss of H2AZ in self renewing ES cells prevented Oct4 binding
to target genes, compromising both heterochromatin and euchromatin regulation (Hu et al.,

2013).

H2AZ also plays an important role in regulating centromere function and heterochromatin
formation, where its loss leads to defects in heterochromatin, centromere cohesion,
structural change in pericentric heterochromatin (Rangasamy et al.,, 2004) and
transcriptional activation (Barski et al., 2007). Recently, a study showed that GCN5, a
histone acetyltransferase, regulates acetylation of H2AZ at the promoters of transactivated
genes. Together with the XPC—-RAD23-CEN2, a DNA repair complex which act as a
transcriptional coactivator, GCN5 regulates H2AZ acetylation to alter promoter landscape
(Semer et al., 2019). In addition to its function at the promoter regions, H2AZ was found to
be enriched along linear chromatin fibres throughout the centromere (Greaves et al., 2007).

However, its function at the centromere remains to be discovered.

MacroH2A, another major H2A variant, is unique to other H2A variants as it contains a bulky
C-terminal non-histone domain (Chakravarthy et al., 2012). A recent study has shown that
macroH2A is loaded into chromatin by Lymphoid Specific Helicas (LSH) and promotes
transcriptional repression and silencing (Ni et al., 2020). MacroH2A is preferentially enriched

at the inactive X chromosome where it promotes transcriptional inactivation (Costanzi and
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Pehrson, 1998). Like H2AX, macroH2A is also phosphorylated in response to DNA damage
and regulates DNA repair (Lorkovic et al., 2017). In addition to its function in DNA repair and
transcriptional silencing, macroH2A is involved in chromatin structure regulation
(Muthurajan et al.,, 2011), prevents somatic cell reprogramming toward pluripotency
(Gaspar-Maia et al., 2013) and acts as a tumor suppressor in a wide range of cancers

(Kapoor et al., 2010, Pliatska et al., 2018).

Similar to canonical histone H2A, histone H3 has its own set of variants. The replication
dependant Centromere Protein-A (Cenp-A) and replication independent H3.3 are well
known variants of histone H3 (Sullivan et al., 1994, Ahmad and Henikoff, 2002). Cenp-A,
the centromere-specific H3 variant, functions to maintain proper cell cycle progression.
Cenp-A, which is deposited into chromatin by HJURP (Pan et al., 2019), plays a critical role
in building kinetochore and maintaining sister chromatid cohesion in eukaryotes (Sullivan et

al., 1994, Yoda et al., 2000, Van Hooser et al., 2001).

Unlike the canonical H3, H3.3 is unique such that it is deposited into euchromatin by HIRA
and heterochromatin by ATRX/DAXX chaperone complex, respectively (Elsaesser and Allis,
2010, Wong et al., 2010, Law et al., 2010, Drane et al., 2010). Genome-wide mapping of
H3.3 showed the colocalization of HIRA and H3.3 at active and repressed genes while
ATRX/DAXX is required for Hira-independent localisation of H3.3 at telomeres and for the
repression of telomeric RNA (Goldberg et al., 2010). This unique loading by different histone
chaperones suggests its specialised roles at euchromatin and heterochromatin.
Furthermore, H3.3 has an exclusive serine residue at position 31 compared to canonical
H3, and this Serine 31 residue can be phosphorylated (Hake et al., 2005). To study the role

of H3.3S31ph in heterochromatin regulation, wild-type, S31A and S31E-H3.3 cell lines
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lacking endogenous H3.3 that were successfully generated in Chapter 4 were used for

analysis of the impact of H3.3 S31 substitution on telomeric chromatin maintenance.

5.1.2 The regulation of H3.3S31ph

Compared to the canonical H3, which has an Alanine residue at position 31, H3.3 has a
unique Serine residue. This H3.3 Serine 31 residue is evolutionarily conserved from yeasts
to humans (Elsaesser et al., 2010, Hake et al., 2006). Like H3S10ph and H3S28ph, multiple
studies have shown the enrichment of H3.3S31ph on mitotic chromosomes during mitosis
in various cell models, such as sea squirts, yeast, mouse and human (Schulmeister et al.,
2007, Wong et al., 2009, Hake et al., 2005). In mammalian cells, the presence of H3.3S31ph
is detected on chromosomes from late prometaphase to metaphase, and is lost after the
onset of anaphase (Hake et al., 2005). In somatic cells, H3.3S31ph is enriched at the
pericentric heterochromatin (Hake et al., 2005, Schulmeister et al., 2007, Frey et al., 2014,
Hinchcliffe et al., 2016). In pluripotent mouse ES cells, H3.3S31ph localises predominantly
to telomeres (Wong et al., 2009). Upon differentiation of mouse ES cells, H3.3S31ph level
decreases at telomeres but increases at pericentric heterochromatin. Interestingly, in the
urochordate, Oikopleura dioica, H3.3S31ph is present throughout mitotic chromosome
(Schulmeister et al., 2007). This shows that the H3.3S31ph is evolutionarily conserved and

plays a vital role in cell survival, cell viability and cell cycle progression.

Recent studies identified AURKB, CHK1 and IKKa as kinases that regulate H3.3S31ph
(Chang et al.,, 2015, Li et al.,, 2017a, Sitbon et al., 2020, Armache et al., 2020). The
localisation of H3.3S31ph at heterochromatic regions during mitosis highlight the potential

role of H3.3S31ph in heterochromatin maintenance, however, the role of H3.3 S31 at
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transcriptionally silent DNA repeat regions remains unknown and further investigation is

needed.

5.1.3 H3.3S31ph regulates DNA damage response and controls cell viability

Cancer cells that use ALT are unique as they do not require telomerase to maintain long
telomeres. Instead, they employ a recombination-like mechanism to maintain telomere
length (Amorim et al., 2016). In most ALT-positive cancer cells, ATRX is inactivated (Lovejoy
et al., 2012). Similarly, aberrant H3.3S31ph localisation was seen in ATRX-deficient ALT-
cancer cells, with H3.3S31ph enriched not only at the pericentric region but also along the
entire chromosome arms (Chang et al., 2015). These ATRX-deficient ALT-cancer cells
display a severe delay in mitotic progression, leading to increased H3.3S31ph levels
throughout the chromosomes (Chang et al., 2015). Interestingly, in these cells, inhibition of
CHK1, a kinase activated by persistent DNA damage, resulted in a loss of H3.3S31ph at the
chromosome arms, but not pericentric regions. This indicates that CHK1 is the kinase
responsible for the aberrant distribution of H3.3S31ph across the chromosome arms (Chang
et al., 2015). Furthermore, the loss of H3.3S31ph, through either the inhibition of CHK1
activity or the expression of H3.3S31A mutants, was shown to lead to an increase in yH2AX
levels on chromosome arms, leading to ATRX-deficient ALT-cancer cell death (Chang et al.,
2015). This suggests a role of H3.3S31ph in preventing the activation of the DNA damage
response throughout the chromosomes of ATRX-mutated ALT cancer cells to maintain cell

viability.

In addition to the function of H3.3S31ph in ATRX-deficient ALT-cancer cells, prolonged

mitosis led to the enrichment of H3.3S31ph throughout the arms of misaligned or lagging
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mitotic chromosomes, suggesting a function of H3.3S31ph in maintaining genome stability
(Hinchcliffe et al., 2016, Chang et al., 2015). The targeting and inactivation of H3.3S31ph
by microinjecting monospecific anti-H3.3S31ph antibody does not affect cytokinesis but
blocks p53 accumulation in daughter cells (Hinchcliffe et al., 2016). This lack of p53
accumulation in G1 prevents the activation of DNA damage pathways by ATM and ATR
(Hinchcliffe et al., 2016). Thus, this indicates a possible function of H3.3S31ph in regulating

p53 activation and cell cycle checkpoint at G1 to maintain cell viability.

H3.3 is also deposited at sites of UV-induced DNA damage by HIRA, in addition to
euchromatic regions, to facilitate transcriptional recovery after repair (Adam et al., 2013).
The complete knockout of H3.3 in chicken cells caused hypersensitivity to UV-induced DNA
damage. Interestingly, the expression of neither phospho-null H3.3S31A nor phospho-mimic
H3.3S31E prevented hypersensitivity to UV-induced DNA damage, indicating that
H3.3S31ph was not associated with hypersensitivity to UV-induced DNA damage (Adam et
al., 2013). Nonetheless, with exposure to UV irradiation, chicken cells lacking H3.3 were
defective for replication fork progression (Frey et al., 2014). Strikingly, the expression of
H3.3S31A restored replication fork progression despite UV irradiation (Frey et al., 2014).
This suggests that the H3.3S31 residue and the regulation of H3.3S31ph were critical for
maintaining replication fork progression in chicken cells. Although the phenotype of
H3.3S31E expression and the mechanism of H3.3S31ph in regulating replication fork
progression has not been established, this study investigated the importance of the H3.3S31
residue and the regulation of H3.3S31ph for maintaining replication fork progression at
heterochromatic regions. Altogether, these studies show the importance of H3.3S31ph in

maintaining DNA damage response and cell viability.
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5.1.4 Function of H3.3S31 in development

A recent study using Xenopus laevis embryos showed that H3.3S31ph was required for
Xenopus gastrulation (Sitbon et al., 2020). With H3.3 depletion in Xenopus laevis embryos
using morpholino specific to H3.3 (Szenker et al., 2012), defects during late gastrulation
were prominent (Sitbon et al., 2020). The expression of H3.3S31D (mimics phosphorylation
gain), but not H3.3S31A (mimics phosphorylation null), rescued H3.3 depletion during early
development in Xenopus. This rescue by H3.3S31D expression indicated that the negatively
charged phosphorylation mark is needed for the function of the H3.3 variant during early
development in Xenopus. In support of this, mass spectrometry analysis has shown that
H3.3S31D attracts transcriptional activation factors that are key for developmental
programs, and repulses factors that drive chromosome condensation (Sitbon et al., 2020).
Furthermore, H3.3S31D has been shown to promote H3.3K27ac (acetylated H3.3K27)
which is associated with transcriptional activation (Sitbon et al., 2020). Altogether, this study
highlights a potential role of H3.3S31ph in cell cycle maintenance and the importance of a
negatively charged serine 31 residue in regulating the interaction between H3.3 and H3.3-
interacting proteins. In addition, it also shows that H3.3S31ph is dynamic, and its tight
regulation is essential during different stages of the cell cycle, allowing for interaction with

other proteins to maintain cell viability.

5.1.5 Function of H3.3S31 in transcription regulation

Recent studies have also highlighted a role of H3.3S31ph in transcriptional regulation, as
the loss of H3.3S31ph resulted in transcription dysregulation (Frey et al., 2014, Martire et
al., 2019, Armache et al., 2020, Sitbon et al., 2020). In mouse ES cells and Xenopus

Laevis embryos lacking H3.3, H3K27ac, a mark associated with transcriptional activation,
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levels were reduced at euchromatic regions, such as enhancers (Sitbon et al., 2020,
Armache et al., 2020, Martire et al., 2019). Interestingly, in mouse ES cells lacking H3.3, the
expression of phospho-mimic H3.3S31E, but not phospho-null H3.3S31A, restored
H3K27ac levels. In addition, depletion of H3.3S31ph through CHK1 inhibition resulted in a
loss of H3K27ac at the enhancers (Martire et al., 2019). Interestingly in vitro analysis using
reconstituted H3.1 containing nucleosomes (with phospho-S28) and H3.3 containing
nucleosomes (with phospho-S28 and phospho-S31) showed that although H3.1 and H3.3
were substrates for p300, a well-known histone H3K27 acetyltransferase (Pasini et al., 2010,
Raisner et al., 2018, Martire et al., 2019), H3.3S31ph did not affect the expression and
enrichment of p300 but instead acted to stimulate p300 activity (Martire et al., 2019). This
study shows that H3.3S31ph can interact with other proteins and through stimulation,

indicating the unique dynamics of H3.3S31ph in regulating transcription at euchromatin.

A recent study showed that the level of H3.3S31ph is increased in mouse bone marrow-
derived macrophages after stimulation with bacterial lipopolysaccharide (Armache et al.,
2020). H3.3S31ph ChIP/seq analysis revealed that its deposition is specific for stimulation-
induced genes, not a general feature of constitutively expressed genes. Furthermore, the
increase in H3K36me3 levels correspond to H3.3S31ph levels at gene bodies after
stimulation (Armache et al., 2020). The authors found that H3.3S31ph is driven by IKKa
kinase and is required for the recruitment of SETD2, a histone methyltransferase that
promotes H3K36 methylation. In addition, H3.3S31ph also blocks ZMYND11 transcriptional
repressor from binding to stimulation induced genes (Armache et al., 2020). Previous
studies have shown that both H3.3K36me3 and unphosphorylated H3.3S31 are crucial for
the interaction between ZMYND11 and H3.3 (Guo et al., 2014, Wen et al., 2014). As such,

the phosphorylation of H3.3S31 (despite the presence of H3.3K36me3) rejects ZMYND11
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from binding to chromatin and promotes transcriptional activation (Armache et al., 2020).
Supporting this, the expression of H3.3S31E (mimics phosphorylation gain) increases
transcription of stimulation-induced genes in H3.3 knockout mouse bone marrow-derived
macrophages, whereas the expression of H3.3S31A (mimics phosphorylation null) leads to
reduced gene expression. Finally, inhibition of RNA Polymerase Il elongation and RNA
Polymerase Il stalling abolishes H3.3S31ph, further suggesting a role for H3.3S31ph in
transcription regulation (Armache et al., 2020). Altogether, these studies show that

H3.3S31ph plays a role in maintaining transcriptional regulation.
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5.1.6 Aims

To date, the function of H3.3S31ph in regulating telomere function or heterochromatin has
not been well-studied. Our lab previously showed that H3.3S31ph is enriched at the
telomeres of ES cells (Wong et al., 2009). This deposition of H3.3 at heterochromatic regions
is guided by ATRX/DAXX (Wong et al., 2010, Lewis et al., 2010). H3.3 interacts with DAXX
through the “AAIG” motif of H3.3 (Elsasser et al., 2012), while ATRX interacts with
unmodified H3.3K4 and H3K9me3 to deposit newly synthesized H3.3 onto chromatin.
(Wong et al.,, 2010, Udugama et al., 2015). Previous studies have suggested that the
H3.3S31 residue does not play a role in H3.3-ATRX/DAXX binding (Elsasser et al., 2012).
Nonetheless, the enrichment of H3.3S31ph correlates with the loading of H3.3 by
ATRX/DAXX at heterochromatic regions (Wong et al., 2010). Thus, the telomeres of ES
cells were used as a model to investigate the function of H3.3S31ph. This chapter
investigates the importance of H3.3S31ph for cell survival, its role in heterochromatin
maintenance and the relative changes to histone PTM. To achieve these aims, endogenous
H3.3-null mouse ES cells expressing exogenous wild-type, S31A (phospho-null) and S31E
(phospho-mimic) H3.3, previously generated in Chapter 4, were used to investigate the
impact of S31A and S31E substitution on telomeric chromatin maintenance in mouse ES

cells.
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5.2 Results

5.2.1 H3.3S31ph is uncoupled with aberrant cell cycle progression

The phosphorylation of H3.3S31 occurs during mitosis (Hake et al., 2005, Wong et al.,
2009). To investigate if H3.3S31ph plays a role in cell cycle progression, wild-type, S31A
and S31E-H3.3 mouse ES cell lines were seeded at equal densities, and the number of cells
was quantified over 5 days. Compared to the wild-type-H3.3 and control cells, neither S31A
nor S31E-cell lines showed any detectable difference in the number of cells at all time points
investigated (Figure 5.2.1A). Next, to determine if S31A or S31E-H3.3 cell lines progressed
through the cell cycle stages at different rates, immunofluorescence analyses using
antibodies against H3S10ph or AURKB were used to distinguish the different stages of the
cell cycle, such asthe G1, S, G2 and M phases. A previous study has shown that enrichment
of H3S10ph and AURKB in ES cells. H3S10ph and AURKB were absent in the nucleus
during G1. In S phase, H3S10ph was enriched near heterochromatic regions, was further
enriched at heterochromatic regions in G2 and, throughout mitotic chromosome arms in GM
phase. AURKB was homogenously distributed throughout the S phase nucleus and was
enriched at the heterochromatic regions during G2 and centromeric regions of mitotic
chromosomes during M phase (Mallm and Rippe, 2015). Similar to wild-type H3.3 cell line,
S31A and S31E-H3.3 cell lines showed no detectable change in the number of cells for each

cell cycle phase (Figure 5.2.1B).

A previous report identified that the regulation of H3.3S31ph is required for proper
chromosomal segregation in mammalian cells (Hinchcliffe et al., 2016). Therefore,
chromosomal abnormalities, including chromosomal fusions and, loss or gain of

chromosomes caused by substitution of S31A or S31E on H3.3 was investigated. First,
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mitotic cell populations were enriched in cells expressing wild-type, S31A and S31E-H3.3
and the chromosome number was subsequently quantified. A significant change in the
number of chromosomes between wild-type, S31A and S31E-H3.3 cells was not observed
(Figure 5.2.1C). Additionally, end-to-end chromosomal fusion was not observed (data not
shown). Next, to identify if S31A and S31E-H3.3 caused chromosomal mis-segregation,
cells were enriched for anaphase using a microfilament formation disruptor, cytochalasin B,
to examine the presence of lagging chromosomes (Theodoropoulos et al., 1994, Chan et
al., 2012). The experimental design is summarised in Figure 5.2.1D (see Chapter 2.1.3),
and representative images of normal and lagging chromosomes are shown in Figure 5.2.1E.
The number of lagging chromosomes remained unaltered in both S31A and S31E-H3.3 ES
cell lines compared to wild-type H3.3 (Figure 5.2.1F). Together, these results demonstrate
that H3.3S31 substitution does not lead to a significant change in cell cycle progression and

chromosomal abnormalities in ES cells.
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Figure 5.2.1: Wild-type S31A and S31E H3.3 cell lines display similar cell cycle dynamics

(A) Untransfected ES cells (control), wild-type, S31A and S31E-H3.3 cells were seeded at equal
densities and counted daily over 5 days. N=3; error bars represent S.E.M.. (B) Untransfected ES
cells (control), wild-type, S31A and S31E-H3.3 cells were fixed and quantified for percentage (%) of
cells in each of the cell cycle phases including G1, S, G2 and Mitosis (M) N=3 (50 cells per N); error
bars represent S.E.M.. (C) Untransfected ES cells (control), wild-type, S31A and S31E-H3.3 cells
were fixed before quantifying the total number of chromosomes. The average number of
chromosomes per metaphase spread is shown. N=3 (30 chromosome spreads per N); error bars
represent S.E.M (D) Overview of cell synchronisation to enrich for anaphase cells. Cells were
synchronised to S phase by treatment with thymidine for 16 hours, washed with deoxycytidine and
synchronised to mitosis with nocodazole for 10 hours. Cells were then washed and treated with
cytochalasin B for 1 hour to enrich for anaphase cells before harvesting for immunofluorescence
analyses. (E/F) Immunofluorescence analyses were performed with antibody against Tubulin (green)
to identify lagging chromosomes. DAPI was used as a nuclear counterstain. Scale bar represents
4um. Examples of normal anaphase cells (Normal) and abnormal anaphase progression with lagging
chromosomes (Lagging chromosomes) are shown in (E). Percentages of lagging chromosomes

were guantified. N=3 (50 cells per N); error bars represent S.E.M
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5.2.2 H3.3S31ph regulates telomere length maintenance

H3.3S31ph is enriched at the telomeres of ES cells (Wong et al., 2009). Thus, it was possible
that H3.3S31ph played a role in regulating telomere length maintenance. Thus, telomere
length of long-term cultured wild-type, S31A and S31E-H3.3 ES cell lines was next assessed
by Tel-FISH as the intensity of Tel-FISH staining is directly correlated to telomere length
(Wong and Slijepcevic, 2004). After 6 (Figure 5.2.2A) and 9 (Figure 5.2.2B) months of
culture, S31A-H3.3 ES cell line showed a decrease in Tel-FISH intensity while S31E-H3.3
ES cell line showed similar Tel-FISH intensity when compared to wildtype-H3.3 ES cell line.
To quantify the decrease in telomere length seen in S31A-H3.3 ES cell line, gPCR analyses
using primers specific to the telomeres were performed. In line with the findings from Tel-
FISH analyses, a decrease in telomere length was observed in S31A-H3.3 ES cells after 6
and 9 months in culture while the telomere length of S31E-H3.3 ES cells remained
unchanged (Figure 5.2.2C). These results suggest that H3.3S31 and its phosphorylation
potentially play a role in telomere length maintenance, and this could be linked to the function
of H3.3S31ph in regulating heterochromatin maintenance at the telomeres. Nonetheless,
further investigation is required to elucidate the mechanism of H3.3S31ph in regulating

telomere chromatin maintenance.
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Figure 5.2.2: H3.3S31 is required for telomere length maintenance

(Al) Tel-FISH analyses of (i) wild-type, (ii) S31A and (iii) S31E-H3.3 ES cells after 6 and 9 months
of culture were performed to determine the changes in telomere length. Tel-FISH signal intensity for
S31A-H3.3 cell line were weaker after 6 and 9 months of culture while Tel-FISH signal intensity for
S31E-H3.3 cell lines were similar when compared to wild-type-H3.3 ES cell line. DAPI was used as
a nuclear counterstain. Scale bar represents 4um. (B) Genomic DNA was harvested from wild-type,
S31A and S31E-H3.3 cells after 6 and 9 months of culture before gPCR analyses with telomeres-
specific primers were performed. Telomere copy number (2-24€T) was identified with results relative

to GAPDH levels and normalised to H3.3 wild-type. Error bars represent S.E.M..
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5.2.3 Histone PTMs are unaffected by H3.3S31 mutations

Previous reports have identified that a crosstalk mechanism on histone tails, or the
modification of a residue, may influence other modification on the histone tail (Hirota et al.,
2005, Martire et al., 2019, Sitbon et al., 2020). For example, high levels of H3K9me3 are
correlated to low levels of H3K4me3 (Lee et al., 2017). In addition, a decrease in H3K27ac
levels at enhancer regions was seen following the loss of H3.3S31ph (Matrtire et al., 2019,
Sitbon et al., 2020). Thus, to elucidate if H3.3S31 phospho-mutants altered the global levels
of other PTMs, immunoblotting was performed using specific antibody against H3K4me3,
H3K9me3, H3K36me3, H3K27me3 and H3K27ac. H3K4me3 was chosen as it is an
established mark for transcriptional activation (euchromatin), while H3K9me3 and
H4K20me3 were chosen as they are established marks associated with transcriptional
repression (heterochromatin) (Kouzarides, 2007). In addition, H3K36me3 was selected due
to its proximity to H3.3S31. Finally, H3K27 was investigated as the mutation of H3.3S31 to
alanine caused a loss of H3K27ac levels in previous reports (Martire et al., 2019, Sitbon et
al., 2020). Immunoblotting showed no noticeable change in the global H3K27ac level (E)
and in the levels of other PTM including H3K4me3 (A), H3K9me3 (B), H3K27me3 (C),
H3K36me3 (D) and H3K27ac (E) in S31A and S31E-H3.3 cells (Figure 5.2.3). Although,
densitometry analyses showed noticeable changes in H3K27me3 and H3K27ac levels

further biological replicates are required to draw a conclusion (Figure 5.2.3ii).
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Figure 5.2.3: H3.3S31 phospho-mutants did not alter global histone PTM

Immunoblotting analyses using antibody against (A) H3K4me3, (B) H3K9me3, (C) H3K27me3, (D)
H3K36me3 and (E) H3K27ac were performed on wild-type, S31A and S31E-cell lines. Untransfected
ES cells were used as a control. Two different clones were used for S31A and S31E-H3.3 cell lines
(denoted as 1 and 2). H3K4me3, H3K9me3, H3K36me3, H3K27me3 and H3K27ac were detected
at similar levels between control, wild-type, S31A and S31E-cell lines. Actin levels were used as a
loading control. (ii) Bands were measured by densitometry by subtracting intensity of band of interest

by control actin intensity. The values were then normalised to control cells. N=2
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5.2.4 H3.3S31ph regulates ATRX and PML-NB localisation to the telomeres

The deposition of H3.3 by ATRX/DAXX within PML bodies is known to be dependent on the
interaction between ATRX and H3.3K9me3 (Wong et al.,, 2010, Udugama et al., 2015,
Szenker et al., 2011). As it was possible the subtle change of H3K9me3 levels was not
detected by immunoblotting and that specific regions may have changes in H3K9me3 levels,
the localisation of ATRX within S31A and S31E-H3.3 cell lines was investigated. Strikingly,
immunofluorescence analyses using antibody specific to ATRX showed that ATRX levels at
the telomeres and pericentric regions of S31A-H3.3 cells were significantly reduced (Figure
5.2.4i). In contrast, ATRX levels in S31E-H3.3 cells were increased compared to wild-type-
H3.3 cells (Figure 5.2.4i). Furthermore, quantification of ATRX/Tel-FISH colocalisation foci
showed that S31A-H3.3 cells showed reduced colocalisation foci while S31E-H3.3 cells
showed an increase in colocalisation foci (Figure 5.2.4ii). To determine if the protein
expression of ATRX was a factor in loss of ATRX in S31A-H3.3 cells, immunoblotting with
antibody specific to either ATRX or DAXX was performed. The results showed similar levels
of ATRX and DAXX between wild-type, S31A and S31E-H3.3 cells (Figure 5.2.4iii). This

showed that ATRX was unbound to chromatin and is uncoupled with ATRX expression.
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Figure 5.2.4: H3.3S31ph regulates ATRX enrichment and localisation to heterochromatin

(A1) Immunofluorescence analyses were performed on untransfected cells, wild-type, S31A and
S31E-H3.3 cells with antibody against ATRX (green) followed by Tel-FISH (red) to determine the
localisation of ATRX. Tel-FISH was used as a telomere marker. ATRX was detected in untransfected
ES cells (control), wild-type and S31E-H3.3 cells and was barely detectable in S31A-H3.3 cells.
Additionally, ATRX colocalised with Tel-FISH signals at the telomeres of wild-type, S31A and S31E-
H3.3 interphase cells (arrows) and were enriched at the pericentric region (DAPI-dense regions).
DAPI was used as a nuclear counterstain. Scale bar represents 4 pm. (ii) ATRX/Tel-FISH
colocalisation foci were quantified. 30 foci per cell was counted. N= 20. Error bars represent S.E.M..
(iii) Immunoblotting was performed on untransfected ES cells (control), wild-type, S31A and S31E-
H3.3 cell lines to determine the levels of ATRX and DAXX within the cells. For S31A and S31E-H3.3
cell lines, two different clones were used (denoted as 1 and 2). The levels of ATRX and DAXX
between wild-type, S31A and S31E H3.3 cell lines were similar to those in control ES cells. Actin

was used as a loading control.
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To rule out the possibility that ATRX levels were lost due to a loss of ATRX protein
expression, immunofluorescence analyses with antibody specific to ATRX were performed
on pre-fixed wild-type, S31A and S31E-H3.3 cells. Compared to the other proteins, ATRX
was the only protein that showed minimal staining or loss of binding. Thus, cells were pre-
fixed to determine if ATRX levels in the cells. With pre-fixed cells, the cell membrane and
proteins within the cells are fixed. In addition, they are not subjected to hypotonic treatment
which lyses the cell membrane, removing soluble proteins. Thus, the intact cell membrane
prevents unbound proteins from being washed away. The results showed that ATRX was
present at similar levels in wild-type, S31A and S31E-H3.3 cells (Figure 5.2.5). Together,
these results show that the observed loss of ATRX at heterochromatin of S31A-H3.3 cells
is uncoupled with ATRX protein expression and, indicate that H3.3S31ph regulates ATRX
binding to the telomeres which supports the hypothesis that H3.3S31ph maintains

heterochromatin silencing.
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Figure 5.2.5: ATRX expression is unchanged in wild-type, S31A and S31E-H3.3 cell lines

Immunofluorescence analyses were performed on pre-fixed untransfected ES cells (control), wild-
type, S31A and S31E-H3.3 cell lines with antibody ATRX (green), followed by Tel-FISH to determine
the expression of ATRX. Tel-FISH was used as a telomere marker (red). ATRX levels were similar
between wild-type, S31A and S31E-H3.3 cell lines. DAPI was used as a nuclear counterstain. Scale

bar represents 4 um.
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ATRX and DAXX are components of promyelocytic nuclear bodies (PML-NBs), which are
sites of H3.3 chromatin assembly (Delbarre et al., 2013, Delbarre et al., 2017). The
localisation of ATRX, DAXX and H3.3 to PML-NB, is linked explicitly to S phase (Kraushaar
et al., 2013, Shastrula et al., 2019). DAXX is known to directly interact with PML-NB
(Salomoni and Khelifi, 2006) while PML is recruited during S phase and its depletion
increases H3.3 deposition onto chromatin (Shastrula et al., 2019). PML-NBs are required
for the regulation of H3.3 chromatin assembly during DNA replication, which has implications
for understanding how repressed chromatin is established and maintained (Shastrula et al.,

2019).

Thus, the localisation of telomeres to PML-NB in S31A and S31E-H3.3 cells was
investigated by immunofluorescence analyses using antibody specific to PML (Figure
5.2.6). In wild-type interphase cells, telomeres were enriched at PML-NBs. Interestingly,
S31A-H3.3 cell line showed the presence of PML-NBs that were variable in size, and a
reduction of telomere localisation to PML-NBs (Figure 5.2.6). In contrast to S31A-H3.3 cells,
S31E-H3.3 cells showed neither a change in PML-NB size nor a loss of telomeric
colocalisation to PML-NBs (Figure 5.2.6). These results suggest that H3.3S31ph may act

to maintain PML-NB integrity, and localisation of telomeres to PML-NBs.
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Figure 5.2.6: H3.3S31ph regulates PML-NB integrity and its localisation to the telomeres

(A) Immunofluorescence analyses were performed on wild-type, S31A and S31E-H3.3 cells with
antibody against PML (red) and TERF1 (green) to determine the localisation and distribution of PML-
NB. TERF1 was used as a telomere marker. PML colocalised with TERF1 signals at the telomeres
of control, wild-type, S31A and S31E-H3.3 interphase cells (arrows), S31A-H3.3 cells showed
aberrant PML staining pattern (arrowhead). DAPI was used as a nuclear counterstain. Scale bar

represents 4 pm.
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As ATRX and DAXX are components of PML-NB, the localisation of ATRX to PML bodies
in wild-type, S31A and S31E-H3.3 cells was next investigated by immunofluorescence
analyses using antibody specific to PML and ATRX (Figure 5.2.7i). ATRX indeed
colocalised with PML bodies at the telomeres of wild-type, S31A and S31E-H3.3 interphase
cells. In addition to the low levels of ATRX, the aberrant-looking PML staining pattern was
also observed for the S31A-H3.3 cells compared to the wild-type H3.3 cells. Furthermore,
the quantification of ATRX/PML colocalisation foci showed decreased ATRX/PML
colocalisation foci in S31A-H3.3 cells and an increase in S31E-H3.3 cells compared to wild-
type-H3.3 (Figure 5.2.7ii). These results suggest that H3.3S31ph regulates ATRX
localisation to PML bodies. Altogether, the results show that H3.3S31ph regulates ATRX
binding and PML-NB recruitment to the telomeres, and this could be linked to H3.3

deposition and heterochromatin formation at the telomeres
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Figure 5.2.7: ATRX and PML colocalise at the telomeres of wild-type, S31A and S31E-H3.3 cell

lines

Immunofluorescence analyses were performed on untransfected ES cells (control), wild-type, S31A
and S31E-H3.3 cell lines with antibody against PML (red) and ATRX (green) to determine the
colocalisation of ATRX and PML. ATRX levels were similar between the control, wild-type and S31E-
H3.3 cells. ATRX levels were barely detectable in S31A-H3.3 cells. PML was detected in control,
wild-type, S31A and S31E-H3.3 cells. S31A-H3.3 cell lines showed an aberrant PML staining pattern
(arrowhead). ATRX and PML colocalised at the telomeres of control, wild-type, S31A and S31E-
H3.3 cell lines. DAPI was used as a nuclear counterstain. Scale bar represents 4uM. (ii) ATRX/PML

colocalisation foci were quantified. 30 foci per cell was counted. N= 20. Error bars represent S.E.M..
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5.2.5 H3.3S31ph regulates for heterochromatin maintenance at the telomeres

Our lab has previously demonstrated that ATRX recognizes H3.3K9me3 at the telomeres
and deposits newly synthesized H3.3 onto telomere chromatin to facilitate heterochromatin
maintenance (Udugama et al., 2015). To further investigate if H3.3S31ph regulates ATRX-
mediated H3.3 deposition and heterochromatin formation at the telomeres (Figure 5.2.4),
the levels of ATRX (iii), H3K9me3 (iv) and H3.3 (v) at the telomeres of wild-type, S31A and
S31E-H3.3 cells were investigated by ChIP/qPCR analyses using antibody specific to ATRX,
H3K9me3 and H3.3 (Figure 5.2.8). Compared to the wild-type-H3.3 cells, S31A-H3.3 cells
showed lower levels of ATRX, H3K9me3 and H3.3 at the telomeres, whereas these
heterochromatin marks were increased at telomeres in S31E-H3.3 cells (Figure 5.2.8).
These results demonstrate that H3.3S31ph is required for regulating heterochromatin levels

at the telomeres.
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Figure 5.2.8: The regulation of H3.3S31ph is vital for heterochromatin maintenance at the

telomeres

ChIP/gPCR analyses were performed on wild-type, S31A and S31E-H3.3 cell lines with antibody
against H3, ATRX, H3K9me3 and H3.3. H3 levels at the telomeres normalised to input are shown in
(i), H3 levels at the telomeres normalised to input and H3 levels at GAPDH are shown in (ii). Results
were normalised to input and H3 levels at GAPDH. Compared to wild-type H3.3 cells, ATRX (iii),
H3K9me3 (iv) and H3.3 (v) levels at the telomere were decreased in S31A-H3.3 cells and increased
in S31E-H3.3 cells. Error bars represent S.E.M.. N=3. P values (shown in graphs) were calculated

using two sample t-test.
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5.2.6 H3.3S31ph induces DNA damage at the heterochromatin regions

The loss of heterochromatin has been associated with increased DNA damage and ageing
(Lee et al., 2020). Additionally, a previous report showed that the loss of H3.3S31ph and the
expression of H3.3S31A in ALT-cancer cells increases DNA damage marker, yH2AX, on
chromosome arms, subsequently leading to cell death (Chang et al., 2015). Furthermore,
the inactivation of H3.3S31ph prevented p53 accumulation and activated ATM and ATR
DNA damage repair pathways (Hinchcliffe et al., 2016). Following this, the regulation of DNA
damage response by H3.3S31ph was investigated through immunofluorescence analyses
using a specific antibody against yH2AX (Podhorecka et al., 2010). Compared to wildtype-
H3.3, S31A-H3.3 cells showed only a slight increase in DNA damage while S31E-H3.3 cells
showed a substantial increase in DNA damage at the telomeres in both interphase (Figure
5.2.9Ai) and mitotic cells (Figure 5.2.9Aii). In S31E-H3.3 mitotic cells, the increased levels
of yH2AX were found not only at telomeres but also at the pericentric heterochromatin
(Figure 5.2.9Aii). In line with the observation made with immunofluorescence analysis,
ChIP-gPCR of yH2AX showed increased DNA damage at the telomeres of S31A and S31E-
H3.3 ES cells (Figure 5.2.9B). This suggest that the maintenance of H3.3S31ph is essential

for suppressing DNA damage at the telomeres
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Figure 5.2.9: S31E-H3.3 induces DNA damage response at the telomeres

(A) Immunofluorescence analyses were performed on wild-type, S31A and S31E-H3.3 cell lines with
antibodies against TERF1 (red) and yH2AX (green) to determine DNA damage levels at the
telomeres. TERF1 was used as a telomere marker. The colocalisation of TERF1 and yH2AX (arrows)
showed that when compared to wildtype-H3.3 cells, S31A-H3.3 cells a slight increase in yH2AX
levels at the telomere of interphase cells (i) while S31E-H3.3 cells had increased yH2AX levels at
the telomere of (i) interphase and (ii) mitotic cells. (ii) In mitotic cells, yH2AX levels were increased
at the pericentric heterochromatin of S31E-H3.3 and not wild-type and S31A-H3.3 cells. DAPI was
used as a nuclear counterstain. Scale bar represents 4um. (B) ChIP/qPCR analyses were performed
on wild-type, S31A and S31E-H3.3 cell lines with antibody against yH2AX. Results were normalized
to input and H3 levels at the GAPDH. Compared to wild-type H3.3 cells, yH2AX levels at the telomere

were increased in both in S31A-H3.3 cells and S31E-H3.3 cells. Error bars represent S.E.M.. N=4.
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H3.3S31ph is enriched at heterochromatic regions including the telomeres and pericentric
regions (Ahmad and Henikoff, 2002, Wong et al., 2009, Li et al., 2017a, Schulmeister et al.,
2007). With the induction of differentiation, H3.3S31ph is lost at the telomeres of ES cells
and is enriched at the pericentric regions during mitosis (Wong et al., 2009)(Figure 5.2.10A).
Thus, in addition to the telomeres (Figure 5.2.9), the increase in DNA damage at other
heterochromatin regions such as the pericentric DNA in S31A and S31E-H3.3 cells was also
investigated. To address this, immunofluorescence analyses was performed using antibody
against yH2AX followed by FISH, with a DNA probe specific to mouse major satellite on
differentiated S31A and S31E-H3.3 cells. ES cell differentiation was induced in wildtype,
S31A and S31E-H3.3 ES cells by withdrawing leukemia inhibitory factor (LIF) and adding
retinoic acid (RA) to the culture media (Figure 5.2.10A). The DNA damage at the pericentric
regions in S31A-H3.3 cells was similar to the differentiated wildtype-H3.3 cells while the
DNA damage level at the pericentric heterochromatin was increased in S31E-H3.3 cells
(Figure 5.2.10B). These results indicate that H3.3S31ph maintains not only
heterochromatin integrity at telomeres but also at other heterochromatic regions or repetitive

DNA regions such as the pericentric heterochromatin.
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Figure 5.2.10: S31E-H3.3 induces DNA damage response at the pericentric regions
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(A) Differentiation was induced in wildtype, S31A and S31E-H3.3 ES cells by withdrawal of leukemia
inhibitory factor from culture media and treatment with retinoic acid 3 for days. Immunofluorescence
analyses were performed on untreated and differentiated ES cells with antibody against H3.3S31ph
(green) followed by FISH analysis with a DNA probe against mouse major satellite (red). H3.3S31ph
was lost at the telomeres and enriched at the pericentric region of mitotic cells after differentiation
(arrows). (B) Differentiation was induced in wildtype, S31A and S31E-H3.3 ES cells by treatment
with retinoic acid and removal of leukemia inhibitory factor from culture media and cultured for 3
days. Immunofluorescence analyses were performed on differentiated wildtype, S31A and S31E-
H3.3 ES cells with antibody against yH2AX (green) followed by FISH analysis with a DNA probe
against mouse major satellite (red). Compared to wildtype-H3.3, S31A-H3.3 showed a slight
increase in yH2AX levels at the major satellite repeat while S31E-H3.3 showed an increase in yH2AX
levels at the major satellite repeat. DAPI was used as a nuclear counterstain. Scale bar represents

4pm.
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5.3 Discussion

Telomeres are maintained as a heterochromatin domain and are enriched with
heterochromatin markers including ATRX, H3K9me3, and HP1 (Schoeftner and Blasco,
2009). The maintenance of heterochromatin is critical in maintaining telomere length and,
preventing telomere recombination and DNA damage response (Cheutin et al., 2003, Hall
etal., 2002, Benetti et al., 2007, Dang-Nguyen et al., 2013). The H3.3S31ph mark is present
at the telomeres of pluripotent ES cells, including the pericentric repeats as seen in somatic
cells (Wong et al., 2009, Ahmad and Henikoff, 2002, Hake et al., 2005). In this chapter, ES
cell models carrying substitution of H3.3S31 to alanine (phospho-null) and glutamic acid
(phospho-mimic) were used to investigate the effects of H3.3S31 substitution on telomere

function.

This chapter has shown that H3.3S31ph does not alter cell cycle dynamics (Figure 5.2.1).
Interestingly, we have shown evidence that H3.3S31ph plays a role in telomere length
maintenance where long-term expression of unphosphorylated H3.3S31 caused telomere
attrition while long-term expression of H3.3S31ph maintained telomere length (6 and 9
months) (Figure 5.2.2). However, the molecular mechanism of telomere length regulation
by H3.3S31ph requires further investigation. Strikingly, S31A-H3.3 cells showed a loss of
ATRX while S31E-H3.3 cells showed a gain of ATRX at the telomeres (Figure 5.2.4 and
5.2.8iii), indicating a loss of ATRX-mediated deposition of H3.3 and heterochromatin
formation in the absence of H3.3S31ph. In consistent with this observation, H3K9me3
(Figure 5.2.8iv) and H3.3 (Figure 5.2.8v) levels at the telomeres were lost in S31A-H3.3
cells but they were gained in S31E-H3.3 cells. The loss of heterochromatin at the telomeres
may affect telomere stability, resulting in the loss of telomere length in S31A-H3.3 cells

(Figure 5.2.2).
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In addition to the losses of ATRX binding and heterochromatin marks, S31A-H3.3 cells also
showed reduced telomeric localisation to PML-NBs, indicating that the loss of H3.3S31ph
and heterochromatin negatively impacted the deposition of H3.3 into telomeres within PML-
NB (Figure 5.2.6) (Chang et al., 2013). However, it is surprising that the losses of
heterochromatin and PML-NB association did not induce a significant increase in DNA
damage at the telomeres of S31A-H3.3 cells. Instead, telomeres in S31E-H3.3 cells showed
a substantial increase in DNA damage although heterochromatin was maintained at a high
level at the telomeres of these cells (Figure 5.2.9). These findings indicate that an aberrant
gain of H3.3S31ph can induce DNA damage although H3.3S31ph is required for ATRX

binding and heterochromatin formation at the telomeres.

In addition to the increase in DNA damage at the telomeres, DNA damage was also found
at pericentric repeats (Figure 5.2.10), further linking the gain of H3.3S31ph to DNA damage
at heterochromatic regions. The increase in DNA damage was closely correlated with the
increase of H3.3S31ph at the pericentric region after differentiation, further indicating the
link between H3.3S31ph gain and DNA damage. These results show that H3.3S31ph is
critical for regulating proper heterochromatin formation and preventing DNA damage

activation at repetitive DNA regions.

Despite being maintained as a silenced domain, we have recently shown that a H3K9/K36
demethylase, KDM4B (lysine (K)-specific demethylase 4B), binds to and removes H3K9me3
(H3.3K9me3) at the telomeres to increase chromatin accessibility and to facilitate replication
(Udugama et al., 2021). In mouse ES cells, loss of KDM4B leads to increases in both
replication stress and DNA damage at telomeric repeats (Udugama et al., 2021). At the

telomeres of ES cells, the loss of KDM4B led to the loss of heterochromatin-associated
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proteins including H3K9me3, ATRX and HP1aq, resulting in increased replication stress,
suggesting that the regulation of KDM4B, possibly by H3.3S31ph, maintains accessibility of
telomeric heterochromatin to facilitate DNA replication and heterochromatin maintenance.
Based on these findings, there were possibilities that KDM4B binding could be increased at
telomeres, thus leading to losses of heterochromatin marks and ATRX binding at telomeres.
On the other hand, S31E-H3.3 could prevent KDM4B binding at telomeres, which in turn
leads to increases of heterochromatin and chromatin inaccessibility that induce replication
stress and DNA damage at telomeres. The relationship between KDM4B binding and

H3.3S31ph will be investigated in Chapter 6
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Chapter 6: H3.3S31ph regulation of KDM4B

function at the telomeres
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6.1 Introduction

6.1.1 Overview

Eukaryotic DNA is wrapped around by histones to form chromatin, and this is important for
the protection of the genome. This chromatin structure exists either as an “open” state,
allowing access of transcriptional factors for RNA transcriptional activities, or a “closed” state
where DNA is condensed to ensure repression of transcription. The maintenance of

chromatin structure in both the “closed” and “open” states is controlled by histone PTMs.

A wide range of PTMs, which mainly target the histone N-terminal tail, regulate chromatin
function. Of the numerous PTMs, the reversible incorporation of phosphate, acetyl or methyl
groups within histone tails have been widely investigated (Rothbart and Strahl, 2014). These
histone PTMs are maintained through activities of writer and eraser proteins that either add
or remove PTM marks (Hyun et al., 2017). Further, histone variants and PTMs act in
combination by providing binding platforms for reader proteins such as chromatin
remodelers, histone chaperones, DNA/histone-modifying enzymes and various transcription
factors. The reader proteins contain domains that allow for the recognition of specific binding
sites. For example, HP1a reads unphosphorylated H3S10 and H3K9me3 through its
chromodomain to promote chromatin compaction and transcriptional repression at

heterochromatin (Hirota et al., 2005, Lachner et al., 2001).

Due to this complex regulation of proteins, histone PTMs play a critical role in cellular events
such as DNA replication and repair, gene expression, chromatin compaction and cell-cycle
maintenance (Kouzarides, 2007, Allis and Jenuwein, 2016, Hyun et al., 2017). Misregulation

of histone PTM has been implicated in developmental defects and the pathogenesis of

230



cancer and diseases, accentuating the importance of proper histone PTM regulation (Wang
and Allis, 2009, Allis and Jenuwein, 2016, Greer and Shi, 2012). Of importance to this
chapter is the H3.3S31ph mark and its maintenance of heterochromatin through the

regulation of KDM4B and H3K9me3.

6.1.2 Histone Lysine Readers Writer and Erasers

On the H3 N-terminal tail, various lysine residues, including H3K4, H3K9, H3K27 and H3K36
are subject to methylation (Black et al., 2012). These residues can exist in unmethylated,
mono-methylated, di-methylated and tri-methylated forms (Martin and Zhang, 2005).
Although these forms do not change the electronic charge of the amino-acid side chain,
these levels of methylation do directly alter chromatin compaction and gene expression
(Martin and Zhang, 2005). Thus, methylation functions mainly by reader proteins containing
methyl-lysine-binding motifs that specifically recognize the methylated site (Martin and
Zhang, 2005). For example, H3K4 and H3K36 tri-methylation are associated with gene
activation, whereas H3K9 and H3K27 tri-methylation are linked to gene repression (Rea et

al., 2000, Lachner et al., 2001, Dhayalan et al., 2010, Fang et al., 2010, Yuan et al., 2011).

The regulation of histone PTM and its importance in transcription was first reported in 1964.
However, the discoveries of the first histone methyltransferase (SUV39H1) (Rea et al., 2000)
and demethylase (KDM1A) (Shi et al., 2004) were not made till 2000 and 2004, respectively.
Nevertheless, these vital discoveries paved the way for the discoveries of other histone
methyltransferases and demethylases by searching for proteins carrying the catalytic SET

(Su[var]3-9, Enhancer of Zeste, and Trithorax) and Jumoniji C (JmjC) domains, respectively.

231



The regulation of PTM by writers and erasers creates a dynamic environment for specific

reader protein binding (Martin and Zhang, 2005). To read methylated lysine resides, reader

proteins require methyl-lysine-binding motifs such as PHD, chromo, tudor and PWWP

domains. In addition to these unique sites, reader proteins can distinguish target methyl-

lysine based on their methylation state and surrounding amino-acid sequence (Musselman

et al., 2014). A summary of reader, writer, and eraser proteins for H3K9me3 and H3K36me3

is shown in Table 6.1.

Table 6.1: Summary of H3K9 and H3K36 interacting proteins

Writer Name Diseases Reference |Erasers name Diseases Reference |Reader |Functions Reference
name
SUV39H/KMT1A-BBlood cell (Song, lunget |HDM2A/KDM3A |Malignant (Qi, Nakayama [HP1o /B |Heterochromatin [Bannister,
defects bR, colorectal cancer, °t2" 201% formation eseiman etal.
U Lee et al. 2005) ’ Uemura, 2001)
chromosome prostate Yamamoto et
instability adenocarcinoma @l 2010)
G9a/KMT1C Breast and (Mechanic, — JHDM2B/KDM3B |Myeloid leukemia (Kim. Kim etal.|{p1y Transcription  |(Vakoc, Mandat
ovarian cancers Ravneuetal P elongation RLELZ00S)
1991, Wozniak, g
Klimecki et al.
2007)
JHDM2C/KDM3C  |— = UHRF1  [DNA methylation [Feldman,
Gerson et al.
2006)
SETDB1/KMT1E |Huntington (ZRDVOL;,LEE etal. JHDM3A/KDM4A [Bladder and g(abuf‘fman, :
e obinson et al.
disease breast cancers 2011, Patani,
H3K9 iang et al.
2011)
PRDM family Breast and liver (FStee‘e‘PT'k*"Sn UHDM3B/KDM4B Peripheral nerve L?’VC:- BWWI”'
ang et al. ipphut et al.
cancers, AML 2001, Sasaki sheath tumor 2011)
Meguro et al.
2002)
JHDM3C/KDMAC  |[Esophageal and |(Yang, Imoto
b t cancers fet al. 2000, Liu,
reas Bollig-Fischer
let al. 2009)
JHDM3D/KDM4D |— -
PHF8/KDM7B X-linked mental (Laumonnier,
tardation folbert et al.
retar 2005)
PHF2/KDM7C Breast carcinoma (Sinha, Singh
et al. 2008)
SETD2/KMT3A Renal cell (Duns, van den JHDM1A/KDM2A | — DNMT3A DNA methylation [Phayalan,
. Berg et al. Rajavelu et al.
carcinoma 2010) 2010)
H3K36 NSD1/KMT3B AML, (‘;""a“E' Caiet JHDM1B/KDM2B |Leukemia, (':92-0'\'181“&'9" etIEDGF  [DNA repair (HR) ("ﬁsltezfaﬂ‘)fab‘
al. al. " etal.
neuroblastoma 2007)(Berdasco blad‘der Kottakis,
, Ropero et al. carcinoma Polytarchou et
2009) al. 2011)
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6.1.3 Readers Writer and Erasers of H3K9me3

H3K9 methylation is a well-known heterochromatin marker (Barski et al.,, 2007). In
mammalian cells, H3K9 is methylated by histone methyltransferases such as SUV39H1,
SUV39H2 and SETDB1 (Garcia-Cao et al., 2004, Hyun et al., 2017). The regulation by these
individual histone methyltransferases have roles in diverse cellular events (Hyun et al.,
2017). For example, SETDB1 catalyses the mono-methylation of H3K9 at constitutive
heterochromatin and provides a substrate for SUV39H1/2 to produce H3K9me3 (Loyola et
al., 2009). However, unlike SETDB1, SUV39H1 and SUV39H2 catalyze the di- and
trimethylation in constitutive heterochromatin (Lachner et al., 2001, Dang-Nguyen et al.,
2013, Garcia-Cao et al., 2004). The loss of SUV39H1/2 proteins resulted in the loss of
H3K9me2 and H3K9me3 but not H3K9mel (Rice et al., 2003, Dang-Nguyen et al., 2013,
Garcia-Cao et al., 2004), indicating the specificity of the writers and the corresponding
methylation group. In ES cells, this loss of H3K9me3 levels resulted in reduced HP1la
binding and aberrantly elongated telomeres (Dang-Nguyen et al., 2013, Garcia-Cao et al.,

2004).

The demethylation of H3K9me3 is regulated by KDMs such as including lysine demethylase
3 (KDM3), lysine demethylase 4 (KDM4) and lysine demethylase 7 (KDM7). Of these
demethylases, KDM3 and KDM7 are responsible for the demethylation of H3K9mel and
H3K9me2 which promotes transcriptional activation (Yamane et al., 2006, Loenarz et al.,
2010). Demethylation of H3K9mel and H3K9me2 by KDM3 functions by KDM3 binding to
DNA through their Zinc finger domain to demethylate H3K9mel and H3K9me2 (Brauchle et
al., 2013) while demethylation of H3K9mel and H3K9me2 by KDM?7 is regulated through
the interaction between their PHD domain and the H3K4me3 marks at active chromatin

(Horton et al., 2010, Fortschegger and Shiekhattar, 2011). In contrast to KDM3 and KDM7,
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KDM4 family proteins are H3K9/K36 demethylases that remove methyl marks from
H3K9me2, H3K9me3, H3K36me2 and H3K36me3 (Wei et al., 2017, Yuan et al., 2016,

Arifuzzaman et al., 2020).

Previous studies have shown that SETDB1 and SUV39H1/2 methylate H3K9 at the
pericentric regions and telomeres to maintain heterochromatin (Rea et al., 2000, Dang-
Nguyen et al., 2013, Garcia-Cao et al., 2004). The H3K9me3 then acts as a binding spot for
HP1a through their chromodomains and form multimers with SUV39H1/2. Furthermore, as
SUV39H1/2 also has a chromodomain, they are further recruited to methylate H3K9,
maintaining a heterochromatic environment (Wang et al., 2012, Rea et al., 2000, Lachner et
al., 2001). These interactions aid SUV39H1/2 in spreading H3K9me3 to neighbouring
nucleosomes (Wang et al., 2012). In addition to the heterochromatic environment created
by SUV39H1/2, HP1a also contributes to heterochromatin formation by recruiting other
proteins involved in heterochromatin formation, such as histone deacetylase, transcriptional
repressors, and chromatin remodeler (Hall et al., 2002). The dissociation of HP1a from
chromatin occurs during mitosis and it is driven by the phosphorylation of H3S10 by AURKB

(Hirota et al., 2005).

In addition to HP1a, ATRX is another reader of H3K9me3. In ES cells, ATRX contains a
PHD-like zinc finger and an ADD domain. For ATRX to deposit newly synthesised H3.3 at
heterochromatic regions such as the telomeres, unmodified H3K4 and H3K9me3 PTM
marks are required (Wong et al., 2010, Dhayalan et al., 2011, Voon and Wong, 2016).
Interestingly, the binding of KDM4 family proteins to H3.3 is increased in paediatric gliomas
where the H3.3 glycine at residue 34 is mutated to arginine (Voon et al., 2018). Although

the binding affinity of KDM4 proteins to H3.3G34R was increased, the enzymatic activity of
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the KDM4 proteins was inhibited by the G34R mutation, leading to increased levels of
H3K9me3 and H3K36me3 across the genome (Voon et al., 2018). The simultaneous binding
and inhibition of KDM4 by H3.3G34R, is similar to the interactions between H3K27M/PRC2
(Yuan et al., 2011, Fang et al., 2018) or H3K36M/SETD2 (Zhu et al., 2017, de Almeida et
al., 2011, Edmunds et al., 2008).These studies show that the histone point mutations can

act through inhibition of not only epigenetic writers but also the erasers.

Many studies have indicated that the misregulation of H3K9me3 could contribute to the
development of diseases, including neurodegenerative diseases and cancers (Hyun et al.,
2017). An aberrant increase in H3K9me3 levels has been found in brain-derived
neurotrophic factor genes within mouse Alzheimer models. These genes are essential for
synaptic plasticity, and the increased H3K9me3 levels at these genes led to its
downregulation, a hallmark of Alzheimer disease (Walker et al., 2013). Furthermore, the
aberrant increase of H3K9me3 is also linked to the development of cancers, including breast
cancer (Yokoyama et al., 2013, Chi et al., 2010, Hyun et al., 2017). It is tempting to speculate
that the increase of H3K9me3 at tumour suppressor genes could repress their expression,
allowing for unregulated cell cycle progression (Voon et al., 2018, Mechanic et al., 1991,

Wozniak et al., 2007).

6.1.4 Readers Writer and Erasers of H3K36me3

In mammalian cells, a number of histone methyltransferases such as KMT3B, KMT3G,
KMT3F and SETD2 are known to methylate H3K36 (Wagner and Carpenter, 2012). Of these
methyltransferases, only SETD2 tri-methylates H3K36, while the other methyltransferases

are responsible for the mono-methylation and di-methylation of H3K36 (Edmunds et al.,
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2008). Although it has been reported that recombinant SETD2 is able to mono-, di- and tri-
methylate H3K36 in vitro, SETD2 is only able to tri-methylate H3K36 in vivo as the loss of
SETD2 led to a loss of only H3K36me3 levels (Yuan et al., 2009, Nimura et al., 2009). In
addition, decreases of all three forms of H3K36 methylation, i.e., H3K36mel, H3K36me2
and H3K36me3, are found in cells line deficient for KMT3B, KMT3F and KMT3G (Lucio-
Eterovic et al., 2010). These studies show that KMT3 proteins are likely required for the
mono-methylation and di-methylation of H3K36, whereas SETD2 is required for catalysing

H3K36me3 (Table 6.1).

The demethylation of methylated H3K36 is regulated by KDM2 and KDM4. Specifically, the
demethylation of H3K36mel and H3K36me2 is regulated by KDM2, while the demethylation
of H3K36me2 and H3K36me3 is regulated by KDM4 (Tsukada et al., 2006, Klose et al.,
2006). In addition to its activity in H3K36me3 demethylation, KDM4 also demethylates
H3K9me3 (Wei et al., 2017, Yuan et al., 2016). These studies suggest that other biological
processes, or even histone PTMs, may regulate the methylated and demethylated state of

H3K36 by histone methyltransferases and demethylases.

H3K36me3 is widely known to be associated with transcription elongation and prevents
aberrant transcription initiation within the gene body (Carrozza et al., 2005, Rahman et al.,
2011). In mammalian cells, a complex of various methyltransferases and demethylases
interact with both the transcription elongation factors and the phosphorylated S2 residue of
C-terminal-RNA polymerase Il to maintain a repressed state in newly incorporated
nucleosomes to prevent cryptic RNA Polymerase activity (Carrozza et al., 2005, Rahman et
al., 2011). This repressed state is maintained through H3K9 and H3K36 methylation and the

demethylation of methylated H3K4 (Fang et al., 2010). In addition, the PWWP domain of
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both KMT3G and DNMT3A bind to nucleosomes with H3K36me3 and further contribute to

repress aberrant transcription (Fang et al., 2010, Dhayalan et al., 2010) (Table 6.1).

Interestingly, in addition to its localisation at the gene bodies, H3K36me3 also localises to
the gene promoter regions and is important for transcriptional activity (Young et al., 2011,
Rahman et al., 2011, Guo et al., 2014, Wen et al., 2014). Here, H3K36me3 inhibits the
activity of the PRC2 complex and prevents PRC2-mediated trimethylation of H3K27
methylation and silencing of Arabidopsis Flowering Locus C (FLC) vernalization gene (Yuan
et al., 2011). The enrichment of H3K27me3 and H3K36me3 is mutually exclusive, and this
antagonism is functionally important in regulating transcription. A lack of H3K36me3 results
in a fully silenced state at FLC even in the absence of cold, suggesting that H3K36me3 is a
histone PTM that promotes transcription, and it acts in opposition to H3K27me3 which is

required for FLC silencing (Yuan et al., 2011).

In addition to the regulation of transcriptional elongation, H3K36me3 has also been
associated with DNA damage response (Li et al., 2013, Fnu et al., 2011) and pre-mRNA
processing (Hyun et al., 2017, Guo et al., 2014). Recent studies have shed light on the role
of H3K36me3 in activating DNA damage response (Sun et al., 2020). Upon the induction of
DSB, RAD51, which promotes homologous strand invasion during homologous
recombination (HR) repair, is recruited to the chromatin by H3K36me3 at actively transcribed
genes (Aymard et al., 2014). The depletion of SETD2, the main H3K36 tri-methyltransferase,
severely affects RAD51 binding and impedes HR at such DSBs. In line with this observation,
the overexpression of H3K36 demethylase, KDM4A, is found to affect HR repair at DSBs
(Pfister et al., 2014). These findings, where H3K36me3 is involved in HR repair, are

surprising considering H3K36me3 is a PTM closely associated with gene transcription.
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Further investigations are needed to uncover how H3K36me3, that pre-exists at the actively

transcribed genes, controls DSB repair (House et al., 2014, Aymard et al., 2014).

H3K36me3 also play a role in large-scale intron retention through regulation of ZMYND11
binding (Guo et al., 2014, Ladendorff et al., 2001, Wen et al., 2014). For ZMYND11 to bind
and read H3.3 PTMs through the PWWP domain, both unphosphorylated H3.3S31 together
with H3.3K36me3 are required (Wen et al., 2014, Guo et al., 2014). Upon the
phosphorylation of H3.3S31, ZMYNDL11 is ejected from chromatin (Wen et al., 2014). The
H3K36me3 is enriched at the exons in the alternative splicing process and are low at intron-
less genes (de Almeida et al., 2011). Interestingly, the loss of H3K36me3 at SETD?2 target
genes through SETD2 depletion reduces H3K36me3 and induces alternative splicing (Guo
et al.,, 2014). In addition to its function in alternative transcriptional splicing, ZMYND11
functions as a tumour suppressor. The loss of ZMYND11 binding led to worsened prognosis
in breast cancer patients, while overexpression led to tumour suppression in vitro (Wen et
al., 2014). Altogether, these studies identify the importance of H3K9me3 and H3K36me3 in

regulating chromatin function through reader, writer and eraser proteins.

The misregulation of H3K36me3 has been reported in various diseases, including
neurodegenerative diseases and cancer (Hyun et al., 2017). However, the molecular
mechanism is currently unknown. Nonetheless, the loss of H3K36me3 through the reduction
of KMT3B results in the Sotos syndrome, a neurological disorder characteried by
macrocephaly and cognitive and motor skill deficiencies (Kurotaki et al., 2002). In addition,
the loss of H3K36me3 through the reduction in SETD2 has been associated with the

development of various cancers, including renal cell carcinoma. In addition, the loss of
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H3K36me3 caused a loss of ZMYND11 binding, resulting in worsened prognosis in breast

cancer patients (Wen et al., 2014).

6.1.5 Family of KDM

A prominent demethylase protein family of H3K9me3 and H3K36me3 is the KDM4 family.
To date, five different members of the KDM4 family have been discovered: KDM4A, KDM4B,
KDM4C, KDM4D and KDMA4E (Labbe et al., 2013). These five members share a similar
JmjC domain and a Jumonji N (JmjN) domain. The JmjC domain is critical for demethylase
function where it employs an oxygenase mechanism to demethylate specific histone mono-
, di- and tri-methylated lysine residues, while the JmjN domain interacts with JmjC to provide
structural integrity (Xu et al., 2011, Janke et al., 2017). Interestingly, only KDM4A, KDM4B
and KDM4C consist of other domains such as the Tudor and PHD domains. Studies have
shown that the Tudor domain is vital for binding H3K4me2/me3 and H4K20me2/me3
through their aromatic residues (Lee et al., 2008, Bock et al., 2011). Although the PHD
domain binds unmodified, methylated, and acetylated histone residues on one or more
histone tails, the function of this interaction has yet been studied. A summary of the KDM4

family is shown in Figure 6.1.

The KDM4A, KDM4B and KDM4C genes are located at 1p34.1, 19p13.3 and 9p24.1,
respectively (Labbe et al., 2013). In addition, the KDM4D gene is located at 11921, where it
clusters with both KDM4E and KDM4F genes. Other than KDM4F, which is suggested to be
a pseudogene, the expression of KDM4A, KDM4B, KDM4C, KDM4D and KDM4E has been
documented (Fang et al., 2010, Xiang et al., 2019, Yuan et al., 2016). The KDM4 family is

highly conserved between organisms, suggesting a conserved role in maintaining cell cycle
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progression and survival. For example, triple knockout of KDM4A, KDM4B and KDM4C in
hematopoietic stem cell lead to the accumulation of H3K9me3 on transcription start sites,
resulting in a downregulation of expression of several genes important for the maintenance

of hematopoietic cell identity and survival (Agger et al., 2019).

As previously discussed, the family of KDM4 proteins are vital for the demethylation of
H3K9me3 and H3K36me3 (Wei et al.,, 2017, Xiang et al., 2019, Yuan et al., 2016). In
paediatric gliomas, H3.3 point mutations are frequently found (Chen et al., 2020, Bjerke et
al., 2013). The H3.3K27M, H3.3G34R, H3.3K36M mutations prevent the binding or function
of a number of histone writer and eraser proteins (Voon et al., 2018, Lewis et al., 2013,
Udugama et al., 2021, Fang et al., 2018). For example, the mutation of H3.3K27M reduced
H3K27me2 and H3K27me3 levels but does not affect PRC2 complex recruitment, indicating
that the spread of H3K27me2 and H3K27me3 were inhibited. The removal of H3.3K27M
restores H3K27me2 and H3K27me3 levels which in turn rescues cell proliferation and
prevents the formation of tumors (Harutyunyan et al., 2019). The other mutation, H3.3G34R,
preferentially binds KDM4 and inhibits its demethylase activity, leading to genome wide
gains in H3K9me3 and H3K36me3 (Voon et al., 2018). This global change H3K9/K36 profile
is similar to the chromatin changes found in KDM4 A/B/C triple-knockout cells (Voon et al.,
2018). Finally, the H3.3K36M mutation decreases the levels of H3K36me2 and H3K36me3
and increases H3K27me3 levels indicating and impaired PRC2 complex function (Yuan et
al., 2011, Schmitges et al., 2011). This change impairs the differentiation of mesenchymal

progenitor cells and promotes tumor formation (Lu et al., 2016).

In addition to changing the global chromatin landscape (Voon et al., 2018), H3.3 mutation

also affects genome stability. A recent study from our group has shown H3.3G34R promotes
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ALT maintenance pathway through the inhibition of KDM4B function (Udugama et al., 2021).
Of the five KDM4 proteins, KDM4B has been found to be the key KDM4 protein that is
important for controlling telomere function (Udugama et al., 2021). Although telomeres are
maintained as a heterochromatic domain, KDM4B binding is required for controlling
chromatin accessibility during replication. During replication, KDM4B binds to and removes
H3K9me3 (H3.3K9me3) at telomeres to increase chromatin accessibility and to facilitate
replication. Loss of KDM4B results in replication stress and DNA damage at telomeric
heterochromatin. These findings suggest that ATRX and KDM4B act in cooperation to
maintain a balanced chromatin state at telomeres, which is accessible for replication but

maintained as a stable chromatin domain that inhibits aberrant transcription.
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Figure 6.1: KDM4 family and their domains

The different KDM4 family members, gene location and substrates are shown. The domains relevant

to each member Is also shown. JmjN domain (Maroon), JmjC domain (Red), plant homeodomain

(Green), tudor domain (Grey).
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6.1.6 Aims

This chapter investigates the histone epigenetic modifiers that are affected by H3.3S31ph.
The role of H3.3S31ph at euchromatic region has been substantially studied (Matrtire et al.,
2019, Sitbon et al., 2020, Armache et al., 2020). However, its function at heterochromatin
has not been studied. Previous studies have shown that H3.3S31ph is enriched at
heterochromatic regions, where H3.3 is deposited by ATRX/DAXX, such as the pericentric
repeats and telomeres of ES cells. The previous chapter (chapter 5) has shown the
H3K9me3 and ATRX levels were decreased at the telomeres of S31A-H3.3 cells and
increased in S31E-H3.3 cells. As the levels of H3K9me3 had changed in S31A and S31E-
H3.3 ES cell lines, it is likely that H3.3S31ph regulates the binding of H3K9me3
writer/reader/eraser proteins to maintain heterochromatin formation. A previous study from
our lab has shown that KDM4B, a H3K9me3 and H3K36me3 demethylase, is enriched at
the telomeres of ES cells (Udugama et al., 2021). Furthermore, the increase in DNA damage
suggests a loss of chromatin accessibility and an increase in replication stress, a similar
phenotype of KDM4B knockout (Udugama et al., 2021). Thus, in this chapter, the regulation
of binding and activity by KDM4B with H3.3S31ph is investigated to elucidate the role of
H3.3S31ph in heterochromatin maintenance, ensuring proper chromatin accessibility and

preventing replication stress.
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6.2 Results

6.2.1 H3.3S31ph regulates KDM4B levels at the telomere

Findings in Chapter 5 have shown that the level of heterochromatin marks including
H3K9me3, and ATRX binding are reduced at the telomeres of S31A-H3.3 cells (Figure 5.2.4
and 5.2.8). On the other hand, gains of H3K9me3 and ATRX levels are found at the
telomeres of S31E-H3.3 cells (Figure 5.2.4 and 5.2.8). These findings suggest that H3.3S31
and its phosphorylation promote heterochromatin formation. Given our recent finding that
KDM4B, a H3K9/K36 demethylase, is enriched at the telomeres of mouse ES cells
(Udugama et al., 2021), the changes in H3K9me3 and ATRX levels in S31A and S31E-H3.3

mutant cells could potentially be linked to KDM4B binding to telomeres.

To investigate the relationship between H3.3S31ph and KDM4B function, we first assessed
the enrichment of KDM4B at the telomeres during the cell cycle progression. Mouse ES cells
were synchronized and harvested at G1/S, S and M phases, respectively (Wong et al.,
2009), and subjected to ChIP/gPCR analyses with antibody against KDM4B. The result
showed that KDM4B was enriched at G1/S and S phases but decreased during mitosis
(Figure 6.2.1A). The binding pattern of KDM4B at telomeres is different from H3.3S31ph,
which is only detected during mitosis (Hake et al., 2005, Wong et al., 2009). These findings
suggest that H3.3S31ph and KDM4B do not co-exist at telomeres. Thus, we hypothesised
that H3.3S31ph may promote heterochromatin maintenance at telomeres in mouse ES cells

by preventing binding of KDM4B.

Next, to investigate if the reduction in H3K9me3 level at telomeres was caused by increased

KDM4B levels in S31A-H3.3 cells (Figure 5.2.8iv), ChIP/gPCR analyses with antibody
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against KDM4B were performed. Compared to wild-type-H3.3 cells, KDM4B level was
substantially increased at telomeres in S31A-H3.3 cells (Figure 6.2.1B). There was no
significant change in KDM4B level at telomeres in S31E-H3.3 cell lines. These observations
suggest that the gains of KDM4B are likely responsible for the losses of H3K9me3 and

ATRX at telomeres in S31A-H3.3 cells (Figure 5.2.8iv).

To further investigate whether the H3.3S31ph mark, or lack thereof, may alter the ability of
KDM4B to bind and detach during cell cycle progression, the enrichment of KDM4B at the
telomeres during different stages of the cell cycle in S31A and S31E-H3.3 mutant mouse
ES cells was investigated. Wild-type, S31A and S31E-H3.3 mouse ES cells were
synchronized and then harvested at G1/S, mid S, late S and M phases, respectively, prior
to ChIP/qPCR analyses with antibody against KDM4B. Compared to the levels of KDM4B
at telomeres in wild-type H3.3, KDM4B level was increased at telomeres in S31A-H3.3 cells
throughout the cell cycle. The increase in KDM4B binding at telomeres in S31A-H3.3 cells
was most prominent at mid S phase, with an approximate 5.7-fold increase (Figure 6.2.1C).
These observations suggest that H3.3S31ph plays a role in regulating KDM4B binding to
telomeres, and this could account for the changes in H3K9me3 levels at the telomeres of

S31A and S31E-H3.3 mutant ES cells (Figure 5.2.8iv).

Given that H3K36me3 was also a target of KDM4B, the impacts of S31A and S31E
substitutions on H3K36me3 levels were also investigated (Xiang et al., 2019, Wei et al.,
2017, Voon et al., 2018). ChIP/gPCR on S31A and S31E-H3.3 cells with an antibody specific
to H3K36me3 showed a slight decrease of H3K36me3 at the telomeres of S31A-H3.3 cells.
This is not surprising considering that the level of H3K36me3 was not an abundant histone

mark at telomeres. However, a substantial increase in H3K36me3 level was found at the
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telomeres of in S31E-H3.3 cells (Figure 6.2.1D). These results provide further evidence that

KDM4B binding at telomeres is regulated by H3.3S31ph.
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Figure 6.2.1: KDM4B is enriched during S phase at the telomeres of ES cells

(A) ChIP/gPCR analyses were performed on mouse wild-type ES cells synchronized to G1/S, S and
M (mitosis) phases, respectively, with KDM4B antibody. KDM4B levels at the telomeres were
enriched at both G1/S and S phase and are lost by mitosis. (B) ChIP/gPCR analyses were performed
on wild-type, S31A and S31E-H3.3 cell lines with KDM4B antibody. KDM4B level was found to be
greatly increased at the telomeres of S31A-H3.3 cells but not in S31E-H3.3 cells. (C) ChIP/gPCR
analyses were performed using an antibody against KDM4B on wild-type, S31A and S31E-H3.3 cell
lines synchronized to G1/S phase, S phase and Mitosis. Compared to wild-type H3.3, an
approximate 1.8-fold, 5.7-fold and 2.4-fold increase in KDM4B at the telomeres was observed for
G1S, S phase and mitosis for S31A H3.3 cells. In contrast, compared to wild-type H3.3, an
approximately 1.6-fold increase in KDM4B at the telomeres was observed for S phase in S31E-H3.3
cells. KDM4B levels at the telomeres of S31E-H3.3 cells during G1S and mitosis were similar to wild-
type H3.3 cells. (D) ChIP/qPCR analyses were performed with an antibody against H3K36me3 on
wild-type, S31A and S31E-H3.3 cell lines. H3K36me3 levels decreased at the telomeres of S31A-
H3.3 cells and increased at the telomeres of S31E-H3.3 cells. All results were normalised to input
and H3 levels at GAPDH. Error bars represent S.E.M.. N=3. P values (shown in graphs) were

calculated using two sample t-test.
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6.2.2 H3.3S31ph regulates KDM4B binding in vivo

The increased level of KDM4B together with the loss of H3K9me3 at the telomeres in S31A-
H3.3 cells suggest that H3.3S31 and its phosphorylation may regulate KDM4B binding.
Therefore, the interaction between H3.3S31A and H3.3S31E mutations with KDM4B was
investigated by performing protein immunoprecipitation. To address this, FLAG-tagged
KDM4B (FLAG-KDM4B) was expressed in wild-type, S31A and S31E-H3.3 cells followed
by immunoprecipitation using an antibody against FLAG. The results showed increased
binding between H3.3S31A and KDM4B compared to wildtype H3.3 (Figure 6.2.2). In
contrast, binding between H3.3S31E and KDM4B was barely detectable (Figure 6.2.2).
These findings are consistent with the model that KDM4B level is increased at telomeres in
S31A-H3.3 cells (Figure 6.2.1B), and the high level of KDM4B drives the demethylation of

H3K9me3 (Figure 5.2.8iv).
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Figure 6.2.2: H3.3S31ph regulates KDM4B binding in ES cells

(A) Wild-type, S31A and S31E-H3.3 cell lines were transfected with FLAG-KDM4B followed by
immunoprecipitation with an antibody against FLAG-tag. Immunoblotting with antibodies specific to
FLAG-tag and H3.3 were performed, respectively, to determine the binding between KDM4B and,
H3.3S31A and H3.3S31E. Compared to wild-type H3.3, a high level of H3.3S31A was bound to

FLAG-KDM4B, whereas there was a lower interaction between H3.3S31E and FLAG-KDM4B.
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6.2.3 H3.3S31ph regulates KDM4B function in vitro

To further investigate if H3.3S31ph regulates KDM4B activity, four different H3.3S31
peptides carrying the H3.3K36me3 modification were generated. The four H3.3S31 peptides
contained i) H3.3-K36me3 (wild-type), ii) H3.3S31A-K36me3, iii) H3.3S31ph-K36me3, and
iv) H3.3S31E-K36me3, respectively (Figure 6.2.3). The H3.3K36me3 modification was
chosen as it is a target of KDM4B, was in close proximity to H3.3S31ph (Wei et al., 2017)
and the limitations on peptide length. The in vitro demethylation assay was performed using
KDM4B recombinant proteins, and the activity of KDM4B was assessed through the

demethylation of H3.3-K36me3.

With the generated peptides, in vitro demethylase assays were performed with KDM4B
protein followed by mass spectrometry analyses of the peptides to determine if KDM4B
binding and activity is regulated by H3.3S31ph (Figure 6.2.4). KDM4B demethylated
K36me3 in H3.3-K36me3 (wildtype, non-phosphorylated) and the H3.3S31A-K36me3
(phospho-null peptide) with equal proficiency (Figure 6.2.4i and ii). In contrast, KDM4B was
unable to demethylate K36me3 in H3.3S31ph-K36me3 (phosphorylated) and H3.3S31E-
K36me3 (phospho-mimic peptide) (Figure 6.2.4iii and iv). This indicated that
unphosphorylated H3.3S31 promotes KDM4B binding and activity while phosphorylated
H3.3S31 inhibits KDM4B binding and activity. Furthermore, these results suggest that the
changes in ATRX (Figure 5.2.8iii), H3K9me3 (Figure 5.2.8iv) and H3.3 (Figure 5.2.8v)
levels at the telomeres of S31A and S31E-H3.3 mutant cell line were due to the variation of

KDM4B binding (Figure 6.2.1B and 6.2.2) and activity (Figure 6.2.4).
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Figure 6.2.3: Schematic of H3.3 peptides generated for in vitro demethylase assay

(i) H3.3-K36me3 (wild-type), (ii) H3.3S31A-K36me3, (iii) H3.3S31ph-K36me3 and (iv) H3.3S31E-
K36me3 were generated for in vitro demethylase assay. The region of H3.3 spanning aa 21 to aa
44 was used to generate the peptides. As a positive control for demethylase activity, H3.3-K36me3
(wild-type) was used in the assay. H3.3S31ph-K36me3 and H3.3S31E-K36me3 were used to
determine if phosphorylated H3.3S31 prevented KDM4B activity, while H3.3S31A-K36me3 was
used to determine if the lack of H3.3S31 phosphorylation promoted KDM4B activity. The peptides

also carried a Biotin tag.
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Figure 6.2.4: H3.3S31ph prevents KDM4B-mediated demethylation of H3.3K36me3 in vitro

(i) H3.3K36me3 (wild-type), (i) H3.3S31AK36me3 (iii) H3.3S31phK36me3, and (iv)
H3.3S31EK36me3 peptides were incubated with and without KDM4B recombinant protein prior to
being subjected to MALDI-TOF analyses. Following incubation with recombinant KDM4B, K36me3
levels were decreased to 40.3%, 65.8%, 86.6% and 90.2% on H3.3K36me3 (wild-type),
H3.3S31AK36me3, H3.3S31phK36me3 and H3.3S31EK36me3 peptides, respectively. In line with
the changes in K36me3, higher levels of K36me2 levels were detected with the H3.3K36me3 (wild-
type) (57.5%) and H3.3S31AK36me3 (34.2%) peptides. In contrast, when H3.3S31phK36me3 and
H3.3S31EK36me3 peptides were used, the increases in K36me2 levels were lower at 13.4% and
9.8%, respectively. These changes suggest that K36me3 demethylation by KDM4B was less efficient
on H3.3S31phK36me3 and H3.3S31EK36me3 peptides. Red lines show H3.3K36mel,
H3.3K36me2 or H3.3K36me3 between the absence and presence of KDM4B and are labelled

corresponding to the tables. A summary of each analysis is shown in the tables provided.
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6.2.4 Knockdown of KDM4B rescues heterochromatin formation in S31A-H3.3 cells

As previously shown, H3.3S31ph and S31E-H3.3 block KDM4B functions (Figure 6.2.1B,
6.2.2 and 6.2.4iii, iv) and increased H3K9me3 heterochromatin levels at the telomeres in
S31E-H3.3 cells (Figure 5.2.8iv). Thus, it is unlikely that the loss of KDM4B in S31E-H3.3
cells will decrease and rescue H3K9me3 levels at the telomeres in S31E-H3.3 cells.
However, S31A-H3.3 increased binding (compared to wildtype-H3.3; Figure 6.2.1B and
6.2.2) and KDM4B function (compared to unphosphorylated H3.3S31 peptide) (6.2.4iii, iv),
decreasing H3K9me3 heterochromatin levels at the telomeres in S31A-H3.3 cells (Figure
5.2.8iv). Thus, the rescue of H3K9me3 heterochromatin at telomeres through the loss of

KDM4B in S31A-H3.3 cells, but not S31E-H3.3 cells, was next investigated.

The knockdown of KDM4B was performed in wild-type and S31A-H3.3 cells using siRNA
oligonucleotides specific to KDM4B (siRNA sequence shown in Chapter 2.13). To
determine the efficiency of the KDM4B siRNA and the optimal time for KDM4B knockdown,
gRT-PCR analyses were performed on the respective RNA extracted from cells after 24h
and 48h of KDM4B siRNA knockdown. KDMA4B transcripts were decreased by
approximately 30% and 60% in both wild-type-H3.3 cells and S31A-H3.3 cells, respectively,
after KDM4B knockdown (Figure 6.2.5). Given that the loss of KDM4B was similar for wild-
type and S31A-H3.3 cells at 24 and 48 hours (Figure 6.2.5Aii, Bii), the 24-hour time point

was selected for KDM4B knockdown experiments.
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Figure 6.2.5: KDM4B siRNA oligonucleotides depletes KDM4B expression in wild-type and

S31A H3.3 cells

Wild-type and S31A-H3.3 cells were transfected with either control scramble siRNA or KDM4B
siRNA oligonucleotides for 24h or 48h before RNA extraction. gRT-PCR was performed, and the
KDM4B expression levels were normalised with GAPDH (negative control) and scramble siRNA
transfected cells. Three different primer sets specific to the respective KDM4B region was used to
determine KDM4B expression (Primer 1: Exon 5, Primer 2: Exon 6/7 and Primer 3: Exon 7/8). (Ai)
After 24h of KDM4B knockdown, KDM4B expression decreased by approximately 30% in wild-type-
H3.3 cells. (Aii) No further decrease was observed after 48h of KDM4B knockdown. (Bi) After 24h
of KDM4B knockdown, KDM4B expression decreased by approximately 60% in S31A-H3.3 cells.

(Bii) No further decrease was observed after 48h of KDM4B knockdown.
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Next, to investigate if the knockdown of KDM4B rescued H3K9me3 heterochromatin and
ATRX binding levels at the telomeres of S31A-H3.3 cells, immunofluorescence analyses
were performed using an antibody against ATRX following KDM4B knockdown. ATRX is
known to be enriched at heterochromatic regions including the telomeres and pericentric
regions where it loads H3.3 onto chromatin (Lewis et al., 2010, Wong et al., 2010, Gibbons
et al., 2008, McDowell et al., 1999). However, the substitution of H3.3S31A with wildtype

H3.3 resulted in a loss of ATRX at the pericentric regions and the telomeres (Figure 5.2.4).

With the depletion of KDM4B, wild-type-H3.3 cells did not show a change in ATRX level at
the telomeres (Figure 6.2.6). In contrast, the knockdown of KDM4B in S31A-H3.3 cells led
to increases in ATRX levels not only at the telomeres but also the pericentric regions of
interphase cells. These observations suggest that the gain in KDM4B binding was likely
responsible for the loss of ATRX at telomeres in S31A-H3.3 cells. In addition, KDM4B could
also be driving the loss of heterochromatin at pericentric region in S31A-H3.3 cells since the

depletion of KDM4B also leads to increased ATRX binding.
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Figure 6.2.6: ATRX levels are rescued in S31A-H3.3 cells after KDM4B knockdown

Immunofluorescence analyses were performed on wild-type and S31A-H3.3 cells after 24h KDM4B
knockdown with antibody against ATRX (green) followed by Tel-FISH (red) to determine the
enrichment of ATRX. Tel-FISH was used as a telomere marker. (i) ATRX colocalised with Tel-FISH
signals at the telomeres of interphase wild-type-H3.3 cells (colocalised with Tel-FISH; arrows). The
enrichment of ATRX at the telomeres and pericentric regions were similar between scramble and
KDM4B knockdown wild-type-H3.3 cells. ATRX was barely detectable in S31A-H3.3 cells. Following
KDM4B knockdown, ATRX was enriched at the telomeres (colocalised with Tel-FISH; arrows) and
pericentric regions of S31A-H3.3 cells. (ii)) ATRX/Tel-FISH colocalisation foci were quantified. 30 foci
per cell was counted. N= 20. Error bars represent S.E.MDAPI was used as a nuclear counterstain.

Scale bar represents 4 pym.
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Previously, the aberrant staining pattern and decreased localisation of PML to the telomeres
of S31A-H3.3 cells was shown (Figure 5.2.6). To investigate if the increased KDM4B level
and activity was directly related to the aberrant staining pattern and decreased localisation
of PML at the telomeres, immunofluorescence analyses using specific antibody against PML
were performed following KDM4B knockdown. Wild-type-H3.3 cells showed no change in
the colocalisation between telomeres and PML bodies following KDM4B knockdown (Figure
6.2.7). In contrast, the knockdown of KDM4B in S31A-H3.3 cells led to increased localisation
of telomeres to PML bodies (Figure 6.2.7ii). These findings suggest that increased KDM4B

binding at telomeres inhibit the localisation of telomeres to PML bodies.
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Figure 6.2.7: PML levels are rescued in S31A-H3.3 cells after KDM4B knockdown

Immunofluorescence analyses were performed on wild-type and S31A-H3.3 cells after 24h KDM4B
knockdown with antibody against TERF1 (green) and PML (red) to determine the enrichment of PML.
TERF1 was used as a telomere marker. (Ai) In interphase cells, PML colocalised with TERF1 at the
telomeres of interphase wild-type-H3.3 cells with and without KDM4B knockdown (arrows). In S31A-
H3.3 cells, PML colocalisation with TERF1 at the telomeres was low with aberrant staining pattern.
With KDM4B knockdown, PML levels and staining pattern in S31A-H3.3 cells were rescued to
wildtype levels. DAPI was used as a nuclear counterstain. Scale bar represents 4 um. (ii) The
percentage of PML/TERF1 colocalisation foci in wildtype-H3.3 and S31A-H3.3 cells, with and without
KDM4B were quantified. P values were calculated using student’s T-Test (**: p< 0.05, *: p<0.1, ns:

not significant)
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Previous studies have shown that H3K9me3 recruits HP1a to compact chromatin by forming
homodimers, condensing chromosome to maintain heterochromatin and prevent
transcription (Hirota et al., 2005, Cheutin et al., 2003, Fischle et al., 2005). Thus, the levels
of HP1a in S31A-H3.3 cells were investigated after KDM4B knockdown.
Immunofluorescence analyses using a specific antibody against HP1a showed that HP1a
levels in wild-type-H3.3 cells were similar despite KDM4B knockdown (Figure 6.2.8).
However, HP1a levels in S31A-H3.3 cells were substantially increased at the pericentric
regions and telomeres after KDM4B knockdown (Figure 6.2.8i). These results suggest that
H3.3S31ph is regulates binding of KDM4B and heterochromatin-related proteins including
ATRX and HP1a to maintain the heterochromatin structure at telomeres and pericentric

regions
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Figure 6.2.8: HP1a levels are rescued in S31A-H3.3 cells after KDM4B knockdown

Immunofluorescence analyses were performed on wild-type and S31A-H3.3 cells after 24h KDM4B
knockdown with antibody against HP1a (red) and TERF1 (green) to determine the rescue of HP1a.
TERF1 was used as a telomere marker. HP1a levels were unchanged in wild-type-H3.3 cells
following KDM4B knockdown. HP1a levels at the telomeres (arrows) and pericentric regions were
rescued in S31A-H3.3 cells after KDM4B knockdown. DAPI was used as a nuclear counterstain.

Scale bar represents 4 pm.
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Finally, to assess the changes of ATRX, H3K9me3 and H3.3 levels at the telomeres of wild-
type and S31A-H3.3 cells after KDM4B knockdown, ChIP/gPCR analysis was performed.
The results showed that levels of ATRX (Figure 6.2.9i), H3K9me3 (Figure 6.2.9ii) and H3.3
(Figure 6.2.9iii) were increased compared to the levels in cells transfected with scramble
siRNA. However, the transient knockdown of KDM4B was insufficient to completely restore
ATRX, H3K9me3 and H3.3 levels, and this suggest that a longer period of KDM4B depletion

is required for full restoration of heterochromatin levels at the telomere in H3.3 A31 cells.
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Figure 6.2.9: H3.3S31ph regulates KDM4B to maintain heterochromatin at the telomeres

ChIP/gPCR analyses were performed on wild-type and S31A-H3.3 cell lines after KDM4B
knockdown for 24h, followed by immunoprecipitation with antibodies against ATRX, H3K9me3, and
H3.3. Results were normalised to input and H3 levels at GAPDH. Knockdown of KDM4B increased
(i) ATRX, (ii) H3K9me3 and (iii) H3.3 levels at the telomeres of wild-type and S31A-H3.3 cell lines
when compared to their untreated counterpart. Error bars represent S.E.M.. N=3. P values (shown

in graphs) were calculated using two sample t-test.
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6.3 Discussion

Histone H3.3 is a unique histone H3 variant which is loaded at euchromatic regions by the
histone chaperone HIRA and at heterochromatin by the histone chaperone ATRX/DAXX
(Szenker et al., 2011), indicating the dynamic role of H3.3 in both transcriptional activation
and silencing. Unique to H3.3 is a serine reside at position 31 and, both the residue and its
phosphorylation are highly conserved between eukaryotes (Hake et al., 2005, Chang et al.,
2015, Hinchcliffe et al., 2016, Sitbon et al., 2020, Schulmeister et al., 2007). Recent studies
have identified the role of H3.3S31ph in transcriptional activation (Martire et al., 2019,
Armache et al., 2020, Sitbon et al.,, 2020), however, the function of H3.3S31ph at
heterochromatic regions has not been established. This chapter has provided evidence for
a previously unrecognised role of H3.3S31ph in heterochromatin maintenance through the

regulation of KDM4B, a lysine demethylase.

This chapter has shown that unphosphorylated H3.3S31 (and H3.3S31A) promotes KDM4B
binding and activity while phosphorylated H3.3S31 (and H3.3S31) inhibits the binding and
activity of KD4AMB (Figure 6.2.2 and 6.2.4). Supporting this discovery, S31A-H3.3 cells
showed increased KDM4B binding at the telomeres (Figure 6.2.1) and, the depletion of
KDM4B in S31A-H3.3 cells enhanced telomeric localisation of PML (Figure 6.2.7). In
addition, the depletion of KDM4B in S31A-H3.3 cells rescued HP1a (Figure 6.2.8) H3K9me3
(Figure 6.2.9i), ATRX (Figure 6.2.6 and 6.2.9ii), and H3.3 (Figure 6.2.9iii), at the
telomeres. These results are consistent with a previous finding where the formation of PML
bodies around telomeres has been found to be dependent on H3K9me3 and HP1a
(Udugama et al., 2021). Thus, the lack of H3.3S31ph in S31A-H3.3 cells promoted
uncontrolled KDM4B demethylation activity, leading to losses of H3K9me3 level and PML

body recruitment at the telomeres. In this chapter, focus was given to the knockdown of
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KDM4B in S31A-H3.3 cell line due to the gain in KDM4B binding and increased KDM4B
activity when compared to wildtype-H3.3. However, future experiments examining the
knockdown of KDM4B in S31E-H3.3 cell lines will elucidate the function of H3.3S31ph in

heterochromatin regulation.

A recent study has proposed that H3.3S31ph attracted factors involved with transcriptional
activation of key developmental genes in interphase cells and repulsed factors involved in
chromosome condensation in mitotic cells (Sitbon et al., 2020, Clevers, 2006, Liu and Millar,
2010). Supporting this theory, other studies have shown that H3.3S31ph regulate the
binding of repressor protein ZMYND11 (Wen et al., 2014, Guo et al., 2014) and the histone
acetyltransferase p300 (Matrtire et al., 2019, Armache et al., 2020). This chapter has shown
evidence that H3.3S31ph acts as a switch to regulate KDM4B binding and activity at the
telomeres. A previous study has shown that KDM4A, demethylates H3K9me3, preventing
HPla binding, to control chromatin accessibility of a late-replicating heterochromatic satellite
region while the overexpression of KDM4A advances S-phase entry (Black et al., 2010,
Klose et al., 2006). The results in this chapter support the hypothesis that KDM4B regulates
heterochromatin assemblly at telomeres during replication (Udugama et al., 2021). The
depletion of KDM4B increased H3K9me3 and HP1a levels at the telomeres, leading to
increased replication stress and DNA damage at the telomeres (Udugama et al., 2021).
Thus, it is likely that the high levels if DNA damage in S31E-H3.3 cells (Figure 5.2.9) were
due to the inability of KDAMB to demethylate H3K9me3, leading to high levels of H3K9me3
during replication. This high level of H3K9me3 may inhibit DNA polymerase accessibility,
inducing DNA damage at the telomeres. Consistent with this hypothesis, S31E-H3.3 cells
showed increased DNA damage at other H3.3S31ph enriched heterochromatin sites such

as pericentric heterochromatin repeats (Figure 5.2.10). These studies and results suggest
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that KDM4B may play a similar role to KDM4A demethylase in antagonising HP1a

recruitment to regions including pericentric heterochromatin repeats (Klose et al., 2006).

This thesis proposes that H3.3S31ph acts as a switch to regulate ATRX and H3K9me3
levels and heterochromatin accessibility at DNA repeats such as the telomeres and
pericentric regions. The absence of H3.3S31ph at these sites promotes recruitment of
KDM4B, reducing H3K9me3 levels to facilitate replication at heterochromatin. ATRX was
found to have a function at the telomeres during mitosis to promote the resolution of sister
telomeres in mitosis (Ramamoorthy and Smith, 2015). Thus, its increase during mitosis is
not surprising in addition to H3.3 loading at the occurs throughout the cell cycle. Following
replication completion, H3.3S31 is phosphorylated and it prevents the demethylation of
H3K9me3 by KDM4B, facilitating a heterochromatin state until the next G1/S phase (Figure
6.3.1). The results have elucidated a molecular pathway whereby H3.3S31ph preserves
heterochromatin through the regulation of KDM4B, H3K9me3 and ATRX and, may be useful
in investigating if the increased H3.3S31ph observed across the chromosome arms of
ATRX-mutated ALT-cancer cells follow this molecular pathway. Altogether, this thesis has
shown that H3.3S31ph is important for protein binding regulation to maintain

heterochromatin, providing insights to the role of H3.3S31ph in regulating genome integrity.
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Figure 6.3.1: Proposal of H3.3S31ph and its regulation of heterochromatin

Heterochromatic regions such as the telomeres and pericentric regions are enriched with ATRX in
interphase cells (Lovejoy et al., 2012, Voon and Wong, 2016, Wong et al., 2010, Xue et al., 2003).
To maintain a heterochromatin state, ATRX recognises H3.3K9me3 and unmethylated H3K4 to
deposit newly synthesised H3.3 onto chromatin. The presence of ATRX, which promotes the
formation of H3K9me3 heterochromatin, prevents KDM4B from demethylating H3K9me3. Despite
being maintained as a heterochromatin domain, KDM4B binding at telomeres and pericentric regions
is required to increase chromatin accessibility to allow DNA polymerase recruitment and progression
during replication at late S/G, phase. However, following the completion of replication, KDM4B
binding needs to be removed in order to restore the heterochromatin state. Furthermore, presence
of H3.3S31ph increases ATRX at the telomeres during mitosis and prevents the binding and activity
of KDM4B in removing H3K9me3 at telomeres and pericentric regions. Following the end of mitosis
and entry into G1, H3.3S31ph signal is lost and this then allows the binding of KDM4B to telomeres.
Overall, we propose a model which ATRX and KDM4B act to maintain a balance of heterochromatin
at repetitive DNA including telomeres and pericentric heterochromatin, and H3.3S31ph plays a key
role in regulating heterochromatin accessibility through the control of KDM4B function during the

progression of cell cycle.
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Chapter 7. Final Discussions and

Future Directions
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7.1 Summary and Conclusions

The proper maintenance of the heterochromatin structure at telomeres is essential for their
proper function and for genome protection. Numerous studies have shown that the loss of
heterochromatin formation at the telomeres lead to aberrant telomere lengthening,
dysregulated transcription, and severe DNA damage (Udugama et al., 2015, Amorim et al.,
2016, Garcia-Cao et al., 2004, Benetti et al., 2007, de Lange, 2005). The protection of the
telomeres is regulated by the Shelterin complex which prevents DNA damage response

activation and aids in the formation of the t-loop to mask the linear ends (de Lange, 2005).

In earlier studies, AURKB has been shown to localise only to the centromeric region, where
it functions to ensure proper progression of mitotic events (Ditchfield et al., 2003, Andrews
et al.,, 2004, Gadea and Ruderman, 2005). Although AURKB has been implicated in
regulating telomere length (Mallm and Rippe, 2015), the direct role of AURKB remains
unknown. This thesis has redefined the role of AURKB in regulating chromosome function
by showing that it is required for telomere maintenance in mouse ES cells (Chan et al.,
2017). The localisation of AURKB at the telomeres is unique to ES cells, and the loss of
AURKB caused MTS formation. This ES cell-specific function of AURKB indicates that
AURKB may be required for regulating the unique chromatin environment at the telomere in
pluripotent cell types. MTS formation is a well-known phenotype of the depletion of a
telomere specific protein, TERF1 (Martinez et al., 2009, Sfeir et al., 2009). The analyses of
TERF1 mutants shows that AURKB phosphorylates S404-TERF1, which prevents TERF1-
binding to the telomeres. Although the long-term loss of TERF1 binding (including S404E-
TERFL1 expression) was associated with telomere lengthening (van Steensel and de Lange,
1997, Smogorzewska et al., 2000, Chan et al., 2017), other PTMs on TERF1 may also play

a role in TERFL1 binding to the telomeres to maintain telomere integrity (Beier et al., 2012,
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Lee et al., 2009, McKerlie and Zhu, 2011, Zimmermann et al., 2014). The presence of MTS
formation is indicative of an increase in replication fork stalling at the telomeres (Sfeir et al.,
2009). This replication fork stalling is prevented by helicases such as BLM RecQ and RTEL1
(Opresko et al., 2002). As the loss of these helicases also causes MTS formation (Ding et
al., 2004, Martinez et al., 2009, Lillard-Wetherell et al., 2004), they likely play a role with
TERF1 in maintaining telomere integrity. Thus, further investigation of TERF1 by other
kinases that regulate its binding and its role in recruiting helicases to prevent replication fork

stalling is required.

The localisation of AURKB at the telomeres of ES cell indicates a dynamic function of
telomere chromatin maintenance within ES cells. AURKB is a key kinase that
phosphorylates H3.3 at various residues, including S10 (Li et al., 2017b), S28 (Goto et al.,
2002) and S31 (Li et al.,, 2017a). H3.3S31 is likely phosphorylated by AURKB at the
telomeres considering H3.3S31 is a substrate at the pericentric regions (Li et al., 2017a,
Ahmad and Henikoff, 2002). To date, although various studies has shown the enrichment of
H3.3S31ph at the pericentric regions (Li et al., 2017a, Schulmeister et al., 2007, Sitbon et
al., 2020, Hake et al., 2005, Armache et al., 2020), the enrichment of H3.3S31ph at the
telomeres has only been studied in embryonic germ and embryonic stem cells (Wong et al.,
2009). However, the role and function of H3.3S31ph in telomere function and
heterochromatin function is unknown. Thus, studying the unique role of H3.3S31ph in
heterochromatin maintenance is critical for understanding ES cell telomere maintenance
and heterochromatin maintenance. The deposition of H3.3 at heterochromatic regions,
including the pericentric regions and telomeres, by ATRX/Daxx and, the enrichment of
H3.3S31ph at these regions indicates a role of H3.3S31ph in heterochromatin regulation.

To investigate the role of H3.3S31ph, endogenous H3.3-null S31A and S31E-H3.3 mutant
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cell lines were generated using a H3.3 conditional knockout ES cell model (Tang et al.,
2013a). Unlike other studies that have used tagged H3.3 to study the function of H3.3S31
and its phosphorylation (Martire et al., 2019, Sitbon et al., 2020, Armache et al., 2020), our
model expressed H3.3 without a tag, as a protein tag could affect H3.3-dependent

nucleosome formation and chromatin assembly (Voon and Wong, 2016).

H3.3S31ph is enriched at the telomeres of ES cells (Wong et al., 2009). In addition, ES cells
telomeres have highly regulated levels of HMTs SUV4-20H and SUV39H where the loss of
SUV4-20H and SUV39H in ES cells caused a loss of H4K20me3 and H3K9me3 levels at
the telomeres, resulting in telomere elongation and recombination (Benetti et al., 2007,
Wang et al., 2012). Together with our finding that AURKB localises to the telomeres of ES
cells (Chan et al., 2017), these studies highlight the importance of telomere chromatin
maintenance in ES cells. (Garcia-Cao et al., 2004, Benetti et al., 2007)Our findings show that
H3.3S31ph prevents KDM4B binding resulting in increased H3K9me3 levels at the telomeres.
In addition, H3.3S31ph was shown to increase SETD2 levels to increase H3K36me3 levels
(Armache et al., 2020). As cells undergo differentiation, the telomere chromatin state also changes,
with loss of proteins including ATRX (Wong et al., 2010), H3.3 (Wong et al., 2010) and AURB (Chan
etal., 2017) and, increased H3K9me3 and H4K20me3 (Garcia-Cao et al., 2004, Benetti et al., 2007,
Wong et al., 2009, Wong et al., 2010). It is possible that in differentiated cells, he loss of H3.3 and
H3.3S31ph at the telomeres, may drive the maintenance of heterochromatin through other
regulatory mechanism including modifications including the phosphorylation of Threonine 6 and 11
which promotes the removal of H3K9me3 by KDM4C (Metzger et al., 2008, Metzger et al.,

2010).
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The loss of H3S10ph and H3S28ph causes aberrant cell-cycle progression and aberrant
chromatin maintenance (Hirota et al., 2005, Li et al., 2017b, Goto et al., 2002, Hochegger et
al., 2013). Thus, it was interesting when the expression of S31A and S31E-H3.3 did not
cause aberrant cell-cycle progression in mouse ES cells. In contrast to the findings in other
cell types, the loss of H3.3S31ph caused a severe loss of heterochromatin, indicated by
losses of H3K9me3, ATRX and HP1a, at the telomeres. This thesis shows evidence for a
novel role of H3.3S31ph in controlling heterochromatin maintenance at telomeres through
regulation of KDM4B demethylase. H3.3S31 acts as a phosphorylation switch which
regulates H3K9me3 heterochromatin. The unphosphorylated form of H3.3S31 promotes
demethylation by KDM4B, while H3.3S31 phosphorylation prevents KDM4B binding and
inhibits its demethylase activity, which in turn preserves H3K9me3 heterochromatin at the
telomeres. In addition, this thesis also provides evidence that formation of PML bodies
around telomeres require H3.3S31ph. The loss of PML body formation at the telomeres
suggests that H3.3S31ph is essential for ATRX/Daxx recruitment to PML bodies (Delbarre
et al., 2013, Delbarre et al., 2017). These observations also agree with our recent finding
that the formation of PML bodies around telomeres is dependent on H3K9me3 and HP1a

(Udugama et al., 2021).

Notably, H3.3S31ph levels are substantially increased across the chromosome in ATRX-
mutated cancers that utilise the ALT (Alternative Lengthening of telomeres) telomere
maintenance pathway (Chang et al., 2015). Thus, it is tempting to speculate that H3.3S31ph
could be important for preventing KDM4B binding and the excessive loss of heterochromatin
in the absence of ATRX in these cancers. A recent study has proposed that H3.3S31ph can
act either by attracting or repulsing protein factors (Sitbon et al., 2020). Specifically,

H3.3S31ph has been shown to regulate binding of chromatin repressor ZMYND11 (a factor
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involved in intron retention that recognises H3K36me3) that reads unphosphorylated
H3.3S31 and H3.3K36me3. Upon the phosphorylation of H3.3S31, ZMYND11 dissociates
from chromatin (Wen et al., 2014), similar to the disrupted binding of KDM4B to H3.3 at
telomeres in S31E-H3.3 ES cells. H3.3S31ph may facilitate a specific function within
chromatin by acting as a switch that regulates protein binding. It would be interesting to
investigate if the cancer driver H3.3K27M and G34R mutations affect H3.3S31ph in
paediatric glioblastomas, and if this in turns affects protein associated with H3.3 and

contributes to oncogenesis.

Another interesting finding was the lack of changes in H3K27ac in S31A-H3.3 cells (Figure
5.2.3). A previous report showed that the expression of HA-tagged S31E-H3.3 in H3.3
depleted Xenopus laevis embryos led an increased H3K27ac and decreased H3K27me3
levels. In addition, to the changes in H3K27ac and H3K27me3 levels, H3.3S31ph ejected
ZMYND11 form chromatin, allowing transcriptional activation. Contrary to this report, we did
not observe significant changes in global H3K27ac and H3K27me3 levels. However,
complementing the increased levels of H3K36me3 observed in our S31E-H3.3 cells,
increased H3K36me3 levels were observed in H3.3S31E recombinant nucleosomes after
incubation with SETD2 (Armache et al., 2020). Our results suggest that in addition to the
increased methylation activity by SETD2, H3.3S31E, or H3.3S31ph, prevents KDM4B
demethylase activity. This suggests that H3.3S31ph is unique in regulating the H3K36me3,
and H3K9me3 through regulating writer proteins to maintain heterochromatin regulation.
The changes observed may be due to the different cell types used (Xenopus laevis embryos
and mouse ES cell). However, more biological replicates of H3K27ac and H3K27me3 levels
immunoblotting should be performed to attain a reliable sample number. In addition, it is

possible that these changes are more prominent at euchromatic regions, and thus, further
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experiments such as ChIP-Seq needs to be performed to elucidate the changes in H3.3

post-translational modification.

Our findings also show that H3.3S31A increases KDM4B binding. As the N-terminal region
of H3.3S31A is the same as canonical H3, it is possible that the alanine 31 on H3 promotes
KDM4B binding as well. On histone H3, the phosphorylation of other residues on H3 such
as Threonine 6 and 11 promotes the removal of H3K9me3 by KDM4C (Metzger et al., 2008,
Metzger et al., 2010). In addition, phosphorylation of the Threonine 6 residue on Histone H3
prevents lysine specific demethylase 1-mediated removal of methylated or di-methylated
Lysine 4 residue on Histone H3 (Metzger et al., 2010), further promoting transcriptional
activcation. Furthermore, the phosphorylation of H3S10 ejects HP1a, which binds H3K9me3
to compact chromatin (Hirota et al., 2005). These studies show that H3 phosphorylation
promotes transcriptional activation. Thus, the binding efficiency of KDM4B with canonical
H3 at Alanine 31 should be investigated to add insights into the regulation of
heterochromatic marks on H3. As H3.3S31ph is enriched at repetitive regions (Wong et al.,
2009), the role of H3.3S31ph in preventing KDM4B binding might be site specific. Thus,
H3.3S31ph function in preventing KDM4B binding at euchromatic regions should also be
investigated as H3.3S31ph ejects ZMYND11 from chromatin for transcriptional activation
(Armache et al., 2020), to give a holistic understanding of H3.3S31ph function. Nonetheless,
our findings add to previous knowledge of SETD2 and ZMYND11 being regulated by
H3.3S31ph by introducing KDM4B as another target of H3.3S31ph function in repelling

KDM4B to maintain heterochromatin.
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7.2 Future directions

Based on the work presented in this thesis, there are several avenues for further
investigation that can be explored. The S31A and S31E-H3.3 ES cell lines have shown to
be useful for elucidating the function of H3.3S31ph. In addition to KDM4B, ZMYND11 (Guo
etal., 2014, Wen et al., 2014) and p300 (Matrtire et al., 2019), H3.3S31ph is likely to regulate
binding and function of a number of other proteins (including histone readers, writers and
erasers). As part of a future study to identify these interacting proteins, protein
immunoprecipitation could be performed in wild-type, S31A and S31E-H3.3 cells followed
by mass spectrometry analyses. Outcomes from these studies will further inform the role of

H3.3S31ph in regulating chromatin function.

Currently, the phospho-null and phospho-mimic mutation of H3.3S31 has not been reported
in development, cancers and diseases, suggesting its relevance in development. Although
the complete and partial loss of H3.3 has led to rapid cell death in mouse cells (Tang et al.,
2013a, Tang et al., 2015), the function of H3.3S31 and its phosphorylation in development
has not been studied. To investigate the role of H3.3S31ph in regulating mammalian
development, mouse models with complete replacement of H3.3S31 to S31A-H3.3 or S31E-

H3.3 should be generated and studied.

Various kinases have been identified to regulate H3.3S31 phosphorylation. Therefore, the
regulation by specific kinases may be responsible for the activation of H3.3S31ph at specific
location and for specific phenotypes (Armache et al., 2020, Li et al., 2017a, Chang et al.,
2015). Thus, inhibition of specific kinases may help elucidate if the regulation of H3.3S31ph

by specific kinases would result in a specific phenotype (Chang et al., 2015, Li et al., 2017a).
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However, it is important to take into consideration the off-target effects, as these kinases

may be critical for other functions (Gadea and Ruderman, 2005, Shimada et al., 2008).

This thesis focused on investigating telomeres as a model to study the function of
H3.3S31ph in regulating heterochromatin formation. Further investigations at other
heterochromatic regions, including the pericentric regions, where H3.3S31ph is also
enriched, would be helpful in informing its function and verifying if it plays a similar role in
heterochromatin maintenance at other repetitive DNA regions. Thus, centromere-FISH and
ChIP/gPCR of H3K9me3 ATRX and KDM4B at other heterochromatic regions may identify

if H3.3S31ph also regulates heterochromatin formation at the pericentric regions.
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