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Abstract

DNA methylation (5-methylcytosine, 5mC) is the major epigenetic
modification involved in transcriptional regulation. Ten-eleven
translocation (TET) proteins can enzymatically oxidise 5mC producing 5-
hydroxymethylcytosine (5hmC), 5-formylcytosine (5fC) and 5-
carboxylcytosine (5caC). According to several reports, 5hmC levels are
reduced in human tumours; however, the distribution and the exact
biological role of TET-dependent oxidation to 5fC and 5caC in cancers is

poorly studied.

Here, using a range of techniques including, immunocytochemistry, 2
dimensional ultra-performance liquid chromatography coupled with
tandem mass-spectrometry (2D-UPLC-MS/MS) and CRISPR/Cas9 gene
editing we studied the presence and the distribution of 5caC/5hmC in brain
tumours cell lines. Our ultimate goal was to examine the role of TET2 in
the oxidation of 5mC to 5hmC/5caC in glioblastoma multiforme (GBM)
pathogenesis and the role of 5caC potential readers in the interpretation
of active DNA demethylation in medulloblastoma (MB) (paediatric brain

tumour) cell lines.

We found that, while GBM cell lines exhibit low levels of 5hmC, they are,
rather unexpectedly, characterised by detectable 5caC levels. Remarkably,
5caC content in GBM corresponds to elevated levels of TET2 transcript. We
next used CRISPR/Cas9 to knockout (KO) TETZ2 in the LN18 GBM cell line.
5hmC levels were significantly reduced in TET2 KO cell line. Moreover, we
showed significantly reduced tumorigenic ability of TET2 KO cells in parallel
with the reduction of the transcript levels of key glial cancer stem cell
markers. We also showed that SMARCC2 and RCOR2 transcription factors
with unique roles in neurogenesis, are highly expressed in paediatric brain
tumours, while their transient knockdown resulted at impaired 5caC levels
in MB cell lines; indicating their role as 5caC readers. Our compiled data
show the unique epigenetic signatures of adult and paediatric brain
tumours, the role of TET2 in active DNA demethylation and its potential

contribution to tumorigenesis.
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Chapter 1. Introduction

1.1. Epigenetics

Genetics is the branch of biology that studies the changes in the DNA
sequence that result in heritable changes in gene activity. These
alterations include insertions, deletions, point mutations and
translocations (Moore et al. 2012). Whereas, epigenetics is the branch of
biology that studies the heritable alterations in gene activity without any
changes in DNA sequence (Moore et al. 2012). Over the years, the term
“Epigenetics” has been used to describe events that could not be explained
by genetic principles. The first definition of the term was coined by Conrad
Waddington in 1942 and defined epigenetics as “The branch of biology
which studies the casual interactions between genes and their products,
which bring the phenotype into being” (Reviewed by: Waddington 2012).
Since then, the meaning and the field of epigenetics has changed and is

still evolving.

Although all the cells in an organism share the same genetic material not
all the genes are expressed in the same manner in all cell types. This
diversity is due to the epigenetic mechanisms that control gene
expression; being responsible for the repression or activation of certain
genes in different cell types and developmental stages (Moore et al. 2012).
Epigenetic factors contributing to embryonic development, disease
development, pathogenesis and response to treatment include:
methylation of DNA at the 5% carbon of cytosine, which is generally
thought to be associated with gene repression (Goldberg, Allis and
Bernstein, 2007; Li and Zhang, 2014); alterations in histone modifications
and regulation through non-coding RNAs (Zoghbi & Arthur L. Beaudet
2004).
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1.2. DNA methylation

1.2.1. The role of DNA methylation and its genomic distribution in

mammals

The most predominant epigenetic modification in mammals is the covalent
addition of a methyl group at the fifth carbon of the pyrimidine ring of
cytosine called 5-methylcytosine (5mC). 5mC was first discovered in
tubercle bacillus DNA in 1925 (Johnson & Coghill 1925) and subsequently
in calf thymus in 1948 (Hotchkiss 1948); suggesting that this modification
exists naturally in DNA. Although it was proposed that it might have a
specific biological role on gene regulation, it was a few decades later before
it was proven that DNA methylation is involved in gene regulation and cell
differentiation (Compere & Palmiter 1981; Holliday & Pugh 1975).

DNA methylation is a critical epigenetic modification that regulates gene
expression in plants and animals. Methylation at both adenine and cytosine
residues in prokaryotes contributes to the protection of the cell from
foreign genome, usually bacterial or viral (Bickle & Kruger 1993). In
animals, 5mC occurs primarily at cytosine residues in CG rich regions
(Kumar et al. 2018). Nevertheless, non-CpG methylation also occurs in
embryonic stem cells (ESCs) as well as induced pluripotent stem cells
(iPSCs) (Lister et al. 2009; Ramsahoye et al. 2000).

In the human genomes, 70-80% of CpG sites are methylated mainly in
sequences of repetitive elements, satellite DNA, gene bodies and non-
repetitive intergenic DNA (Li & Zhang 2014). 5mC is mainly associated
with gene repression when present at either promoter or enhancer regions
(Charlet et al. 2016)- However, when present in the gene body it might
repress or enhance transcriptional activity (Buck-Koehntop & Defossez
2013; Spruijt & Vermeulen 2014). CpG islands, the CpG-rich regions

located in the promoters of mammalian genes associated with tissue-
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specific expression, are generally un-methylated (Bird et al. 1985; Takai
& Jones 2002). DNA methylation in GC-rich gene promoters is generally
associated with gene repression, while transcribed genes are associated
with low methylation levels around transcription start sites (TSS) and high
levels in the gene body (Laurent et al. 2010; Lister et al. 2009). The
position of the methylation in the transcript influences its relationship with
regulating gene activity. Methylation close to the TSS blocks the initiation
of gene transcription, however methylation at the gene body might

stimulate transcription elongation (Jones 2012).

Methylation in repeat regions such as centromeres is crucial for
chromosomal stability (chromosome segregation at mitosis) (Moarefi &
Chédin 2011). It is also important for suppressing the expression of
transposable elements with a role in genome stability (Moarefi & Chédin
2011). Genes that are predominately repressed, such as imprinted genes;
genes located on the inactive X chromosome; or genes that are exclusively
expressed in germ cells, usually have methylated promoter CpG sites
(Jones 2012). DNA methylation has a crucial role in the establishment of
genomic imprinting at either parental or maternal alleles (Maupetit-
Méhouas et al. 2016). Genomic imprinting is the expression of a gene from
one allele (paternal or maternal) from a parent in an origin specific
manner; meaning that only one of the two inherited alleles is expressed
(Renfree et al. 2013). It has also been suggested that DNA methylation
might have a role in splicing as whole-genome studies showed that exons
are more highly methylated than introns and transitions of their
methylation status occurs in exon-intron boundaries (Laurent et al. 2010).
Moreover, exons show increased nucleosome occupancy levels in
comparison to introns (Schwartz et al. 2009) and nucleosomes are
preferential sites for DNA methylation.
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1.2.2. DNA methyltransferases

The addition and the maintenance of the methyl group into DNA is
catalysed by the members of DNA methyltransferase (DNMT) family:
DNMT1, DNMT3a, DNMT3b and DNMT3L (Fig. 1.1) (Bestor 2000). They are
highly conserved and have similar amino acid sequences. The N-terminal
domain is a regulatory domain that allows the enzymes to enter the
nucleus and recognize the specific loci whereas the C- terminal domain
contains the catalytic domain which is responsible for the enzymatic
activity of the proteins (Zhang & Xu 2017).
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Figure 1.1: The principle of de novo and maintenance DNA methylation.

DNMT3a and DNMT3b are responsible for de novo methylation and methylate un-
methylated CpG sites to establish methylation patterns, whereas DNMT1
maintenance methyltransferase, methylates hemi-methylated DNA strands during
DNA replication. Figure adapted from (Zeng & Chen 2019).
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DNMT1 is highly expressed in all the mammalian tissues it is called the
maintenance methyltransferase as it is responsible for the maintenance of
the original DNA methylation patterns in a cell. It preferentially binds and
methylates hemi-methylated DNA (Pradhan et al. 1999; Ramsahoye et al.
2000). It is present at high levels in dividing cells and it is activated by
cell- cycle-dependent transcription factors (Goll & Bestor 2005; Kishikawa
et al. 2003), indicating its role in DNA replication by maintaining the
existing methylation patterns. DNMT1 forms a complex with Ubiquitin Like
With PHD And Ring Finger Domains 1 (UHRF1) which contains a RING-
associated (SRA) domain that binds to hemi-methylated CpG dinucleotides
forming protein complexes, providing maintenance of DNA methylation
(Achour et al. 2008; Bostick et al. 2007). UHRF1 is critical for the
recruitment of DNMT1 in hemi-methylated CpG sites as it co-localizes at
the replication fork during DNA replication, where newly synthesised hemi-
methylated DNA is formed (Leonhardt et al. 1992) and methylates the new
DNA strand in order to precisely mimic the parental methylation pattern
(Hermann et al. 2004). In the absence of UHRF1, DNMT1 fails to localize
at these regions (Bostick et al. 2007; Liu et al. 2013b; Sharif et al. 2007);

as a result there is a replication dependent dilution of 5mC.

Experiments with Dnmt1 knockout mice show lethality of mice between
E8.0 and E10.5 with loss of most DNA methylation (Li et al. 1992).
Moreover, in vitro differentiation experiments with stem cells lacking
Dnmt1 resulted in massive cell death mimicking the phenotype observed
in mice; indicating the importance of Dnmt1 in cellular differentiation and
cell division (Jackson-Grusby et al. 2001). DNMT1 overexpression results
in aberrant DNA methylation in tumours and correlates with poor prognosis
in patients with pancreatic cancer (Peng et al. 2006). Whereas DNMT1
knockdown has been shown to have an inhibitory effect on cell proliferation
in oesophageal squamous cell carcinoma, suggesting that increased

methylation levels promote cell proliferation (Zhao et al. 2011).

In contrast, DNMT3a and DNMT3b are called de novo DNMTs as they do
not show any preference for hemi-methylated DNA (Okano et al. 1999)
and can introduce methylation into naked DNA (Fig. 1.1). Although both
are highly expressed in early mammalian embryos their expression

decreases over the course of cell differentiation displaying different spatial
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and temporal distribution throughout embryonic development (Zhang & Xu
2017). DNMT3a is expressed in almost all tissues whereas DNMT3b is
expressed in early embryonic development and its expression is limited to
the thyroid, testes and bone marrow in the differentiated tissues (Xie et
al. 1999). DNMT3a is important for maternal imprinting at differentially
methylated regions while DNMT3b is necessary for the methylation of CpG
islands on inactive X- chromosomes and pericentromeric repeats (Kim et
al. 2009).

Dnmt3b knockout in mice leads to embryonic lethality similar to what is
observed with Dnmt1 knockout (Okano et al. 1999); therefore it is required
for early embryonic development. Although double knockout of Dnmt3a
and Dnmt3b in mouse embryonic stem cells (mMESCs) is not lethal, in vitro
experiments show gradual loss of methylation when cultured (Chen et al.
2003). In human embryonic stem cells (hESCs) DNMT3 depletion does not
affect pluripotency and the cells retain their ability to differentiate into
three germ layers (Liao et al. 2015); indicating that maintenance
methylation might be responsible for the differentiation. It has also been
reported that DNMT3b cooperates with DNMT1 in order to maintain
methylation in human cancer cell lines (Rhee et al. 2000, 2002) as well as
during development of the intestinal epithelium (Elliott et al. 2016). These
observations indicate that under certain conditions DNMT3b can also act
as a maintenance methyltransferase. Additionally, Dnmt3b depletion leads
to impaired neuronal differentiation and maturation (Martins-Taylor et al.

2012), indicating its crucial role during development.

Finally, another member of DNMT family is DNMT3L which lacks the
catalytic domain of the enzyme (Aapola et al. 2000; Hata et al. 2002). Its
expression is restricted to the germ cells and thymus in adulthood, as it is
mainly expressed in early development (Aapola et al. 2000). It has been
shown that DNMT3L forms a protein complex with the other two de novo
methyltransferases targeting this complex at DNA sequences associated
with histones that are un-methylated at lysine 4 of Histone H3 (H3K4)
which are found at inactive promoters and methylated DNA (Ooi et al.
2007). In mice it is required for the establishment of genomic imprinting,
for methylation of retrotransposons and for X chromosome compaction
(Hata et al. 2002; Kaneda et al. 2004). Deletion of the DNMT3L gene leads
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to a failure of de novo methylation in growing oocytes (Bourc’his et al.
2001) and in prospermatogonia (Bourc’his & Bestor 2004). Interestingly,
a dual role of Dnmt3L in mouse ESC differentiation has been suggested,
as it acts as a positive regulator of DNA methylation at gene bodies of
housekeeping genes and a negative regulator at promoters of bivalent
genes (Neri et al. 2013).

1.2.3. The dynamics of DNA methylation during mammalian

development

DNA methylation is a dynamic process during the early stages of
development, displaying changes in methylation patterns and levels as it
erases before the implantation of the embryo, allowing a new profile of
methylation to be established (Smith et al. 2012, 2014). There are two
waves of DNA demethylation and re-methylation during mammalian
development. The first one occurs during germ cell development while the
other one occurs during the early stages of embryogenesis (Figure 1.2)
(Messerschmidt et al. 2014; Smallwood & Kelsey 2012).

The first wave involves the erasure of DNA methylation during expansion
and migration in primordial germ cells (PGCs) followed by the de novo re-
establishment of methylation patterns in sex specific germ cells, including
the methylation in regions that control genomic imprinting (Messerschmidt
et al. 2014; Smallwood & Kelsey 2012). In mouse PGCs, demethylation
starts as PGCs develop and mainly targets the promoters of genes
responsible for pluripotency. Only when cells enter the gonads does
demethylation in imprinting control regions (ICRs) occur, followed by long
interspersed nuclear elements (LINE) repeats and X-linked loci (Guibert et
al. 2012; Seisenberger et al. 2012). The downregulation of DNMT3a
DNMT3b and UHRF1 allows passive demethylation to occur (Kagiwada et
al. 2013; Seisenberger et al. 2012). In the female germline de novo
methylation occurs in the postnatal growth phase of oocytes arrested in
meiotic prophase; whereas in males, methylation initiates before birth in
prospermatogonia (Smallwood & Kelsey 2012). The second wave of this
dynamic process occurs after fertilisation and involves the erasure of
methylation inherited from the gametes in pre-implantation embryos and
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the de novo re-establishment of methylation after the formation of the
inner cell mass (ICM) (Zeng & Chen 2019).
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Figure 1.2: The dynamics of DNA methylation during mammalian

development.

Global DNA demethylation occurs during PGC expansion and migration followed
by de novo methylation which results in the establishment of sex-specific germ
cell methylation patterns. The second wave of demethylation occurs shortly after
fertilisation and upon implantation, when a wave of de novo methylation
establishes the embryonic methylation pattern. Figure adapted from (Zeng & Chen
2019).

1.3. DNA demethylation

1.3.1. DNA replication dependent passive DNA demethylation

DNA demethylation can occur either passively through successive rounds
of DNA replication or actively via enzymatic activity. As mentioned earlier,
during DNA replication DNMT1 in complex with UHRF1 is responsible for
the maintenance of DNA methylation (Leonhardt et al. 1992). The absence
of these enzymes can result in replication dependent dilution of 5mC (Fig.
1.3). In pre-implantation embryos, erasure of DNA methylation mainly

occurs through DNA replication dependent passive DNA demethylation as
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DNMT1 is excluded from the nuclei (Messerschmidt et al. 2014; Smallwood
& Kelsey 2012). In addition to that, the first wave of DNA demethylation
in PGCs is also achieved by DNA replication dependent passive mechanism,
as both DNMT1 and UHRF1 are silenced at that stage (Kagiwada et al.
2013).

OI\® o 0 o 0
DNA replication DNA replication
DNp(T1
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Figure 1.3: Passive DNA demethylation, schematic representation.

When DNMT1 is inhibited or absent the newly synthesised strand of DNA will not
be methylated, therefore cell division will eventually lead to passive

demethylation.

1.3.2. Active DNA demethylation

Although active DNA demethylation could be achieved by the direct
removal of the methyl-group from DNA in vitro, this reaction requires a lot
of energy and is a thermodynamically unfavourable reaction (Wu & Zhang
2014). Therefore, a well-organized stepwise oxidation of 5mC into
oxidative intermediates has been proposed for the removal of DNA
methylation, enabling a more favourable thermodynamic reaction. Active
DNA demethylation involves the indirect removal of 5mC involving the
enzymatic oxidation of 5mC followed by the replacement with unmodified

cytosine.
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1.3.2.1. TET enzyme dependent active DNA demethylation

5-hydroxymethylcytosine (5hmC) was first reported in 1952 (Wyatt &
Cohen 1952), however its role and significance remained unknown until
2009 when it was shown that Ten eleven translocation (TET) enzymes can
convert 5mC into 5hmC (Kriaucionis & Heintz 2009; Tahiliani et al. 2009).
There are three members in the TET family, TET1, TET2 and TET3; all of
which have a similar structure comprising of a C-terminal catalytic domain
and an N-terminal regulatory domain. The C terminal catalytic domain
contains a cysteine rich region (Cys) and a double stranded B-helix (DSBH)
domain. The DSBH domain brings together the co- factors at the 5mC site
while the Cys region stabilises the complex. They catalyse the oxidation
reaction in an iron (II)/a-ketuglutarate (Fe (II)/a-KG) dependent pathway
(Wu & Zhang 2017). Specifically, TET1 was identified as the mammalian
homologue of base ] binding protein 1 (JBP1) and 2 (JBP2) that naturally
exists in Trypanosoma and has been proposed to oxidise the 5 methyl
group of thymine (Tahiliani et al. 2009). Tahiliani et al., proved that TET1,
similar to its JBP1 and JBP2 homologs, has the ability to mediate 5mC
hydroxylation in mammalian DNA generating 5hmC (Tahiliani et al. 2009).
Similarly, TET2 and TET3 have the ability to oxidise 5mC into 5hmC in
mMESCs (Ito et al. 2010).

Soon after the discovery of 5hmC as a result of 5mC TET1/2/3 mediated
oxidation; liquid chromatography based experiments led to the
identification of further oxidation of 5hmC to 5-formylcytosine (5fC) and
5-carboxylcytosine (5caC) (He et al. 2011; Ito et al. 2011). Indeed, Ito et
al. showed that TET2 is able to convert more than 95% of 5mC to 5hmC,
30% to 5fC and 5% to 5caC in an in vitro liquid chromatography
experiment using HEK293 embryonic kidney cancer cells (Ito et al. 2011).
Nevertheless, the efficiencies were significantly lowered when 5hmC was
used as a substrate (Ito et al. 2011). Their findings were confirmed when
the catalytic domain of TET2 was fused with green fluorescent protein
(GFP) and transfected into HEK293. Fluorescent activated cell sorting
(FACS) of the cells revealed that cells expressing TET2 exhibited not only
high levels of 5hmC but also detectable levels of 5fC and 5caC (Ito et al.
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2011). The presence of 5fC and 5caC was also confirmed in the genomic
DNA of mESCs. Quantification of these cytosine (C) derivatives using mass
spectrometry revealed that 1.3x103 5hmC, 20 5fC and 4 5caC bases exist
in every 10x10° Cs in mESCs (Ito et al. 2011). Specifically, 5hmC
represented around 5% of total Cs in mESCs whereas 5fC and 5caC levels
are 0.06-0.6% and 0.01% respectively (Ito et al. 2011; Pfaffeneder et al.
2011).

Tetl knockdown in mESCs resulted in reduced levels of 5mC oxidative
derivatives indicating that TET1 is also responsible for the generation of
these marks (Ito et al. 2011). Similar observations were also made by He
et al., where they showed that TET2 catalyses the oxidation of 5mC to
5hmC and 5caC in DNA using high performance liquid chromatography
(HPLC) in HEK 293 cells (He et al. 2011). Therefore, TET enzymes are
responsible for the oxidation of 5mC into 5hmC, 5fC and 5caC (He et al.
2011; Ito et al. 2011; Tahiliani et al. 2009) (Fig. 1.4). According to in vitro
biochemical and structural studies, TET enzymes show preferential binding
and activity for 5mC compared to 5hmC or 5fC to 5caC and the conversion
of 5mC to 5hmC is faster than 5hmC to 5fC and 5fC to 5caC (Hu et al.
2015; Ito et al. 2011), indicating that TET proteins might be more efficient
in utilizing 5mC as a substrate. It has been also proposed that TET
enzymes can initiate active DNA demethylation in proliferating cells
followed by replication dependent passive dilution of 5hmC, 5fC or 5caC
(Kohli & Zhang 2013). Due to substrate preference for hemi-methylated
DNA of DNMT1, it is still unclear whether it can recognize 5caC and 5fC
(Kohli & Zhang 2013).

5caC and 5fC, but not 5hmC, can be recognized and excised from DNA
through thymine DNA glycosylase (TDG) activity, leaving an abasic site
which can be replaced by the base excision repair (BER) pathway whose
function is to correct mismatched DNA base pairs (Hashimoto et al. 2012a;
He et al. 2011; Maiti & Drohat 2011; Zhang et al. 2012). Once TDG excises
either 5fC or 5caC an abasic site is created, this site will then be converted
into a single strand break (SSB) via apurinic/apyrimidinic endonuclease 1
(APE1)-mediated incision. Addition of DNA polymerase b will follow in order

to insert a deoxycytidine monosposphate at the break and DNA ligase 3
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(LIG3) ligates the SSB to restore DNA (Weber et al. 2016). In addition to
TDG, two other glycosylases, NEIL like DNA glysoylase 1 (NEIL1) and 2
(NEIL2) are able to recognise and excise 5fC and 5caC oxidative
derivatives creating a single SSB (Schomacher et al. 2016). Hence, 5ShmC

5fC and 5caC serve as intermediates in active DNA demethylation.
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Figure 1.4: Pathway of DNA methylation dynamics through stepwise
oxidation.

5mC is introduced to DNA by DNMT enzymes and can be oxidised to 5hmC, 5fC
and 5caC by TET proteins. 5fC and 5caC are excised by TDG generating an abasic
site as part of the BER pathway which eventually generates an un-modified
Cytosine (C). Figure modified from (Kohli & Zhang 2013).

12| Page



1.4. The genomic distribution of 5mC oxidative

derivatives and its function

1.4.1. 5ShmC genomic distribution and function

Around 60-80% of the human genome CpG sites are methylated at the
fifth carbon position of cytosine (Smith & Meissner 2013). 5mC is evenly
distributed across different tissues whereas 5hmC levels vary significantly
(Kriaucionis & Heintz 2009; Nestor et al. 2012; Ruzov et al. 2011). 5hmC
dynamics and distribution are highly regulated upon differentiation and are
cell type specific. Investigation of global and locus-specific distribution of
5hmC in human tissues and cell lines revealed inter-tissue variation of
global 5hmC levels in hormal human tissues that is variable and does not
correlate with 5mC content (Nestor et al. 2012). It has been shown that
5hmC levels are 10-fold more abundant in the central nervous system

(CNS) and ESCs compared to peripheral tissues (Branco et al. 2012).

5hmC is detectable in all mouse cell types and tissues with the highest
levels (0.3-0.7%) found in the CNS (Globisch et al. 2010; Kriaucionis &
Heintz 2009), namely with 0.6 and 0.2% nucleotides in Purkinje and
granule cells respectively (Kriaucionis & Heintz 2009). Gobisch et al., used
Liguid Chromatography-Mass Spectrometry (LC-MS) coupled with
immunohistochemistry for the precise quantification of 5hmC and its
oxidative derivatives in mouse tissues (Globisch et al. 2010). 5hmC was
detectable in all the tissues tested with the highest levels (0.3%-0.7%)
detected in the CNS followed by the spinal cord at 0.47% (Globisch et al.
2010). Interestingly, the highest 5hmC levels in the CNS were detected in
differentiated neurons of the dentate gyrus. Kidney, nasal epithelium,
bladder, lung and skeletal muscle had 0.15%-0.17% 5hmC whereas liver,
spleen and endocrine glands possessed the lowest levels of 5hmC (0.03%-
0.06%) (Globisch et al. 2010).

Similarly, examination of 5hmC distribution during mammalian

development, using immunohistochemistry based experiments revealed
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that 5hmC is enriched in embryonic tissues compared to adult tissues
(Figure 1.5) (Ruzov et al. 2011). Specifically, 5hmC firstly appears at the
zygote stage during embryonic development and coincides with reduced
5mC levels in the paternal pronucleus (Figure 1.5) (Ruzov et al. 2011).
Later on in development, 5hmC levels are high in the ICM of the blastocyst
and decreased during differentiation (Figure 1.5) (Ruzov et al. 2011).
Nevertheless, 5hmC is strongly enriched in bone marrow and brain tissues
and it appears to be a feature of both neuronal progenitors cells (NPCs)
and post-mitotic neurons (Ruzov et al. 2011). 5hmC not only represents
an intermediate for active DNA demethylation but current evidence also
supports an important role in the maintenance of pluripotency in ESCs, in
neuronal development, as well as in cancer and disease development
(Thomson & Meehan 2017).
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Figure 1.5: The genomic distribution of 5ShmC during mammalian

development; schematic representation.

High 5hmC levels first appear in the paternal pronucleus. The ICM in the blastocyst
also exhibits high genomic 5hmC levels, whereas upon differentiation 5hmcC levels

are reduced. Figure adapted from (Ruzov et al. 2011).
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It has been shown that 5hmC in ESCs is mainly located at distal regulatory
elements including enhancers; near transcription factor (TF) binding sites
(Yuetal. 2012); and in gene bodies of active genes and promoters (Nestor
et al. 2012). Interestingly, another study showed that 5hmC enrichment
at promoters and TSS is most likely to be associated with TET1 mediated
oxidation while its presence in gene bodies and boundaries of exons in
active genes is correlated with TET2 enzymatic activity (Huang et al.
2014).

It has been suggested that 5hmC acts as a transcriptional activator or
suppressor depending on its genomic position. In neurons, it is mostly
enriched at gene bodies of active neuronal function-related genes
suggesting that it acts as a transcription activator (Mellen et al. 2012). A
study based on 5hmC- DNA Immunoprecipitation (5hmC-DIP) showed that
genes with active transcription have low levels of 5hmC at their TSS while
genes with low expression 5hmC levels are elevated at their promoters in
both ESCs and NPCs (Tan et al. 2013). Global 5hmC levels in NPCs are
much lower than ESCs levels indicating that differentiation requires global
reduction of 5hmC levels (Tan et al. 2013) .

There is evidence that 5hmC might regulate gene expression through its
association with various regulatory elements and processes (Szulwach et
al. 2011a). Specifically, the distribution of 5hmC is affected by histone
modifications and chromatin alterations during cell differentiation (Pastor
et al. 2011). Interestingly, 5hmC is present at TSS of genes whose
promoters have dual histone modifications; such as tri-methylation at
lysine 27 of histone H3 (H3K27me3) for transcription repression and tri-
methylation at lysine 4 of histone H3 (H3K4me3) for transcription
activation (Pastor et al. 2011). Moreover, immunostaining based
experiments revealed that 5hmC accumulates in gene-rich regions marked
by di- and tri-methylation at lysine of histone H3 (H3Kme2/3) indicating
its association with chromatin remodelling factors (Ficz et al. 2011;
Szulwach et al. 2011b). 5hmC is associated with gene bodies of active
neuronal function-related genes suggesting its role is to promote brain
development (Hahn et al. 2013).
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1.4.2. 5caC and 5fC genomic distribution and function

Unlike 5hmC levels, 5fC and 5caC levels are significantly lower in all
mammalian tissues and cells (Ito et al. 2011). Mass spectrometry
experiments revealed that 5fC and 5caC are detectable in mESCs however
their levels are significantly lower than 5hmC (He et al. 2011; Ito et al.
2011; Pfaffeneder et al. 2011). Moreover, according to recent reports
based on 5fC and 5caC distribution in mESCs; 5fC regions reside in 5hmC
enriched regions however this accounts for only 30% of 5hmC regions
(Shen et al. 2013; Song et al. 2013a).

Specifically, in mESCs 5fC is mainly enriched at distal regulatory elements
with a preference for poised enhancers and promoters of genes with low
expression (Song et al. 2013a). Upon Tdg depletion in mESCs 5fC and
5caC levels increase while 5mC and 5hmC levels remain unaltered (He et
al. 2011; Shen et al. 2013; Song et al. 2013a); leading to an accumulation
of these marks at enhancers of TF-binding sites, low methylated regions,
and promoters of genes with low expression (Shen et al. 2013; Song et al.
2013a). Therefore, 5fC and 5caC might contribute in the maintenance of
these key gene elements in a poised or active state for differentiation
(Shen et al. 2013; Song et al. 2013a).

Interestingly, it has been shown that 5fC and 5caC can reduce the rate
and substrate specificity of RNA polymerase II (PolII) transcription (Wang
et al. 2015a). Accumulation of 5fC and 5caC upon TDG depletion at distal
regulatory elements coordinates with the binding of transcriptional
coactivator p300 (Song et al. 2013a) which can serve as a scaffold for TF
and transcription machinery for the activation of gene transcription (Chen
& Li 2011).

In order to examine 5fC and 5caC abundance at single-base resolution a
method based on bisulfite sequencing (methylation-assisted bisulfite
sequencing) has been developed (this method will be discussed later in
this thesis) (Neri et al. 2015). It shows that 5fC and 5caC are located in
hypo-methylated promoters of highly expressed genes in mESCs and that
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Tdg silencing leads to increased levels, indicating a role of active DNA
demethylation at these promoters (Neri et al. 2015). In agreement with
publications based on affinity purification methods (Shen et al. 2013; Song
et al. 2013a), this study shows 5caC and 5fC enrichment on enhancers,
exons and repetitive elements (Neri et al. 2015). 5caC and 5fC are also
enriched at TSS and are correlated with progressive loss of H3K27me3
repressive mark and gain of H3K4me3. Suggesting that active DNA
demethylation occurs at the promoters of actively transcribed genes in
ESCs and likely regulating their expression through development (Neri et
al. 2015).

Increasing evidence, suggest a role for active DNA demethylation in the
regulation of mammalian development. 5fC and 5caC are detectable at low
levels in both the human and mouse brain (Liu et al. 2013a). Studies, in
mice showed that 5caC and 5fC are transiently accumulated during
differentiation of neural stem cells (NSCs) in vitro and in vivo and that
5caC is enriched at promoters of neural specific genes during the
differentiation of NSCs, indicating the involvement of the active DNA
demethylation pathway in lineage specification of NSCs (Fig. 1.6)
(Wheldon et al. 2014). In line with this finding, a more recent publication
by Lewis et al. showed, using immunocytochemistry, that during the
differentiation of hiPSCs into endodermal hepatic lineages 5caC levels
increase in the specification of foregut and drop in differentiating cells
(Lewis et al. 2017); similar to neural differentiation (Wheldon et al. 2014).
Moreover, 5caC-DIP at different stages of differentiation showed that 5caC
accumulates at the promoter regions of several genes expressed during
hepatic differentiation (Lewis et al. 2017). These results indicate that
active DNA demethylation might be a feature of lineage specification

during mammalian development.
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Figure 1.6: Transient accumulation of 5fC/5caC during neuronal

differentiation.

TET enzymes are responsible for the oxidation of 5mC/5hmC into 5caC and 5fC
during cell lineage specification of NSCs followed by their excision through TDG in

differentiated neuronal and glial cells. Figure adapted from (Wheldon et al. 2014).

1.5. The role of DNA methylation/demethylation in

cancers

Epigenetic alterations and abnormalities in DNA methylation patterns have
been observed in almost all types of tumours and are anticipated to be of
key importance in the initiation and progression of cancer (Jones & Baylin
2002). Cancer cells are characterised by a global loss of DNA methylation;
this hypo-methylation is found in highly repeated DNA sequences including
retrotransposons and heterochromatic DNA repeats (Ehrlich 2002). Global
loss of methylation at repetitive sequences causes chromosomal instability
in the cell and disrupts gene activity (Gaudet 2003). It has also been shown

that hypo-methylation at certain promoters can lead to aberrant
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expression of oncogenes. At the same time, there is hyper-methylation at
the promoter regions of many genes at CpG islands affecting their

expression (Portela & Esteller 2010).

5hmC levels are significantly affected in cancer; reduction of 5hmC levels
are correlated with tumorigenesis and tumour progression in
hematopoietic and solid tumours (Wu, Y.C., and Ling 2014). In breast,
colon and lung cancer 5hmC levels are significantly reduced compared with
their levels in normal tissues (Jin et al. 2011). A similar phenomenon has
also been found in myeloid malignancies as studies have shown the
reduced 5hmC levels correlate with TET2 mutations in these types of
tumours (Ko et al. 2010; O. Abdel-Wahab, A. Mullally 2009). Strong
reductions in 5hmC levels have been observed in melanoma, where wide-
spread loss of 5hmC is present in parallel with 5hmC increase in gene
bodies and promoters of genes (Lian et al. 2012). Moreover, in pancreatic
cancer cells a global loss and re-distribution of 5hmC at exons, TSS and
oncogenic promoters was shown (Bhattacharyya et al. 2013). Loss of
5hmC is also an epigenetic mark for papillary thyroid carcinoma associated

with malignant behaviour (Tong et al. 2019).

A comparison between prostate cancer and normal prostate tissue samples
using immunohistochemistry showed that both 5mC and 5hmC levels were
significantly reduced in cancer tissues (Storebjerg et al. 2018). 5fC was
also detectable in both cancer and normal tissues and displayed
significantly higher levels in erythloblast transformation-specific related
gene (ERG)+ prostate cancer tissues compared with normal prostate
tissue samples (Storebjerg et al. 2018), indicating that 5fC might
contribute to tumorigenesis in ERG+ prostate cancer. 5caC elevated levels
were observed in both ERG + and ERG- cancer samples (Storebjerg et al.
2018). In a more recent study, ultra-high performance liquid
chromatography-with tandem mass spectrometry (UHPLC-MS/MS)
analysis for the detection of DNA cytosine modifications in hepatocellular
carcinoma showed that, 5hmC and 5fC levels were decreased at early
stages of the tumour, while 5fC content further decreased in the later
stages of hepatocellular carcinoma (Liu et al. 2019). However, 5caC was

not detectable in the experimental conditions of the study (Liu et al. 2019).
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The decrease in the levels of 5hmC and 5fC was in agreement with
decreased TET enzymatic activity (Liu et al. 2019). These data further
support the hypothesis that 5fC and 5caC might display unique epigenetic
signatures in carcinogenesis; highlighting that active DNA demethylation
may contribute to tumorigenesis and cellular transformation through the

regulation of the epigenetic landscape.

1.5.1. DNA demethylation in brain cancers

5hmC is enriched in the brain compared to other differentiated tissues such
as bladder, kidney and liver (Globisch et al. 2010). However, in contrast
to normal brain tissues, brain tumours exhibit significantly lower amounts
of 5hmC and most importantly these levels are correlated with tumour

grade and patient survival (Kraus et al. 2012).

5hmC is depleted in glioblastoma multiforme (GBM) compared to
prefrontal cortex tissue with an average 3.5 fold reduction (Johnson et al.
2016). Moreover, hyper-methylation is observed across GBM promoter
regions while 5hmC levels are constantly lower at promoter regions when
compared to healthy tissues (Johnson et al. 2016). Nevertheless, high
5hmC levels were found in intronic regions as well as in enhancer regions
of actively transcribed genes in GBM (Johnson et al. 2016). This data
indicates that 5hmC genomic distribution may be related to transcription
in GBM and the subsequent pathogenesis of the tumour, leading to worse
prognosis (Johnson et al. 2016). Moreover, a recent study in
medulloblastoma (MB) primary tissues showed that global 5hmC levels
were decreased in MB compared to the cerebellum control and these levels
were associated with the presence of metastasis (Bezerra Salomao et al.
2018).

Correspondingly, in our previous studies in breast cancer tissues we found
that the levels of 5caC are elevated in 28% of human breast cancers
including the samples which produced low 5hmC intensity (Eleftheriou et
al. 2015). This suggests that, in some cases, depleted 5hmC does not
necessarily correlate with low TET dependent oxidation of 5mC. However,
it is likely that TET proteins determine the preferential oxidation of 5mC to
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5caC in tumours. We also analysed 74 samples of human glioma tissues,
5caC was detectable in a considerable number of gliomas, however, the
presence of this modification was not associated with glioma grade (Fig.
1.7 A) (Eleftheriou et al. 2015). In addition to that, in order to further
extend these results our group determined the level of TET proteins and
oxidised-methylcytosines (oxi-mCs) in cell lines of paediatric brain
tumours. We found immunochemically detectable levels of 5caC and
elevated TET1 expression in MB and ependymoma (EPN) cell lines
compared to Hela cells, which do not seem to have any detectable 5caC
levels (Fig. 1.7 B). Interestingly 5caC levels did not correlate with 5hmC
levels and TDG expression in paediatric brain tumours (Ramsawhook et al.
2017).
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Figure 1.7: 5caC is detectable in primary glioma tissues and in EPN and

MB cell lines.

A. Glioma tissue samples with different levels of 5caC signal (designated as
detectable or undetectable). Figure adapted from (Eleftheriou et al. 2015). B.
Paediatric MB (UW228, Daoy) and EPN (DKFZ-EP1NS, BXD-1425EPN) cell lines
exhibit immunocytochemically detectable levels of 5hmC and 5caC. Figure

adapted from (Ramsawhook et al. 2017).
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1.6. The role of TET enzymes in development

1.6.1. The role of TET enzymes during embryonic development

All three TET enzymes exhibit cell type specific expression patterns at
different developmental stages (Fig. 1.8) (Ito et al. 2010; Szwagierczak et
al. 2010). TET1 is highly expressed in mESCs, the ICM and in developing
PGCs in mice while TET2 and TET3 are highly expressed in adult tissues in
mice (Dawlaty et al. 2011; Ito et al. 2010; Yamaguchi et al. 2012).

Sperm Oocyte Zygote ESCs NPCs Brain
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Figure 1.8: Schematic representation of TET enzymes’ levels at different

developmental stages.

Arrow-up indicates increased expression levels; arrow-down indicates decreased

expression levels. Figure modified from (Santiago et al. 2014).

TET3 is the only TET enzyme detected in mouse oocytes and one-cell
zygotes, indicating that it has a crucial role in the first wave of DNA
demethylation during development and is responsible for the erasure of
DNA methylation (Igbal et al. 2011; Wossidlo et al. 2011). TET3 deletion
causes neonatal lethality coupled with the absence of 5hmC oxidative
derivatives in the paternal pronucleus (Gu et al. 2011). Global DNA
demethylation of both the maternal and paternal genomes occurs shortly
after fertilisation (Lee et al. 2014; Saitou et al. 2012). According to current

knowledge the demethylation of the maternal genome mainly occurs via
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passive dilution whereas the demethylation of the paternal genome
happens through a combination of TET3-mediated active DNA methylation
and 5mC replication dependent passive dilution. 5mC decreases drastically
soon after fertilisation (Mayer et al. 2000). This is accompanied by the
generation of oxidative derivatives of 5mC which is mediated by TET3
(Inoue et al. 2011; Igbal et al. 2011; Wossidlo et al. 2011). Nevertheless,
depletion of zygotic TET3 does not have any significant effects on 5mC
levels, indicating that passive demethylation is the driving force for
paternal genome demethylation whereas TET3 mediated oxidation only
contributes to some extent (Guo et al. 2014; Shen et al. 2014b).

Increasing evidence suggests a role of TET1 and TET2 enzymes in the
maintenance of pluripotency in ESCs. According to Dawlaty et al., Tet1 and
Tet2 double knockout (KO) mESCs remain pluripotent; however, 5hmC
levels were significantly reduced leading to developmental defects and
chimeric embryos (Dawlaty et al. 2013). This study also showed that,
although a fraction of double Tetl and Tet2 KO mouse embryos remain
viable, embryos with mid-gestation abnormalities leading to perinatal
lethality were also obtained (Dawlaty et al. 2013). Viable mice, displayed
reduced 5hmC levels and abnormal methylation patterns at imprinted loci
(Dawlaty et al. 2013). Indicating a critical role for TET enzymes during

development and genomic imprinting.

Triple Tet KO mESCs and murine embryonic fibroblasts (MEFs) displayed
differentiation and de-differentiation defects, however they were still
viable (Dawlaty et al. 2014; Hu et al. 2014). In mESCs, triple Tet KO led
to poorly differentiated embryoid bodies and teratoma formation (Dawlaty
et al. 2014). Global gene-expression and methylation analysis revealed
deregulation of genes important for development and differentiation as
well as promoter hyper-methylation (Dawlaty et al. 2014). Moreover, triple
Tet KO lost their capacity for reprogramming due to impaired
mesenchymal-to epithelial transition (MET) (Hu et al. 2014). An additional
study, revealed the importance of active DNA demethylation in
reprogramming, showing that 5hmC enrichment through TET1 oxidation is
involved in demethylation and subsequent reactivation of genes important

for pluripotency (Gao et al. 2013). Therefore, TET1 can replace octamer
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binding transcription factor (OCT4) in induced pluripotent stem cells
(iPSCs) induction (Gao et al. 2013). Similarly, another study in mESCs
revealed that TET1 and TET2 regulate OCT4 expression in order to sustain

5hmC levels and subsequently pluripotency (Koh et al. 2012).

It has been also shown that Tet1 knockdown leads to the downregulation
of Nanog in mESCs correlating with methylation of the Nanog promoter
(Ito et al. 2010). Therefore indicating an important role for TET1 in mESCs
maintenance (Ito et al. 2010). In the same study it was also shown that
knockdown of Tetl in pre-implantation mouse embryos leads to impaired
differentiation towards trophoectoderm (Ito et al. 2010). In addition to
TET1 synergy with NANOG, TET2 also associates with NANOG during the
establishment of reprogramming (Costa et al. 2013). Moreover, another
study showed a correlation between TET1 depletion and impaired
Leukaemia inhibitor factor (LIF) signalling known to promote self-renewal
and pluripotency in mESCs (Freudenberg et al. 2012). Thus, further
supporting the evidence of TET1 importance in the maintenance of

pluripotency.

Transcriptional control of TET genes is mediated by cell-type specific TFs.
The promoter region of TET1 gene contains binding sites for TFs related to
pluripotency (Ficz et al. 2011), indicating that TFs maintain TET1
expression in the early stages of development. It is also important to note
that Tetl is highly expressed in mESCs and it is downregulated upon
differentiation (Ito et al. 2010; Ko et al. 2011). TET1 depletion results in
transcriptional regulation of TET1 direct targets (Williams et al. 2011; Wu
et al. 2011a; Xu et al. 2011) suggesting TET proteins have a role in
transcriptional regulation. It has been also shown to participate in the
repression of Polycomb-targeted developmental regulators and in the
regulation of transcription of pluripotency factors (Wu et al. 2011b). It is
possible that the role of TET enzymes in transcriptional regulation is
dependent on its oxidative activity on 5mC to maintain the un-methylated
state of active promoters or distal enhancers (Ficz et al. 2011; Shen et al.
2013; Wu & Zhang 2011).
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Emerging evidence suggests the role of TET enzymes during brain
development and neurogenesis. All TET enzymes are present in developing
mouse brains (Hahn et al. 2013; Szwagierczak et al. 2010). It has been
shown that during the differentiation of NPCs into neurons there is an
elevation of 5hmC levels in parallel with increased levels of TET2 and TET3
(Hahn et al. 2013). Therefore, Tet2/3 knockdown results in impaired
neuronal differentiation, whereas their overexpression promotes
embryonic cortical neurogenesis (Hahn et al. 2013). TET3 depletion in
Xenopus embryos results in impaired eye and neural development (Xu et
al. 2012). In mESC, Tet3 KO leads to impaired neuronal differentiation; as
they fail to terminally differentiate into neurons (Li et al. 2014). Moreover,
another study showed that Tet1 promotes adult hippocampal neurogenesis
via the regulation of NPC proliferation (Zhang et al. 2013). TET2 has also
been implicated in neurogenesis as it has been shown that AF9, a histone
methyltransferase and mixed lineage leukaemia (MLL) fusion partner,
recruit TET2 to 5mC loci in order to direct 5mC to 5hmC conversion, with
subsequent activation of neural target genes in neural differentiation (Qiao
et al. 2015).

1.6.2. Regulators of TET activity

TET enzymatic activity is highly dependent on metabolites and co-factors.
TET requires oxygen, Fe (II) and a-KG in order to catalyse the oxidation
of 5mC into oxi-mCs. A-KG is produced by isocitrate in the tricarboxylic
acid (TCA) cycle through isocitrate dehydrogenase 1 (IDH1) and 2 IDH2
activity in the mitochondria (Kaelin & McKnight 2013). It has been shown
that, tumours with inactivating mutations in TCA cycle enzymes or in
IDH1/2 have an accumulation of fumarate, succinate and oncometabolite
2-hydroxyglutarate (2-HG), which are competitors of a-KG in TET enzymes
inhibition (Kaelin & McKnight 2013).

Another important regulator of TET enzymes is vitamin C which has been
shown to stimulate their catalytic activity (Blaschke et al. 2013; Minor et
al. 2013; Yin et al. 2013). It has been proposed that Vitamin C facilitates

conformational changes and/or recycling of the co-factor Fe (II) resulting
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in positive regulation of TETs activity (Yin et al., 2013). Vitamin C also
significantly increases the levels of 5mC oxidative derivatives in mESCs
(Blaschke et al., 2013) and MEFs (Minor et al. 2013).

Moreover, TET2 and TET3 directly interact with O-linked B-N-
acetylglucosamine (O-GlcNac) transferase (OGT), recruiting the complex
to CpG-rich promoters (Chen et al. 2013; Deplus et al. 2013; Vella et al.
2013). Therefore, TET proteins might promote transcriptional activation by

enhancing histone modifications such as O-GlcNac.

In addition, TETs mRNA might be post-transcriptionally regulated by
microRNAs. TET2 for instance is regulated by miR-22 in myelodysplastic
syndrome (MDS) and leukaemia where its expression is correlated with
reduced global levels of 5hmC (Song et al. 2013b). Indeed, TET2
downregulation correlates with miR-22 overexpression in MDS patients
(Song et al. 2013b). In breast cancer development, miR-22 directly targets
TET proteins resulting in enhancement of epithelial-mesenchymal
transition (EMT) promoting metastasis in mouse xenografts (Song et al.
2013c).

1.7. The role of TET enzymes in carcinogenesis

Impaired DNA methylation is one of the main hallmarks of cancer
(Hanahan & Weinberg 2011; Jones & Baylin 2002). TET proteins function
as epigenetic regulators modulating transcriptional regulation and cellular
actions (Pastor et al. 2013). The first indication of a role for TET proteins
in carcinogenesis, came from the discovery of TET1 as a fusion partner of
MLL in patients with acute myeloid leukaemia (AML), whereby the fusion
protein acts as an oncogene (Ono et al. 2002). Since then, several studies
investigating the dual activities of TET proteins in cancer pathogenesis in
different types of cancer have shown that TET might have tumour

promoting or tumour suppression functions; summarised at Table 1.1.
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Table 1.1: The dual role of TET genes in malignancies

melanoma and GBM

Experimental evidence Main Reference

finding
TET2 mutations and deletions | Tumour (Delhommeau et al.
promote the development of | suppressor 2009; Ko et al. 2011; Li
MDS AML et al. 2011; Moran-

Crusio et al. 2011).

TET1 deficiency promotes the | Tumour (Cimmino et al. 2015)
development of B cell | suppressor
lymphoma
Low TET1 levels correlate with | Tumour (Spans et al. 2016)
increase metastasis in prostate | suppressor
cancer
TET2 reduced levels are found | Tumour (Lian et al. 2012).
in human melanoma suppressor
Methylated TET2 promoter in | Tumour (Kim et al. 2011)
low-grade gliomas suppressor
TET2 reduced levels in primary | Tumour (Chen et al. 2017).
glioma tissues suppressor
TETZ2 reduced levels in GBM Tumour (Garcia et al. 2018)

suppressor
High levels of TET1 in proneural | Tumour (Takai et al. 2014).
GBM oncogene
TETZ2 high levels in cancer stem | Tumour (Puig et al. 2018)
cells of colorectal carcinoma, | oncogene
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1.7.1. Haematological malignancies

Impairment of TET2 function predisposes to the development of
haematological malignancies probably due to its critical role in
haematopoiesis (Quivoron et al. 2011). In vitro studies using short-
hairpin-RNA (shRNA) mediated knockdown of TET2 suggest a role of TET2
in the regulation of myeloid differentiation (Ko et al. 2010). Loss of 5hmC
in myeloid malignancies is often related to mutations in TET genes (Kraus
et al. 2015). TET2 mutations and deletions are a frequent phenomenon in
multiple forms of myeloid malignancies, including MDS and AML (Ko et al.
2011; Lietal. 2011). Previous studies in myeloid malignancies have shown
somatic deletions and loss-of-function mutations in TET2 in around 10%-
20% of patients with MDS (Delhommeau et al. 2009).

Tet2 KO in mice results in drastic reductions of 5hmC levels leading to
increased hematopoietic repopulating capacity and altered haematopoietic
differentiation (Ko et al. 2011; Li et al. 2011); suggesting that TET2 acts
as a tumour suppressor and is responsible for the maintenance of
haematopoietic cell homeostasis (Li et al. 2011). Another study showed
that Tet2 loss in mice leads to increased stem cell self-renewal and myeloid
transformation including myeloproliferation resulting in splenomegaly and
monocytic proliferation (Moran-Crusio et al. 2011). Moreover, patients
with MDS and TET2 defects exhibit enhanced repopulating abilities
compared to patients without TET2 defects (Delhommeau et al. 2009).
Apart from TET2, TET1 has also been found to be deregulated in
haematological malignancies. Tetl deficiency in mice promotes the
development of B cell ymphoma regulating the distribution of 5hmC and
the expression of genes encoding for B cell lineage (Cimmino et al. 2015).
Therefore, indicating the role of TET1 as a tumour suppressor in

haematopoietic malignancies (Cimmino et al. 2015).

In a more recent study, mouse models to investigate the effects of Tet2
expression in normal haematopoiesis were produced (Cimmino et al.
2017). Hence, a transgenic mouse to model the restoration of endogenous

Tet2 expression was generated. It has been shown that Tet2 knockout
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mice display aberrant haematopoietic stem cells (HSC) self-renewal
leading to disease (Cimmino et al. 2017). Restoration of Tet2 reverses
aberrant hematopoietic self-renewal in vitro and in vivo promoting cellular
differentiation corresponding to 5hmC elevated levels (Cimmino et al.
2017). Moreover, in the same study it has been shown that administration
of Vitamin C to AML cell lines leads to active DNA demethylation resulting
at enhanced 5hmC levels without any apparent alteration at TET levels
(Cimmino et al. 2017). Similar to these findings, in another study
Agathocleous et al., using metabolomics, showed that vitamin C
deprivation in mice leads to enhanced HSC self-renewal and reduced 5hmC
levels (Agathocleous et al. 2017). This phenotype corresponds to TET2
catalytic activity; and administration of vitamin C at mice with AML is
capable of restoring TET2 activity leading to enhanced survival
(Agathocleous et al. 2017). Therefore, these studies suggest that Vitamin

C can be used as a combination therapy to target AML.

1.7.2. The role of TET enzymes in brain malignancies

TET enzymes also have dual roles in other solid cancers. In prostate
cancer, low TET1 mRNA levels are correlated with increased risk of
metastasis suggesting that TET1 catalytic activity has a suppressive role
in prostate cancer (Spans et al. 2016). According to an
immunocytochemistry based study in precancerous breast lesions, 5hmC
levels were positively associated with TET2 expression, suggesting that
they can be used as biomarkers for breast cancer development (Zhang et
al. 2019). Reduced levels of IDH2 and TET2 enzymes in human melanoma
are responsible for 5hmC loss as the re-introduction of active TET2 in
melanoma cell lines results in the global increase in 5hmC levels coupled

with suppression of tumour invasion and growth (Lian et al. 2012).

In a proportion of low-grade gliomas, TET2 promoter is methylated,
therefore leading to inactivation of the TET2 gene; suggesting TET2 has a
tumour suppressor role in low-grade gliomas (Kim et al. 2011). Another
study showed the exclusion of TET1 from the nuclei of glioma cells might

be responsible for the loss of 5hmC observed in gliomas, contributing to
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carcinogenesis (Mdller et al. 2012). A study in primary glioma tissues
compared with non-tumour brain adjacent tissue showed that, TET2
expression and protein levels were decreased in glioma tissues (Chen et
al. 2017). TET2 downregulation was correlated with increased tumour size
and tumour grade (Chen et al. 2017). Ectopic overexpression of TETZ2 in
U87-MG and U251 GBM cell lines resulted in inhibition of growth and
invasion in vitro and in vivo (Chen et al. 2017). TET2 promoter physically
binds the Zinc finger E-box-binding homeobox 1 (ZEB1) gene which is
located 2kb upstream of the first exon of TET2 gene and its knockdown led
to increased levels of TET2, suggesting that TET2 expression might be
regulated by ZEB1 (Chen et al. 2017). Moreover, ectopic overexpression
of TET2 in GBM LN228 cell line in vitro resulted in a significant decrease of
cell population doubling time as well as in decreased cell viability (Garcia
et al. 2018). Following transplantation of TET2-overexpressing LN229 GBM
cells to nude mice, 2 out of 5 mice injected displayed reduced tumorigenic
potential in vivo (Garcia et al. 2018). This evidence suggests that TET2

might act as a tumour suppressor in GBM.

Interestingly, a study in proneural glioblastoma primary cell lines derived
from patients showed that they contain high levels of TET1 resulting in
TET-mediated oxidation of 5mC into 5hmC (Takai et al. 2014). Small
interfering RNA (siRNA)-mediated knockdown of TET1 led to a significant
decrease in cell growth and suppressed sphere formation while re-
expression of TET1 could rescue the phenotype (Takai et al. 2014).
Infection of lentivirus-expressing shRNAs against Tetl in nude mice
resulted in increased survival compared with mice injected with control
lentivirus (Takai et al. 2014). Analysis of 5hmC levels in TET1 knockdown
cells revealed decreased expression levels of key genes involved in GBM
formation (Takai et al. 2014). These observations suggest TET1 has a
crucial role in proneural GBM tumorigenicity probably through the

regulation of cancer stem cells.

Similarly, in a recently published paper it has been shown that TET2
enzymatic activity controls survival and recurrence of slow-cycling cancer
cells (Puig et al. 2018). These cells are often called cancer stem cells and

resist current treatment methods, which mainly includes anti-proliferative
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drugs. Cancer stem cells are also responsible for tumour recurrence. TET2
was shown to be highly expressed in the subpopulation of cancer stem
cells of different tumour types including colon cancer, myeloma and GBM
(Puig et al. 2018). Furthermore, patients with colorectal carcinoma that
showed enrichment of TET2 levels and treated with chemotherapy relapsed
significantly earlier (Puig et al. 2018). shRNA mediated knockdown of TET2
as well as clustered regularly interspaced short palindromic repeats/Cas 9
(CRISPR/Cas9) mediated TET2 knockout in cancer stem cells showed an
increased apoptosis in human colorectal cancer cell lines (Puig et al. 2018).
Moreover, knockout of TET2 delayed subcutaneous tumour re-growth in
vivo and progression-free survival was significantly longer (Puig et al.
2018), indicating TET2 regulates the population of cancer stem cells in

human colorectal carcinoma.

1.7.3. The non-enzymatic roles of TET enzymes in carcinogenesis

Several studies have shown TET proteins can regulate transcription in
malignancies in a nhon-enzymatic way. Mutations in IDH1/2 genes are often
found at haematopoietic and solid tumours, these mutations result in
reduced enzymatic activity of TET, as they are responsible for a-KG
production (Dang et al. 2010). Instead, mutations at these genes leads to
the generation of (R) -2- hydroxyglutarate ((R)-2-HG) which acts as a
repressor of TET enzymatic activity (Losman et al. 2013; Ye et al. 2013).
Therefore, tumours with IDH1/2 mutations display lower 5hmC levels.
Another study showed that Wilm’s tumour 1 (WT1) interacts with TET2 as
mutations in WT1 gene leads to reduced TET2 enzymatic activity resulting
in decreased 5hmC levels in AML (Rampal et al. 2014). This study showed
that WT1 interacts with TET proteins stimulating their activity at specific
genomic regions (Rampal et al. 2014). It has also been shown that TET2
recruits histone deacetylase 2 (HDAC2) to selectively inhibit Interleukin-6
(IL-6) in innate myeloid cells acting independently of its enzymatic activity
(Zhang et al. 2015). This study suggests that suppression of TET2’s non
enzymatic activity leads to the elevation of IL-6 levels in tumours
implicating another level of regulation of carcinogenesis through TET
enzymes (Zhang et al. 2015). Moreover Tsai et al., showed that TET1
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interacts with hypoxia inducible factors (HIFs) increasing gene expression

of genes responsive to hypoxia and to EMT (Tsai et al. 2014).

1.8. Adult and Paediatric brain tumours

1.8.1. The concept of cancer heterogeneity: a primary feature of

brain tumours

Cancer is characterised by inter-tumour and intra-tumour heterogeneity.
Inter-tumour heterogeneity refers to differences between tumours in
different as well as in the same organ; while intra-tumour refers to
differences in the cells within the tumour (Inda et al. 2014). The latter
refers to various clones that exist within the same tumour which is most
probably caused by stochastic events favouring or disfavouring their
maintenance under selective pressure imposed by treatment approaches
(Inda et al. 2014).

There have been several attempts to explain the ontogenesis of cancers.
The first proposed model was based on Darwinian theory of evolution
(Nowell 1976). In this model, genetic and epigenetic alterations randomly
occurred and are subjected to natural selection. According to this model
the clones that can survive environmental changes, treatment approaches
in particular, would survive and become dominant (Fig. 1.9) (Nowell
1976). The expanding field of developmental biology and stem cells, led to
the cancer stem cell (CSC) theory for cancer initiation and evolution. In
this model, the tumour arises from cells with stem cell characteristics;
these cells will go under asymmetric division to generate more
differentiated cells which will constitute the bulk tumour while CSC remain
a small population (Fig. 1.9) (Shibata & Shen 2013). The heterogeneity in
the microenvironment within the tumour due to differences in growth
factors, oxygen supply, nutrient supply and blood vessel density is also
considered to be the cause of genetic and epigenetic alterations observed
in tumours (Fig. 1.9) (Marusyk & Polyak 2010). It is more likely that all
three models described are responsible for the heterogeneity in tumours.
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For instance, changes in the microenvironment of the tumour could induce
either epigenetic or genetic changes in CSC altering their “stemness”
properties and tumorigenic potential. Thus tumour heterogeneity is
complex, affected by both hereditable genetic events and non-hereditable

epigenetic alterations.

Clonal evolution CSC model Cell plasticity

Microenvironment
e B

cell plastidity

Microenvironment
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Figure 1.9: Models for the origin of cancer heterogeneity.

In the clonal evolution model, cells acquire mutations under selective pressure
(e.g. drug treatment). In the CSC model, cells divide and generate CSCs and more
differentiated tumour cells; under pressure CSCs can survive and will lead to
tumour relapse. In the last model, heterogeneity is generated by cell plasticity in

response to environmental cues. Figure modified from (Inda et al. 2014).
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1.8.2. The concept of cancer stem cells in malignancies

Brain tumours are characterised by the subpopulation of cells that are able
to recapitulate the tumour after treatment; which often called CSCs due to
the similarities they have with stem cells. CSCs have been broadly
characterised in multiple patient-derived tumours including breast tumours
(Zhou et al. 2019), colon cancer (Zhou et al. 2018b) and brain tumours
(Chen et al. 2012; Singh et al. 2003). Specifically, CSCs are characterised
by their self-renewal ability; multi-lineage differentiation capacity; their
expression of stemness markers including NANOG, OCT4, sex-determining
region Y-box 2 (SOX2) and tumour formation ability in vivo (Lathia et al.
2015).

The first report of CSCs in brain tumours was in 2003; in this study CSCs
that possess self-renewal, differentiation and proliferation capacities were
purified from human MB tumours (Singh et al. 2003). This is not surprising
considering that key pathways involved in NPC proliferation and
specification (Wnt, Sonic hedgehog (SHH)) are aberrantly activated in
these tumours indicating a link between normal neural progenitor
differentiation and MB development (Gibson et al. 2010).

The comparison of glial tumours and normal brain cells in their ability to
generate neurospheres in non-serum conditions led to the identification of
a population of cells in glial tumours with similar characteristics to normal
brain stem cells, including the expression of NESTIN and glial fibrillary
acidic protein (GFAP) (Ignatova et al. 2002). In another study, Chen and
colleagues, used a genetically engineered mouse model of GBM to identify
a subset of quiescent tumour cells that are able to recapitulate tumour
growth after the administration of temozolomide (TMZ) (Chen et al. 2012).
CSCs’ resistance to chemotherapy and radiotherapy causes tumour
recurrence (Chen et al. 2012). TMZ is a common chemotherapy drug used
for the treatment of brain tumours, through the methylation of guanidine
DNA residues that would eventually lead to cell death (Beier et al. 2008).
Interestingly, CSCs that overexpress 0O-6-methylguanine- DNA
methyltransferase (MGMT) are not responsive to TMZ treatment due to the
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ability of MGMT to remove the methylation introduced by TMZ leading to
DNA repair (Beier et al. 2008). Therefore, despite the aggressive therapy
that is given to patients, the residual CSCs lead to the recurrence of
tumour. A follow up study showed that SOX2, OCT4, Spalt-like 4 (SALL4)
and oligodendrocyte 2 (OLIG2) TFs are essential for GBM propagation and
these TFs are able to induce de-differentiation of GBM cells to CSCs (Suva

et al. 2014).

1.8.3. Glioblastoma multiforme (GBM)

Gliomas are the most common form of primary brain tumour in the CNS
(Williams et al. 2008). The World Health Organization (WHOQO) classifies
gliomas into grades I-IV according to their malignancy level (Louis et al.
2016). Glioblastoma multiforme (GBM) is grade IV glioma and the most
common and aggressive primary tumour of the adult brain with a median
survival time of 9-12 months (Louis et al. 2016; Wesseling et al. 2015). It
is a primary neuroepithelial tumour of the CNS with an extensively
aggressive clinical phenotype due to the heterogeneity of tumour (Szopa
et al. 2017). Current approaches for therapy involve surgical resection,
although complete resection is challenging due to the invasive nature of
this tumour, followed by whole brain radiotherapy and chemotherapy
(Szopa et al. 2017).

There have been several theories about the cell of origin in GBM; one of
them proposes that NSCs undergo malignant transformation retaining
their stem cell features (Alcantara Llaguno et al. 2009). Moreover,
transient amplifying progenitors have been suggested as the origin of GBM
(Alcantara Llaguno et al. 2015). The last theory claims that differentiated
cells undergo into de-differentiation and form glioma stem cells. Indeed, it
has been shown that mutations in astrocytes, oligodendrocyte progenitors
or in neurons are sufficient to confer stem cell properties during malignant

transformation (Friedmann-Morvinski et al. 2012; Persson et al. 2010).

Initial molecular classification studies of GBM were performed using The

Cancer Genome Atlas (TCGA) integrated gene expression data from
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different platforms. Verhaak and colleagues identified 840 genes that
classified GBM into four different subgroups according to the genomic
profile of the tumour: classical; proneural; mesenchymal and neural
(Verhaak et al. 2010).

According to the initial classification, the neural subtype is associated with
oligodendrocytic and astrocytic differentiation and it is characterised by
the expression of neuron markers such as Neurofilament light polypeptide
(NEFL), Gamma-Aminobutyric Acid Type A Receptor Subunit Alphal
(GABRA1) and Synaptotagmin 1 (SYT1) (Verhaak et al. 2010). However,
subsequent studies in glioma stem cells and single-cell gene expression
profiles showed that GBM can only be classified into proneural,
mesenchymal and classical GBM (Behnan et al. 2019; Wang et al. 2017).
It is possible that the neural type identified was due to contamination with
normal neuronal cells (Behnan et al. 2019; Brennan et al. 2013; Sturm et
al. 2012).

The classical subtype is associated with an astrocytic signature and
characterised by high levels of epidermal growth factor receptor (EGFR),
impaired levels of pro-apoptotic proteins and mitogen protein kinase
(MAPK) (Brennan et al. 2013; Verhaak et al. 2010). Stem cell markers,
neural precursor markers and Notch and SHH signalling pathways are also

highly expressed in this subtype (Verhaak et al. 2010).

The mesenchymal subtype is characterised by lower levels of the
neurofibromin 1 (NF1) gene, which are not correlated with any methylation
signature in that area; mutations in PTEN gene and activation of MAPK
pathway (Verhaak et al. 2010). This subtype is characterised by a
combination of higher activity of mesenchymal and astrocytic markers and
also genes in the tumour necrosis factor super family (Verhaak et al.
2010). The mesenchymal subtype tends to have worse prognosis than
proneural and classical subtypes (Wang et al. 2017). A recently published
study, proposed that the interaction between tumour and immune cells
can drive the development of GBM (Martinez-Lage et al. 2019). Close
examination of the immune phenotype of the GBM subtypes identified that

mesenchymal GBMs have the highest percentage of microglia,
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macrophages and lymphocytes which could explain the worse prognosis

observed in this subtype (Martinez-Lage et al. 2019).

The proneural class is associated with an oligodendrocytic signature rather
than the astrocytic signature and is characterised mainly by alterations of
platelet derived growth factor receptor A (PDGFRA) and point mutations in
IDH1 (Verhaak et al. 2010). It is also characterised by normal EGFR and
PTEN expression and Notch activation (Phillips et al. 2006). It has been
suggested that patients with proneural GBM tend to be younger and
display a favourable prognosis (Verhaak et al. 2010). However, this
favourable prognosis is more likely to be associated with point mutations
in the IDH gene in these tumours. Subsequent analysis of proneural GBM
patient samples with the exclusion of patients with IDH revealed that
proneural subtype is characterised by worse prognosis than previously
described (Sturm et al. 2012).

Since then, a single cell RNA-seq study of GBM showed that it consists of
a heterogeneous population of individual cells which correspond to
different subtypes and this heterogeneity at the single cell level affects
clinical outcome (Patel et al. 2014). Moreover, a subsequent study based
on gene expression and DNA methylation profiles showed that GBM can be
further classified into six methylation groups: clusters M1, M2, M3, M4,
glioma CpG island methylator phenotype (G-CIMP) and M6 (Brennan et al.
2013). The classical subtype was enriched in the M1 cluster while the
mesenchymal in the M1 cluster and the G-CIMP contained mainly the
proneural subtype (Brennan et al. 2013). Therefore, these results indicate

the critical importance of epigenetic marks in GBM classification.
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1.8.4. Paediatric brain tumours: Medulloblastoma (MB) and

Ependymoma (EPN)

Paediatric brain tumours are the leading cause of cancer mortality in
children (Ward et al. 2014). MB and EPN represent the two most common
forms (Northcott et al. 2012a). MB was first identified by James Homer
Wright in 1910 (Wright 1910) and is the most common malighant
childhood brain tumour accounting for around 20% of paediatric brain
tumour cases (Louis et al. 2016). It has a 5-years survival rate of around
75-85% (Gajjar et al. 2006) and WHO grade IV status, the highest grade
of malignancy. MB is a heterogeneous embryonal tumour that arises in the
cerebellum and exhibits deregulations in critical pathways known to have
a crucial role in cerebellum development (Coluccia et al. 2016; Hatten
2011). It is believed to originate from primitive neuroectodermal
progenitor cells involved in the formation of the cerebellum and brain stem
(Gibson et al. 2010). Current approaches to treatment include maximal
safe tumour resection, chemotherapy and craniospinal radiotherapy for

patients older than 3 years old.

MB is a highly heterogeneous tumour and is classified into four subgroups
based on their transcription profiles and DNA methylation patterns: WNT;
SHH; Group 3 and Group 4 (Jones et al. 2012; Northcott et al. 2011; Taylor
et al. 2012). WNT tumours are rarely metastatic and represent the most
favourable prognosis accounting for 10% of all the cases (Gajjar et al.
2015; Northcott et al. 2011; Taylor et al. 2012). Tumours in this category
are often located in the fourth ventricle near the brainstem. The cell of
origin is considered to be a progenitor in the lower rhombic lip (Fig.1.10)
(Gibson et al. 2010). They are characterised by somatic mutations of
Catenin Beta 1 (CTTNB1) leading to stabilisation and nuclear localisation
of B-catenin and subsequently aberrant activation of WNT signalling
pathway (Clifford et al. 2006; Thompson et al. 2006). Moreover, mutations
in chromatin modifier genes are also common in WNT MB; indicating that
deregulation of the epigenome is also of critical importance in the
development of MB (Robinson et al. 2012).
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SHH MB has an intermediate survival rate and represents around 30% of
all MB cases (Gajjar et al. 2015). These tumours are located in the
cerebellar hemispheres and granule neuron precursors (GNPs) which are
considered to be the cell of origin (Fig. 1.10) (Gibson et al. 2010; Raybaud
et al. 2015). Common alterations in SHH MB include mutations in genes
involved in SHH pathway such as Patched (PATCH1) and SUFU, and
amplifications of MYCN and GLI family zinc finger 2 (GLI2) (Jones et al.
2012; Kool et al. 2014; Robinson et al. 2012). Interestingly, some SHH
MB patients have mutations in the IDH1 gene which are also common in
gliomas and contribute to DNA hyper-methylation (Northcott et al. 2017).
According to a recent report, SHH tumours are heterogeneous and can be
further subdivided into 4 subtypes. The SHH a subtype is characterised by
MYCN and GLI2 amplifications and TP53 mutations and is associated with
the worst prognosis among the 4 subtypes. SHH B tumours are often
metastatic and mainly affect infants and like y tumours which have a better
prognosis (Cavalli et al. 2017). SHH 0 subtype is mainly found in adults
and contains telomerase reverse transcriptase (TERT) promoter mutations
(Cavalli et al. 2017).

Group 3 accounts for 25% of all MBs, has the worst outcome and nearly
50% of tumours are metastatic (Kool et al. 2012). It is often located in the
fourth ventricle near the brainstem (Raybaud et al. 2015). It has been
suggested that the cell of origin is lineage-negative cerebellar stem cells
and GNPs, however it remains unclear (Fig. 1.10) (Kawauchi et al. 2012).
The most common genetic alteration that characterises group 3 MB is the
amplification of MYC proto-oncogene (Northcott et al. 2011). Signalling
pathways such as Notch and transforming growth factor- B (TGF-B) have
also been found to be activated in group 3 MB tumours (Kool et al. 2012;
Northcott et al. 2012b). Similar to SHH tumours, group 3 can be subdivided
into three distinct subgroups (Cavalli et al. 2017). Group 3a tumours are
metastatic and mostly found in infants. Group 3B has growth factor
independent 1 (GFI1) family oncogene activation and orthodenticle
homeobox 2 (OTX2) amplification (Cavalli et al. 2017). Group 3y is
characterised by MYC amplification and is often metastatic, representing

the worst prognosis among the three subtypes (Cavalli et al., 2017).
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Group 4 is the most common subgroup with similar prognosis to SHH
(Northcott et al. 2011). Tumours that belong to group 4 are frequently
metastatic and often invade into the fourth ventricle near the brainstem
(Taylor et al. 2012). Similar to group 3, the origin of the tumour is unclear;
however, it is believed that they arise from primitive progenitors (Fig.
1.10) (Raybaud et al. 2015). Common alterations in Group 4 include
inactivating mutations in the lysine demethylase 6A (KDM6A) gene,
duplication of the gene encoding synuclein alpha interacting protein
(SNCAIP) and amplification of the cyclin dependent kinase 6 (CDK6) and
MYCN genes (Northcott et al. 2011; Taylor et al. 2012). Group 4 MB also
shows inter-tumour heterogeneity. Groups 4a and 4y have focal CDK6
amplification, chromosome 8p loss, and chromosome 7q gain, while Group
4a also exhibits MYCN amplification (Cavalli et al. 2017). Group 4P is
characterised by SNCAIP duplication and PR/SET domain 6 (PRDM®6)

overexpression (Cavalli et al. 2017).

SHH

Midbrain

Cerebellum

Group 3

Fourth
ventricle

Brainstem

Figure 1.10: Schematic representation of the origin of the MB subtypes.

WNT tumours arise from the lower rhombic lip (blue), SHH is believed to arise
from granule neuron precursors in the upper rhombic lip and external granule
layer (EGL) (orange). Group 3 and 4 are most likely to arise from primitive
progenitors (yellow and green) in different locations inside the cerebellum. Figure
modified from (Wang et al. 2018).
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Another type of malignant paediatric brain tumour is EPN which can arise
from the supratentorial region (cerebral hemispheres), the posterior fossa
and the spinal cord (Louis et al. 2007). The 5-year survival rate varies
between 24-82% with some patients experiencing a rapidly growing
tumour variants and others harbouring slow growing variants (Liu et al.
2017). 90% of EPN occurs intracranially, with 70% of them in the posterior
fossa (Kilday et al. 2009). A study based on DNA methylation profiles of
EPN identified nine distinct molecular subgroups, three in each area (spine,
supratentoria and posterior fossa) which are genetically, epigenetically,
transcriptionally and clinically distinct (Pajtler et al. 2015).

Conventional therapies for MB and EPN include maximal surgical removal,
cranio-spinal radiotherapy and chemotherapy (Karajannis et al. 2009).
However, radiotherapy cannot be applied to infants as the brain is still
developing (Raimondi & Tomita 1983). Although in most cases MB and EPN
are curable, the majority of patients suffer from long-term side effects,
including impairments in information processing speed, IQ levels and
visual memory (Mabbott et al. 2008; Spiegler et al. 2004). Like GBM,
paediatric brain tumours also harbour a cancer stem cell population,
expressing neural stem cell markers such as SOX2 and NESTIN, which is
responsible for tumour recurrence after treatment (Milde et al. 2012;
Vanner et al. 2014). In EPN especially, tumour recurrence is a major issue
as 50% of EPNs relapse after treatment even following aggressive

radiotherapy (Sowar et al. 2006).
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1.9. Hypothesis and Aims

Previous studies in our lab showed, for the first time, the presence of 5caC
in glioma and breast cancer tissues coupled with its absence in normal
brain and breast adjacent tissues (Eleftheriou et al. 2015). 5caC levels
were elevated in a proportion of breast cancer tissues, however; these
levels were not related to the 5hmC levels in the corresponding tissues
(Eleftheriou et al. 2015). Thus, this was an indication of the preferential
oxidation of 5mC into 5caC by TET enzymes in some cancers suggesting a
possible distinct biological role of 5caC. A follow up study in our lab
revealed that 5caC is also present in EPN and MB paediatric brain tumour
cell lines coupled with high TET1 levels (Ramsawhook et al. 2017).
Considering the transient accumulation of 5caC during neuronal lineage
differentiation (Wheldon et al. 2014) and the nature of brain tumours, their
possible origin from neural/glial progenitor cell as well as the presence of
glioma stem cells we hypothesised that 5caC presence in cancer cells might
relate with their differentiation state thereby representing a unique

epigenetic mark in brain cancers.

Therefore, the central goal of this thesis was to study the presence the
genomic distribution and the possible biological roles of oxidative
derivatives of 5mC in brain tumours cell lines. This thesis was split into

three main aims:

1) To examine the presence, spatial and genomic distribution of 5caC
in GBM and MB cell lines.

2) To identify the role of TET2 in the oxidation of 5mC to
5hmC/5caC/5fC in LN18 GBM cell line, as well as its potential role in
cancer pathogenesis.

3) To study 5caC potential readers in adult and paediatric brain tumour

cell lines.
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Chapter 2. Materials and Methods

2.1. Cell culture

2.1.1. Preparation of complete media and maintenance of cells

LN18, LN229, U87-MG, U251 GBM cell lines BXD-1425EPN, DKFZ-EP1NS
EPN cell lines and HelLa cells were cultured in Dulbecco’s Modified Eagles
medium (DMEM) (Gibco, Life technologies: 31885023) supplemented with
10% heat- inactivated foetal bovine serum (FBS) (ThermoFisher:
SH30541.03). For the high glucose experiments; we used DMEM media
supplemented with 25 mM glucose (Gibco, Life technologies: 11965092)
GIN8 and GIN28 primary GBM cell lines were cultured in DMEM
supplemented with 15% and 10% heat-inactivated FBS respectively. DAOY
MB cells were cultured in HyClone™ minimal Essential Medium with Earle’s
MEM/EBSS supplemented with 10% heat-inactivated FBS, 1% MEM non-
essential aminoacids (NEAA) 100X (Gibco: 11140-035), 1% glutamine and
1% sodium pyruvate UW228-3 MB cells cultured in DMEM/F12 (Gibco, Life
technologies: 11320074) supplemented with 15% heat-inactivated FBS,
1% glutamine and 1% sodium pyruvate. ONS76 and HDMBO3 cells were
cultured in RPMI (Sigma Aldrich: 1640) supplemented with 10% heat-
inactivated FBS. All the above cell lines were cultured in tissue-culture
treated flasks. CHLA-O01R and CHLA-01 cells were cultured in DMEM
supplemented with 10% B27 Supplement 50 X (Gibco: 17504-044), 1%
epidermal derived growth Factor (EGF) (Peprotech: 315-09) and 1%
fibroblast growth factor 2 (FGF2) (Peprotech: 100-18B) in non-tissue
culture coated flasks (NUNC). Information about media components in
each cell line are displayed at Table 2.1. Cells were incubated at 37°C with
5% CO..
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Table 2.1: Media formulation

Cell line Media components

LN18, LN229, US7MG, DMEM + 10% FBS

U251, BXD-1425EPN,

DKFZ-EP1NS, Hela,

GIN28

GIN8 DMEM + 15% FBS

DAOY MEM/EBSS +10% FBS + 1% Glutamine + 1%
sodium pyruvate + non-essential amino acids

Uw228-3 DMEM/F12 + 15% FBS +1% Glutamine +1%
Sodium pyruvate

ONS76, HDMBO3 RPMI + 10% FBS

CHLA-01R, CHLA-01 DMEM + 10% B27 +1% EGF +1% FGF2

2.1.2. Glioma stem cell enrichment culture

LN18 cells cultured in stem cell enrichment conditions were cultured in
neurobasal medium contained: DMEM/HAMS-F12 (Sigma: D8437), 7.25
ml Glucose 100 g/L (Sigma G8644), 1% NEAA 100 X (Gibco: 11140-035),
1% Penicillin Streptomycin (Gibco 15140-122), 800 ul bovine serum
albumin (BSA) solution 7.5% (Gibco 15260-037) 1% B-mercaptoethanol
50 mM (Gibco 31350-010), 1% B27 Supplement 50 X (Gibco 17504-044)
and 0.5% N2 Supplement 100 X (Gibco 17502-048). Complete neurobasal
medium was further supplemented with 20 ng/ml bFGF (Peprotech: 100-
18B) and 20 ng/ml EGF (Peprotech: 315-09). Cells were incubated at 37°C
with 5% COs,.

2.1.3. Sub-culturing of cells

1x10° cells were thawed from liquid nitrogen for 2 minutes in a 37°C water
bath and seeded into a T25 (NUNC) flask containing 5ml of the appropriate
media (Table 2.1). Fresh media was replenished after 24 hours in order to

remove any residual dimethyl-sulfoxide (DMSO). Media was replenished
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every 3 days and cells were passaged when reaching 70-80% confluence.
2 ml of 1 X 0.25% trypsin (Gibco) dissolved in HBSS (Fisher Scientific:
14170138) was used for the dissociation of the cells for 5-10 min at 37°C
with 5% CO.,. Following incubation, the flasks were tapped gently to agitate
adherent cells from the tissue culture plastic surface. Trypsin was then

neutralised using complete media.

2.1.4. Cryopreservation of cells

Approximately 1x10° cells were centrifuged at 200 g for 5 minutes,
pelleted, re-suspended to 1 ml FBS containing 5% DMSO (Sigma: C6164)
and immediately placed in a Mr Frosty freezing container. This container
enables constant cooling rate at -1°C per minute. Cells were immediately
transferred at 80°C freezer for 24 hours incubation; followed by their final

transfer to liquid nitrogen for long term storage.

2.2. Cell culture assays

2.2.1.1. siRNA mediated transfections

SMARCC2, RCOR2, TET2 and TDG SMART pool 5 nmol siRNAs (Dharmacon:
L-008312-00-0005, L-018296-02-0005, L-013776-03-0005, L-003780-
01-0005) were dissolved in 500 pl dH20 in order to make 10 uM stock
solutions. Cells were seeded at approximately 40-50% confluence in a 12-
well plate for gene expression analysis and in an 8-well chamber slide for
immunostaining 24 hours prior transfection. 10 uM siRNA was diluted in
serum free Opti-MEM (Gibco: 31985062) in order to achieve the optimal
concentration up to a final volume of 100 pl for the transfection in the 12
well plate and 40 pl 8-well chamber slides. In a separate tube 3 pl of
DharmaFECT transfection reagent (Dharmacon: T-2001-01/02) was
diluted in 97 pl of serum free Opti-MEM, (1.2 uyl Dharmafect in Opti-MEM
for the 8-well chamber slide). The two mixtures were incubated separately
for 5 minutes at room temperature then mixed and left to incubate for

another 20 minutes. After the incubation time, serum free medium was
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added to the mixtures before adding to UW228-3 and LN18 cells seeded in
12 well plates and 8-well chamber slides. The final siRNA concentration for
all the genes was 50 nM per well. Cell were then incubated at 37°C and 5%
CO, for 48 hours. After 24 hours, transfection medium was replaced by
complete medium and 24 hours later cells were harvested for gene

expression and immunocytochemical analysis.

2.2.2. Electroporation transfection

Transfection of plasmid into LN18 cell line was achieved using the
Nucleofector II AMAXA (Lonza) with the Cell Line Nucleofector™ kit L
(Lonza: VCA-1005). We used 1 pg of gRNA and Cas9 plasmids, 2 ug donor
and GFP plasmid. 500,000 cells were used per transfection. Briefly, cells
were counted and re-suspended in Buffer L (Lonza: VCA-1005) and added
to the DNA plasmids. Samples were transferred to cuvettes and placed in
Nucleofector II AMAXA electroporator, following by transfection using the
U-30 C6 glioma high efficiency settings. The cuvettes where incubated at
37°C and 5% CO; for 10 minutes following their transfer into 6-well tissue

culture treated plates.

2.2.3. Growth curves

Cells were seeded in tissue culture treated 6-well plates at a density of
10,000 cells per well. Their growth was monitored over the course of 8
days. Trypan Blue 0.4% solution (ThermoFisher: 15250061) was used to
exclude dead cells from the counts; viable cells were counted every day
using a haemocytometer. We performed 3 technical replicates in each

biological replicate.

2.2.4. Limited dilution assay

Single cell suspensions from LN18 cell line and LN18 TET2 KO cell lines
were seeded on low attachment 96-well plates in decreasing numbers

(250-5 cells/well, serial dilution) in 200 pl complete neurobasal media in 6
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replicates per condition. Cells were incubated at 37°C 5% CO: in a
humidified incubator and media was changed every 2-3 days. Spheroids
were grown for 14 days in culture until reaching an approximate diameter
of 100-200 pym. After 14 days in culture all the spheroids in each well were
imaged, counted and measured using Image J. Cells were then dissociated
using trypsin and single cells viable cells were re-seeded as previously and

analysed in the same way.

2.2.5. Differentiation assay

Cells were conditioned for four days in complete neurobasal medium
coated with 1% Laminin (Sigma: L2020-1MG) prior to differentiation.
Complete neurobasal medium was then replenished with pro-neuronal
medium containing neurobasal medium supplemented with 1 uM retinoic
acid (RA) (Sigma: R2625), 10 ng/ml brain-derived neurotrophic factor
(BDNF) and 0.5% FBS; or pro-glial containing neurobasal medium
supplemented with 10 ng/ml bone morphogenic protein BMP4 (R&D: 414-
BP), and 5% FBS. Media was changed every 48 hours and samples were

harvested after 2, 4 and 6 days post differentiation induction.

2.3. Molecular biology

2.3.1. RNA extraction

RNA extraction was performed using RNeasy mini kit (Qiagen:
74104/74106) following manufacturer’s instructions. Samples were eluted
in RNAse-free dH,O. RNA concentration was measured using NanoDrop-
1000 spectrophotometer (ThermoFisher), 260/280 nm and 260/280 nm

were also measured to ensure good purity and quality of RNA.
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2.3.2. cDNA synthesis

Reverse transcription PCR (RT PCR) was performed for the cDNA synthesis.
2 ug RNA was added to a 20 pl reaction mix containing 1 pl 10 mM dNTPs
(New England Biolabs (NEB): N0447S), 2 ul of 10X random hexamers
(Thermo Scientific: N8080127) and dH.0. Reaction mix was heated at 65°C
for 5 minutes followed by immediate ice incubation. 5 X first strand buffer
(4 pl) 1 pl Dithiothreitol (DTT) (Invitrogen: D1532 ) and 0.1 M (1 pl) of
Superscript III Reverse Transcriptase (Invitrogen: 180800) were added to
the reaction mix followed by 5 minutes incubation at room temperature
then 1 hour incubation at 50°C. Inactivation of the enzyme was performed
at 70°C for 15 minutes. Reaction volume was diluted with dH.O up to a

total volume of 200 pl.

2.3.3. Gene expression analysis via Real-time Polymerase Chain
Reaction (qPCR)

Gene expression was measured via qPCR on Applied Biosystems FAST
7500 gPCR machine and using the manufacturer’s software. 5 yl GoTaq
gPCR master mix (Promega: A6001), 0.25 ul forward and reverse primers
(5 uM) (Sigma Aldrich) and 100 ng of cDNA were added to a 10 pl reaction
miX. Primer sequences were designhed using Primer3 and were verified
using NCBI-Blast (Table 2.2). gqPCR program was run at 40 cycles with
denaturation at 95°C, annealing temperature at 60°C for 10 seconds each
and extension step at 72°C for 30 seconds. Gene expression was measured
using comparative Ct values and it was normalised to Glyceraldehyde 3-
phospate dehydrogenase (GAPDH) endogenous reference gene

expression.
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Table 2.2: List of qPCR primers

Gene

name Forward primer (5'-3’) Reverse primer (5'-3’)
SMARCC2 | TGAGAAGAAGGAGCCCAAGG | TCCTTCAGCACTTCCTCCTG
WIz AACTGCCTCTCCTCCTCCTA TCAGGGGTGTCATGTCTTCC
THYN1 GCATCGCAGGACTCATGAAG GCCAGGGGAATGAAACGTTT
RNF169 GGTGGAAAGGAGTCAGAGCT | TTATGCAGGGAAGCCAAGGA
ANKRD17 | TGCTTCTGGTGGCTATGTGA AGCAGGCTAAAGTAAGGGCA
MUM1 GTTCTTCCGGGTTTGCTGTT CACAGCAAACACGACACAGA
RCOR2 ATTCCCTGACGAGTGGACAG CATCACACTAGTTCGGCTGC
KDM1A GCCACACCTCTCTCAACTCT CCTGTCGCACTGCTGTATTC
SMARCC1 | GGTTAGGATGGGACGGGAAA | GAGCACCCCAAACCTCAAAG
RREB1 GCCTCCTCTTCCCTTTCAGT CGGCCCCTTCTAAATTCTGC
ZBTB7A ACCTTCCCCTATCCATGCAC TTTAGTGCAATCCCCGAGGT
CTCF TGATGCAGTCGAAGCCATTG CATCTGAAGAAGGGTGGGGT
HMCES1 GTGATCCTTCCAAGCTGCAG AGTATGGCTGCCTCTGGTTT
DIDO1 ACGAAGCCTGTTACTCGTGA GTCGCCTTTGTCGTCCATAC
NSUNS CCATGTCATCGATGCCTGTG AAGTCCTCCTCAGCCAGTTC
BRD7 GCTGGCAGAGAGAGAGAGAG | CAGATTCCTTCACGATGCGG
FIZ1 GGCCCTCCAAATCCAAATCC CACACTCATTCCAGGGACCT
SFMBT2 ACACGAAACAGGAGGAGGAG | GAAGGGTCAGAAGCAGGAGT
TCF25 CTCACCATGTTCCCTGGAGT TCCCAAGGTACAGGTTCACC
DNMT1 ACCAAGAACGGCATCCTGTA GCTGCCTTTGATGTAGTCGG
EHMT1 AAGGACGGGGAGGTTTACTG CATAGTCAAACCCGAGCTGC
ZBTB7B CTTGAATACCGCACCCACAG CTCTGGCCCTACAAAGTCCA
NEIL1 GGGCAAAGAGAGACCTTCCT GAAAGGGTGAGTGCAAGCAA
NRF1 AAGACTCGCCTTCTTCTCCC ACGTGTTTGTTGCCTCTTCC
ZSCAN26 | GAGAAGAAAGCGCTCCGAAG | GTTTCTTTGGCTGGTCTGGG
ZNF462 CCTTTCCTCACCATGCATCG CACAGCATCCCAATCTGACG
ZNF687 TCCCCTCTTCCTTTGAGCTG CCCTGGAGACTGCTTGAAGA
EP400 GTATCTGGAGGAGGATGCCC | TGGTGTAAGCTGCTCCATGA
TET1 CAGTGTGTGCTCCTTTTCCC TAGGAGACGTAGACCCACCA
TET2 GCAAGATCTTCTTCACAG GCATGGTTATGTATCAAGTA
TET3 ACCGTGAGATGAGTCGTGAG | ACTTGATCTTCCCCTCCAGC
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TDG CAGCTATTCCCTTCAGCA GGAACTTCTTCTGGCATTTG
GTAGGACATGCTGTAGGTGG
SOX2 CACATGAACGGCTGGAGCAAC G
CAGCCTTTACTCTTCCTACCAC | GTTATAGAAGGGACTGTTCC
NANOG CAG AGGCC
GGAAGAGGAAGAGAACCTGG | CTCAGATTCAGCTCTGCCTCA
NESTIN GAAA TC
NOTCH1 CTTTGAGACTGGCCCACCTC CCGCAGAGGGTTGTATTGG
BMP2 CTTCTAGCGTTGCTGCTTCC AGTGCCTGCGATACAGGTCT
BMP4 TGATACCTGAGACGGGGAAG CCAGACTGAAGCCGGTAAAG
NTRK4 AGCGTCTGGCTGGACTATGT TTGATACTGGCGTTCCCATT
CATTTAGGGGTGACTCCTTCAC | GACGACTGCAAGAGAAAACT
EGFR AC GACC
DYRKB1 TGTGCCTGGTATTTGAGCTG CTTGAGGTCGCAGTGAATGA
ARRB2 TGGAGCTGCCTTTTGTTCTTI TCATCCTTCATCCCCTTCAG
GLI3 TGCAGGGTGAATGGTATCAA TGATTAGCACCTGGGGAAAG
PTCH2 TTCCGGGGTGACTATCAGAC CATGGTCACACAGGCATAGG
HHIP TGCTCTCCTTTAAGCTGCTG CTGGGACATCATCCTCCTGT
GTTGTGCATAGTCGCTGCTT
OCT4 CAGGCCCGAAAGAGAAAGCG | GATC
GCAGAGATGATGACCCTTTT
GAPDH GATGCTGGCGCTGAGTACG GG
GCCAGCTACATCGAGAAGGTT
GFAP c CTGTGCCAGATTGTCCCTCTC
GAGATGCTTTGGGGAGAGTGA | GCCTGCCTTCAAGCTCATTCT
PDGFR AG C
B-tubulin | CCTCAAGATGTCCTCCACCTTC
I AT GTTCATGTTGCTCTCGGCCTC
GTGAATGGAGTCAATGCCCTG | CTCCACAATCTTCCCAGCAAT
GLAST G CAG
GATGCCTCTGGTGGGGTATTT | CGACTCCTTTTGATCCGGGTT
CD133 C C
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2.3.4. Semi-quantitative PCR reactions

Semi-quantitative PCR reactions were performed in a total 50 pl reaction
volume. Reactions were performed using 10X Thermus aquaticus (Taq)
polymerase reaction buffer (NEB: M0267L), 10 mM dNTPs (NEB: N0447S)
10 uM of each primer and 2.5 Units (U) Taqg DNA polymerase (NEB:
M0267L) (Table 2.3).

Table 2.3: PCR reaction mix

Component Concentration
Taq polymerase buffer 10X

dNTPs 10 mM

Forward primer 10 uM

Reverse primer 10 uM

Template DNA 50ng

Taq DNA polymerase 2.5U

dH:0 Up to 50 pl

Primer annealing temperature was calculated using OligoCalc online

software tool (http://biotools.nubic.northwestern.edu/QOligoCalc.html).

Polymerase extension time at 72°C was estimated based on the length of
the amplified product (1 minute per kilobase). PCR conditions are
summarise at Table 2.4, steps 2-4 were repeated for 30 cycles, and were

performed on Tecne TC312 thermocycler.

Table 2.4: Thermocycler conditions

Condition Temperature (°C) | Minutes/seconds
1. Initial denaturation | 94 5 minutes

2. Denaturation 94 30 seconds

3. Annealing Variable (55-65) 30 seconds

4. Extension 72 Variable

5. Final extension 72 5 minutes

6. Hold 4 Indefinitely
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2.3.5. Immunostaining

Immunostaining for 5mC, 5hmC and 5caC was performed as previously
described (Abakir et al. 2016). In brief, cells were seeded at a density of
1.5x10% per well in 8-well chamber slides and fixed after 48 hours in 4%
paraformaldehyde (PFA). Fixed samples were washed in phosphate
buffered saline (PBS) (Calbiochem: 524650-IE). PBX (0.5% Triton X-100
(Sigma: T8787-1000ML in PBS) was used for permeabilization for 30
minutes at room temperature, excess PBX was removed with PBS washes.
Depurination of DNA was achieved with 1 hour incubation of 4 M
hydrochloric acid (HCL) (ThermoFisher: 10316380) at room temperature
followed by several PBS washes. Samples were then placed in a humid
chamber and incubated for 1 hour with blocking solution (10% FBS in
PBS); followed by 1 hour incubation with the primary antibody at room
temperature. Antibodies used are summarized in the Table 2.5. Samples
were then washed in PBT (0.01% Tween (Sigma: P1379) in PBS).
Secondary antibody was applied for 1 hour at room temperature; 1:400
goat anti-rabbit HRP-conjugated antibody (Invitrogen: 65-6120) and
1:400 of goat anti-mouse 633 (Invitrogen: A21052). Following 3x5
minutes washes in PBT; slides that were stained for 5caC were incubated
for 2 minutes in 1:200 Tyromide in TSA (Perkin Elmer: NEL741001KT)
followed by 3x5 minutes washes with PBS. Slides were then mounted using
mounting medium (Vectashield: H-1200) containing DAPI. The same
procedure was followed for the staining for protein markers (Nestin, B-
tubulin III, GFAP) omitting the HCL depurination step.
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Table 2.5: Antibodies list and specifications

Antibody | Specifications Dilution

5caC anti-5caC rabbit polyclonal antibody (Active Motif: | 1:500
61229)

5hmC anti-5hmC mouse monoclonal (Active Motif: 1:1000
39999)

5hmC anti-5hmC rabbit polyclonal antibody (Active Motif: | 1:1000
39791)

5mC anti-5mC mouse monoclonal (Diagenode: 1:100
C15200081-100)

Nestin Anti-Nestin clone 10C2 mouse monoclonal | 1:200
(Millipore: MAB5326)

B-tubulin Anti- B-tubulin III mouse monoclonal (Proteintech: | 1:200

II1 66240-1-1g)

GFAP Anti-GFAP chicken polyclonal antibody | 1:200
(ThermoFisher: PA1-10004)

2.3.6. Western blot

Whole protein extraction was performed using RIPA lysis buffer (Sigma:
R0278) supplemented with protease inhibitor cocktail (Sigma: P8340)
following manufacturer’s instructions. Protein concentration was measured
using the Bradford reagent (Sigma: B6916) following manufacturer’s
instructions. A standard curve was produced using BSA standards (Sigma:
P0834) absorbance was read using a Tecan Plate reader and the protein

concentration was determined based on the standard curve.

6 pg of total protein was used for each reaction. Protein samples were
denatured in 3X SDS loading buffer (Thermofisher: NPO002) with 1:10 DTT
at 60°C for 10 minutes. Denatured samples were loaded in NUPAGE™ 4-
12% Bis-Tris Protein Gels, 1.5 mm (Invitrogen: NP0335) and
electrophoresed in 1 X NUPAGE MES SDS Running buffer (Thermofisher:
NP00002) at 200 Volts for approximately 3 hours.
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Proteins were transferred from gels onto the Nitrocellulose/Filter Paper
Sandwich, 0.45 um pore size (Abcam: ab133412) and in 1 X NuPAGE
Transfer Buffer (ThermoFisher: NPO0006) supplemented with 20% (v/v)

methanol at 25 Volt for 2 hours.

Nitrocellulose membranes with the bound proteins were then transferred
into tubes containing blocking solution (5% skimmed milk diluted in 1 X
Tris Buffered Saline 10 X (TBS) (Invitrogen: BP24711) supplemented with
0.1% Tween). Samples were incubated in blocking solution for 1 hour at
room temperature; to avoid non-specific antibody binding. Membranes
were then washed with TBS supplemented with 0.1% Tween (TBST)
followed by 1 hour incubation at room temperature with the primary TET2
Rabbit pAb antibody (Abcam: ab94580) at 1:2000 dilution. Samples were
then washed with TBST and incubated with the secondary antibody Goat-
anti rabbit IgG (H+L), HRP conjugated (Invitrogen: 65-6120) at 4°C
overnight in a 1:10000 dilution. Following washes with TBST, membranes
were developed using the Amersham ECL Prime Western Blotting Detection
Reagent (GE Healthcare: RPN2232) following the manufacturer’s

instructions.

2.4. 5caC DNA immunoprecipitation (DIP) Next

generation sequencing (NGS)

2.4.1. DNA extraction

DNA immunoprecipitation requires large amounts of high quality genomic
DNA; therefore, we first optimised the DNA extraction conditions. We
compared DNA extraction using the DNeasy extraction Kit (Qiagen: 69504)
following manufacturer’s instructions and phenol/chloroform DNA
extraction. The latter extraction method led to higher concentration and

quality of DNA therefore we proceeded with that approach.

In the phenol/chloroform approach, cell pellets were re-suspended in the
appropriate amount of lysis buffer (200 mM Tris Ph 8.0, 4 mM EDTA, 20
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mM NaCl, 1% SDS). 3.6 pg/ml RNAse A (Qiagen: 19101) was added to
the lysed cells following by 1 hour incubation at 37°C. Proteinase K
(Promega: V3021) 200 mg/ml was added to the samples and left to
incubate at 55°C overnight. Extraction was performed with the addition of
1 volume Phenol: Chloroform: Isoamyl Alcohol 25:24:1 Saturated with 10
mM Tris, pH 8.0, 1 mM EDTA (SIGMA: P2069) followed by vigorous mix
and centrifugation at 14,000 g for 5 minutes. Then the aqueous phase was
placed in the fresh tube followed by a second round of phenol/chloroform
extraction. DNA was precipitated with 1/10 5 M sodium chloride (NaCl)
diluted in one volume isopropanol. Samples were incubated at -20°C for 1
hour followed by centrifugation at 14000 g for 10 minutes. Isopropanol
was removed and DNA pellets were washed with 70% ethanol following by
further centrifugation. Samples were then left to dry at room temperature

to remove residual ethanol and re-suspended in 50 yl nuclease free dH-0.

DNA was quantified using the Qubit® dsDNA BR Assay Kits (ThermoFisher:
Q32850) and Qubit® Fluorometer following the manufacturer’s
instructions. DNA was then diluted and DNA concentration and integrity
was further assessed using the Agilent High Sensitivity DNA kit (Agilent:

5067-4626) following the manufacturer’s instructions.

2.4.2. DNA sonication

DNA samples were diluted in 700 ul dH20 and sonicated using Covaris

S220 ultrasonicator at a frequency of 550 KHz in order to generate 350
base pairs (bp) fragments. The sonicated samples were analysed using
the Agilent High Sensitivity DNA kit (Agilent: 5067-4626) following the

manufacturer’s instructions in order to ensure correct fragmentation.

2.4.3. Adaptor ligation

Adaptor ligation was performed in the sonicated samples using NEBNext®
Multiplex Oligos for Illumina® (Index Primers Set 1) (NEB: E7335S)
following the manufacturer’s instructors from the NEBNext Ultra II DNA

library Prep Kit (NEB: E7645S). We used 5 ug for samples prepared for
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meDIP and 1 ug of input samples. Clean up of adaptor ligated DNA was
performed using size selection using the AMPure XP beads (NEB). DNA was
eluted in 20 pl and 50 pl 0.1 X TE (10 mM Tris pH 7.5, 1Mm EDTA) for
input and meDIP samples. Libraries were verified for DNA size distribution
using Agilent Bioanalyzer and the Agilent High Sensitivity DNA kit (Agilent:

5067-4626) following the manufacturer’s instructions.

2.4.4. 5caC DNA immunoprecipitation (meDIP)

DNA immunoprecipitation was performed following the adaptor ligation in
all the samples apart from input sample. DNA was denatured at 95°C for
10 minutes samples were then immediately placed on ice for 10 minutes.
51 pl of 10X IP buffer (100 mM Na-Phospate pH 7.0, 1.4 M NaCl, 0.5%
Triton X-100) were added in each sample. 2.5 ul of 5caC rabbit polyclonal
antibody (Active Motif: 61229) were added in each sample following by 2
hours incubation whilst spinning at 4°C. Sheep anti-rabbit Dynabeads M-
280 (Invitrogen: 11203D) were used for the precipitation of 5caC modified
DNA fragments. 20 yl Dynabeads were washed, re-suspendend in 20 pl 1
X IP buffer and added to each sample. Samples were left to incubate for
2 hours at 4°C whilst spinning. Following the incubation, samples were
placed into the magnetic rack to remove the supernatant. They were then
washed with 1 X IP buffer and incubated overnight in a shaking incubator
at 55°C with Proteinase K buffer containing 25 mg/ml proteinase K
(Promega: MC5005). DNA was purified using QIAquick PCR Purification Kit
(Qiagen: 28104) and eluted in 25 pl 0.1 X TE. Immunoprecipitated DNA
was quantified using QubitTM dsDNA HS Assay Kit (ThermoFisher:

Q32854) following the manufacturer’s instructions.

2.4.5. PCR amplification of the meDIP samples

PCR amplification of meDIP and input samples was performed following
the instruction from NEBNext Ultra II DNA library Prep Kit (NEB: E7645S).
PCR amplification cycles were determined based on the concentration of
the samples in order to generate 100 ng of DNA. Samples were eluted in

dH>0 and size distribution was examined using Agilent Bioalanyzer and the
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Agilent High Sensitivity DNA kit (Agilent: 5067-4626) following the

manufacturer’s instructions.

2.4.6. Next generation sequencing (NGS)

NGS was performed at DEEPSEQ facility of University of Nottingham on
the Illumina NextSeq 500 short read platform using 150bp pair-ended
reads. 30 million reads were generated per biological replicate. We used
two biological replicates for each sample, one input sample was used per

cell line.

2.4.7. Bioinformatics Analysis

Bioinformatics analysis was performed at the Advanced Data Analysis
Centre (ADAC) at the University of Nottingham by Dr Tom Giles. The
analysis of bioinformatics was performed as previously described (Abakir
et al. 2020). In brief, the 150bp Illumina paired-end reads were trimmed
using the Skewer tool in order to remove adapters and gain the correct
paired ends (Jiang et al. 2014). Trimmed reads were then aligned to the
human Ensembl genome (build hg38.89) with the Burrows-Wheeler aligner
(Li & Durbin 2009). The alignments were merged using SAMtools (Li et al.
2009); PCR artefacts were removed using de-duplication with picard-tools
MarkDuplicates (Chang et al. 2013). Phantompeakqualtools (Marinov et
al. 2014) was used to assess the impact of each pulldown and MACS2.1.1
was used to identify highly modified regions (peaks) (Zhang et al. 2008).
Consensus peaks were identified using the Bioconductor package DiffBind

(Stark, R and Brown 2016). Peak calling was performed against input DNA.

The genomic distribution of the peaks was assessed using the R package
ChiQC25. In order to extract gene biotypes, annotated gene features,
intergenic regions, introns, exons and sequences 3kb up/downstream of
genes the Ensembl Genome GTF file (Homo_sapiens.GRCh38.89.gtf) was
used. For the identification of repeat-masked regions, the Repeatmasker
Library (db20140131) was downloaded from UCSC genome browser.

Regulatory features were identified using the Ensembl regulatory build
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(HgGRCh38.Regulatory_Build.regulatory_features.20161111). BedTools
intersect was used for the annotation of bedfiles with the list of gene
features, gene biotypes, repeat-masked sequences and regulatory
regions. Gene ontology (GO) analysis was performed in the protein coding
related 5caC peaks (3kb up/downstream to the nearest protein coding
gene) using PANTHER with the default settings.

2.5. Generation of plasmids for CRISPR/Cas9

transfections

2.5.1. Design of primers

All primers were designed using SnapGene Software. They were examined
for specificity using NCBI Blast tool

(https://blast.ncbi.nlm.nih.gov/Blast.cgi). All the primers used for the
design of CRISPR/Cas9 plasmids and for genotyping of the clones are listed
in the Table 2.6.

Table 2.6: Primer sequences for CRISPR/Cas9 building and genotyping

Guide RNA primers

L gRNA ex3 | TTTCTTGGCTTTATATATCTTGTGGAAAGGACGAAACACCAGA
(F) TATGTCTGGTCAACAAG
L gRNA ex3 | GACTAGCCTTATTTTAACTTGCTATTTCTAGCTCTAAAACCTT
(R) GTTGACCAGACATATCT
R gRNA TTTCTTGGCTTTATATATCTTGTGGAAAGGACGAAACACCCTG
ex3 (F) CGCAACTTGCTCAGCAA
R gRNA GACTAGCCTTATTTTAACTTGCTATTTCTAGCTCTAAAACTTG
ex3 (R) CTGAGCAAGTTGCGCAG

Primers for donor plasmid
F. LHA CGTACAGGATCCCCCTCGTTTTCACCAAGC
R. LHA GAGTCTGGCGCCATCCCTGTAGAACTGAAGCTT
F. RHA AAAATACGGCGCGCCTTGATACATAACCATGC
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R. RHA

GGGACCTCTAGAGATGGGAAATCATATTGAG

F. LHA in TCAAGGCGCGCCGTATTTTGAGTCTGGCGCCATCCCTGT
fusion
R.RHA in ACAGGGATGGCGCCAGACTCAAAATACGGCGCGCCTTGA
fusion
F. Cassette | GAATCTTTGCGCGCTAATGGACCTTCTAGGTCTTGAAAGGA
R. Cassette | TGACGTCAAACAGCTATGACCATGG
Primers to check the donor plasmid

F. LHA- GCAGGAAACAAGACCCAA
EF1la
R. LHA- GCAGCAGGTCATCAAAAAT
EF1la
F. EFla- AAGTTAGGCCAGCTTGG
EGFP
R. EFla- TGCACGCCGTAGGTCA
EGFP
F. EGFP- GCGATCACATGGTCCTG
BSD
R. EGFP- CGCTGTAGTCTTCAGAG
BSD
F. BSD- TGAATTGCTGCCCTCTG
RHA
R. BSD- CTGTGTTTGCTGCTGTTC
RHA
F. 3UTR- GCCTCAATAAAGCTTGCC
RHA
R. 3UTR- CTGTGTTTGCTGCTGTTC
RHA

Primers to check integration with Nickase Cas9
F.5' AGACTGCAGGGACAATGACTG
Int.nickase
R. 5' CGGAGCCAGTACACGACATC
Int.nickase
F. 3' TGGGAGCTCTCTGGCTAACT
Int.nickase
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R. 3' CACAAGACACAAGCATCGGT
Int.nickase

F. KO TGTCTGGTCAACAAGCTGCG
R. KO TCAGTTTGGGGTTGCTGTGT

Primers to check integration with wild type Cas 9
F. 5'int GAGACAAGGAGCAAACACGA
(B)
R. P. 5" int | CCTAGAAGGTCCATTAGCGC
(A)
F. 5"int (A) | CTGAAACCAGGATGGATTGA
R. 5'int (B) | CATAACCCGTAAAGAGGCCA
F. 3"int GCATCGCATTGTCTGAGTAG
(A)
R. 5"int TCTCAGTACATTTCTGGCAC
(A)
R. 5" int TTACCTACACATCTGCAAGATG
(B)
.ex31 AGACTTTTCCTCACCCCCAAA
.ex6 1 GTAGCTTCTCTTCACTGCTGC
.ex3 2 TCCCAGAGTTCACATCTCCCT
. ex6 2 TCACTGCTGCTTCTGCGAAC
.ex33 CCCAAAGCAACAATGATCAGCA
. ex6 3 CACAATCACTGCAGCCTCACA

| m| ;| M| | ™

2.5.2. Annealing PCR

A PCR reaction was performed in order to achieve annealing of gRNA
primers. Reactions were performed in a total volume of 50 pl, 10 pl of 5 X
HF fusion buffer (NEB: B0518S) 10 uM of each primer and 10 mM DNTPs
(NEB: N0447S). PCR reactions for DNA renature was performed (Table:
2.7). After the initial PCR reaction 2.5 U of Phusion Polymerase (NEB:
M0530S) was added to the samples followed by PCR extension at 72°C for

2 minutes.
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Table 2.7: Annealing PCR conditions

Temperature | Time

94°C 30 seconds
79°C 5 minutes
520C 5 minutes
45°C 5 minutes
40C Hold

2.5.3. Phusion PCR

Phusion PCR was used for the generation of the intermediate plasmid. PCR
oligonucleotides for the arms of homology were designed with 20 bp
overlaps to ensure sequence hybridisation. The reaction was performed in
three steps: the denature renature PCR, the extension PCR, and the
standard PCR for product amplification. For the first step, equimolar DNA
of arms of homology with complementary overlaps were mixed with 5 X
phusion buffer (NEB: B0518S) in 15 pl reaction and incubated in the
thermocycler under the conditions in Table 2.7. In the second step, DNTPs
(NEB: N0447S) and 2.5 U Phusion Polymerase (NEB: M0530S) were added
to the mixture and incubated at 72°C for 2 minutes. Lastly the designed
primers for the amplification of the fused product were added to the
mixture followed by their incubation in the thermocycler for the standard
PCR amplification (Table 2.4).

2.5.4. Gibson assembly

Gibson Assemblies was performed using the NEB Gibson assembly master
mix (NEB: E2611S) and protocol with a ratio of 1:5 plasmid to insert.
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2.5.5. Restriction digestions and ligations

Restriction digests were performed using 1 ug of plasmid DNA and 100 ng
of PCR products in a total reaction volume of 50 ul in the appropriate
reaction buffers (NEB) depending upon the enzyme. All restriction enzymes
were purchased from NEB; 1 U of restriction enzyme was used per ug of
DNA and the reaction mix was incubated in a water bath according to
manufacturer’s conditions for each enzyme; high-fidelity NEB enzymes
were preferred for overnight digestions in order to achieve maximal
activity. AfIll (NEB: R0541S) enzyme was used for the digestion of the
gRNA cloning vector; BAMHI (NEB: R3136) and Xbal (NEB: R0145s) were
used for the digestion of the pBluescript and the fused arms of homology;
Ascl (NEB: R0558S) and BssHII (NEB: R0199S) were used for the
digestion of the cassette and the intermediate plasmid. Intermediate
plasmid was further treated with shrimp alkaline phosphatase (rSAP)
(NEB: M0371S) for one hour to prevent self-ligation. Ligations were
performed using T4 DNA ligase (T4) (NEB: MO0202S) followed
manufacturer’s instructions. Vector and insert DNA were added to the mix

at a ratio of 1:3.

2.5.6. Agarose gel electrophoresis

Agarose gel electrophoresis was performed to detect the products of PCR
reactions and restriction digestion. Agarose gels ranging from 0.8% - 2%
were cast (depending on the size of the product). For the visualisation of
the DNA bands, ethidium bromide (Invitrogen: 15585011) was added at
the gels at a final concentration of 250 pg/ml. DNA samples were mixed
with 6 X loading dye (NEB: B7021S) to a final concentration of 1 X dye in
each reaction and loaded into the gel with 5 yg of DNA Ladder (NEB:
N3231S, N3232L). Gels were run at 90 volts, 400 mA for 1 hour and
visualised using the Fujifilm LAS 4000 UV transilluminator; pictures
captured in LAS 4000 image acquisition software. DNA was extracted when
needed using the QIAquick Gel Extraction Kit (Qiagen: 28704) following
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manufacturer’s instructors. DNA was eluted in nuclease free dH,0 and

quantified in NanoDrop-1000 spectrophotometer (ThermoFisher).

2.5.7. Bacterial transformation

Plasmid transformations were performed using One Shot TOP10 chemically
competent E.coli bacteria (Invitrogen: C404003). Plasmid DNA was added
to the cells, gently mixed and incubated on ice for 30 minutes followed by
heat-shocked at 42°C for 30 seconds in a water bath. Cells were then
immediately placed on ice for 2 minutes and allowed to grow for 1 hour in
SOC medium (Invitrogen: 15544034) at 37°C at 225 RPM. Cells were then
plated into pre-made antibiotic selection LB agar plates and incubated for
16 hours at 37°C. Grown bacterial colonies were picked and placed in 5 ml
LB medium supplemented with antibiotic; incubated 12-16 hours at 37°C
at 225 RPM for further bacterial growth.

2.5.8. DNA mini prep and midi prep

DNA miniprep extractions from bacterial cultures were performed using
the Wizard® Plus SV miniprep DNA purification kit (Promega: A1460)
following the manufacturer’s instructions. The DNA was eluted in nuclease-
free dH>0.

When large amounts of DNA plasmid were needed for transfections onto
mammalian cells, we performed DNA midiprep extractions with the
NucleoBond® Xtra Midi kit (Macherey-Nagel: 12773550) following the
manufacturer’s instructions. The plasmid DNA was eluted in nuclease-free
dH.O. DNA concentrations were measured using NanoDrop-1000

spectrophotometer (ThermoFisher).

2.5.9. DNA extraction

Genomic DNA was extracted using the DNeasy extraction Kit (Qiagen:
28104) following the manufacturer’s instructions. Samples were eluted in

nuclease-free dH.0. DNA concentration was measured using Nanodrop
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spectrophotometry, 260/280 nm and 260/280 nm were also measured to

ensure good purity and quality of DNA.

Alternatively, in the case of DNA extraction from the clones for rapid initial
genotyping experiments, cell pellets were lysed with DirectPCR lysis
reagent (VWR: 31-302-C) supplemented with 5% proteinase K (Promega:
V3021). Pellets were incubated at 55°C overnight followed by 1 hour
incubation at 85°C for proteinase K inactivation. The lysates were diluted

with nuclease free dH,0 and kept for subsequent PCR experiments.

2.5.10. Sequencing

Samples were sequenced using an external Sanger sequencing service
(Source Bioscience). Sequencing results were analysed using SnapGene

software.

2.6. Confocal microscopy

Fluorescence images were captured with the Zeiss LSM 700 AxioObserver
confocal microscope using a Plan-Apochromat 63x/1.40 Oil DIC M27
objective Zeiss. Control staining without primary antibody produced no
detectable signal. All images were captured at identical exposure settings
and acquisition protocols for all the channels; images processed using

Image J.

2.7. Image quantification

We used Image J for the quantification of all the immunocytochemistry
images. We measured the signal intensity of each channel in individual
nuclei in all the cells for each technical and biological replicate. In brief, we
adjusted the threshold in each image individually in order to make sure we

select for the nuclei of all the cells in the images and then measured the
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intensity values of all the channels in individual nuclei. Resulted values in
each image (three in each biological replicate) were averaged in order to
gain the values of each biological replicate. We then used GraphPad PRISM

6 software for data visualization and to perform statistical analysis.

2.8. Statistical analysis

All experiments were performed in three biological replicates, unless stated
otherwise, the mean and standard deviation or standard error (where
stated) was reported and plotted in each figure. Statistical analysis was
performed using GraphPad Prism 6 Software. Normality tests were
performed in all datasets in order to check for normal distribution. Paired
and un-paired two tailed parametric Student’s t-tests were performed on
normally distributed data. All statistical tests were conducted using 95%
confidence interval and were denoted by NS p < 0.05; * p < 0.05; ** p <
0.01; *** p < 0.001 and **** p < 0.0001.
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Chapter 3. The global distribution of
Oxi-mCs in the DNA of adult and

paediatric brain tumours

3.1. Introduction

Whole genome methylation profiling has been used for the study of the
events that impact DNA (de)methylation machinery (Guibert et al. 2012;
Kang et al. 2014), response of cells to treatment with compounds (de Conti
et al. 2014) and epigenetic changes that contribute to tumorigenesis (Jin
et al. 2011). Several methods have been developed over the last few
decades for the detection, examination of the spatial distribution and
quantification of DNA methylation. However, our knowledge about the
biological role of DNA methylation and demethylation in gene expression,
genomic stability and chromosomal remodelling in cancer pathogenesis is

still very limited.

Therefore, choosing the right method that is most appropriate to answer a
particular biological question is then of crucial importance. There are
several factors that need to be taken into consideration when choosing the
right method for DNA methylation analysis in order to receive an unbiased
answer to the question being asked. These factors include: the aim of the
study; the amount and quality of the sample that is available; sensitivity
and specificity of the study; robustness and simplicity of the method; as
well as availability of equipment and the cost of reagents (Kurdyukov &
Bullock 2016).

Digestion based assays were the first approach used to study DNA
methylation (Ben-Hattar & Jiricny 1988; Cedar et al. 1979). They are
based on restriction endonuclease methylation dependent digestion.
Restriction enzymes recognize and cleave specific DNA sequences known
as their recognition sites; the activity of some of these restriction enzymes

is based on the methylation status of the cytosines in the recognition site.
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Methylation can either block or enable digestion, since some restriction
enzymes are only active when their recognition site is methylated (Umer
& Herceg 2013). Endonucleases such as Hpal have the ability to only digest
un-methylated sites whereas other enzymes like Mspl can digest the same
sites regardless of the DNA methylation status of the area. Therefore,
digestion of a sample with Hpal and MsPI and analysis of the size of the
digested sample can reveal the location of the sites of DNA methylation
(Takamiya et al. 2006). Nevertheless, methods relying on the use of
methylation-sensitive restriction enzymes provide very little information
about the whole genome methylation as only 3.9% of all CpGs in human
non-repetitive DNA resides at the recognition sites of the Hpall enzyme

which is frequently used (Rakyan et al. 2004).

One of the earliest gold standard methods established for the
quantification of the global levels of DNA methylation is reversed-phase
high-performance liquid chromatography (RP-HLPC) first developed by
Kuo et al., in 1980 (Kuo et al. 1980). This method requires few micrograms
of hydrolysed DNA which can then be directly separated by RP-HPLC
followed by the detection using ultraviolet (UV) absorption at 254 nm and
280 nm (Kuo et al. 1980). The DNA is hydrolysed into nucleoside bases
and mC and dC are separated chromatographically; the fractions are then
measured and calculated for each sample (Kuo et al. 1980). The accuracy
as well as the reproducibility of chromatography-based methods have
made this technique the gold standard approach for the quantification of
global DNA methylation levels (Kurdyukov & Bullock 2016). However, RP-
HLPC is not readily available and feasible as it requires large amount of
DNA (3-10 pg) which is not always possible especially in the case of
patients’” samples; it also requires specialised laboratory equipment
(Kurdyukov & Bullock 2016).

Techniques based on bisulfite conversion were introduced in 1992 allowing
the analysis of DNA methylome at single base resolution (Frommer et al.
1992). Bisulfite treatment of DNA mediates the deamination of cytosine
into uracil. After PCR amplification and Sanger sequencing analysis the
converted bases will be read as thymine while methylated cytosines are

resistant to that conversion and will be read as cytosine. Therefore, the
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comparison of reads between the treated and untreated samples allows
the detection of the methylated cytosines (Frommer et al. 1992). Once the
samples are converted they are then quantified; sequencing is one of the
most widely used methods for the analysis and visualisation of the results,
as it provides high-resolution information about the methylation status of
that particular DNA fragment. Sequencing techniques include direct
sequencing (Paul & Clark 1996), cloning followed by sequencing (Warnecke
et al. 2002) and a more recently developed method, pyrosequencing (Tost
& Gut 2007). Other methods of data quantification include, melting profile
analysis based on the methylation status, as due to the differences in base
composition (C/T) methylated bisulfite treated DNA melting temperature
differs from the un-methylated (Worm et al. 2001). Thus, methylation-
sensitive melting curve analysis (MS-MCA) (Worm et al. 2001) and
methylation-sensitive high- resolution melting (MS-HRM) (Wojdacz &
Dobrovic 2007) are the main non-sequencing methods used for the

quantification of these differences.

Soon after the discovery of 5mC oxidative derivatives (He et al. 2011; Ito
et al. 2011; Kriaucionis & Heintz 2009; Tahiliani et al. 2009), several labs
developed bisulfite conversion based methods for the identification of
these marks (Wu et al. 2016; Yu et al. 2012). One of the methods that has
been developed is the TET-Assisted Bisulfite Sequencing (TAB-Seq); this
technique uses a combination of 5hmC glycosylation, 5mC oxidation to
5caC and bisulfite treatment in order to resolve 5hmC and 5mC at single
base resolution (Yu et al. 2012). For the detection of 5fC and 5caC the
Methylase-Assisted Bisulfite sequencing (MAB-seq) technique has been
developed; allowing base-resolution mapping of 5caC and 5fC as
unmodified C is enzymatically converted to 5mC allowing direct mapping
of 5fC and 5caC however, it cannot distinguish between the two marks
(Neri et al. 2015; Wu et al. 2014). Another method that has also been
developed for the direct identification of 5caC at single-base resolution, is
the caMAB-seq (5caC methylase-assisted bisulfite sequencing) (Lu et al.
2013). In this method 5fC is reduced by NaBH4 to 5hmC prior to M.Sssl
treatment, 5caC is then sequenced as T after bisulfite conversion whereas
C, 5mC 5hmC and 5fC are read as C (Lu et al. 2013). A combination of
MAB-seq and caMAB-seq enables the direct mapping of 5caC.
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Nevertheless, due to the inability of the M.Sssl enzyme to methylate
cytosines at non CpGs, 5fC and 5caC cannot be distinguished within a non-
CpG context. However this limitation of the assay does not seem to greatly
affect the application of the technique, firstly because 5hmC is found
almost exclusively at CpG context (Lister et al. 2013; Yu et al. 2012) and
secondly because TET proteins have a strong preference for 5hmC within
the CpG context (Hashimoto et al. 2014b; Hu et al. 2013a). While these
methods can provide single-based maps for these marks on the DNA, they
cannot provide any information about the distribution and the levels of
5hmC, 5caC, 5fC.

Although bisulfite-treatment based techniques have been widely used they
still present some major downfalls. Firstly, incomplete denaturation of
genomic DNA could lead to incomplete conversion of some cytosine
residues to uracil resulting in false-positive quantification of methylation
(Genereux et al. 2008; Grunau 2001; Rein et al. 1997). Moreover, due to
the prolonged time at high temperatures and acidic pH in the bisulfite
conversion step there is a high-degree of DNA degradation (Tanaka &
Okamoto 2007). While this issue can be partially resolved through
optimising the time of the reaction and by using larger amounts of DNA; it
makes this method unsuitable for clinical applications (Grunau 2001; Raizis
et al. 1995). More importantly, primer design could also be quite
challenging due to the reduced complexity of template DNA (Hackenberg
et al. 2012) and the same primer pair can preferentially amplify either the
methylated or the un-methylated sequence (Luo & Preuss 2003; Warnecke
et al. 2002).

In addition to bisulfite conversion, restriction enzymes and liquid
chromatography dependent techniques; antibody based methods have
also been used for the detection of DNA methylation. Methylated DNA
immunoprecipitation (meDIP) was developed, permitting highly efficient
enrichment of methylated DNA (Weber et al. 2005). In this method, a
monoclonal antibody against 5mC or any other epigenetic modification is
used to immunoprecipitate epigenetically modified genomic regions. This
method can be combined with large scale analysis using existing DNA

microarrays or using whole genome next generation sequencing (NGS)
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(Weber et al. 2005). MeDIP provides high resolution results that enable
not only the quantification of DNA methylation but also its genomic

distribution.

Antibody-based enrichment methods enrich for DNA fragments containing
high CpG densities and repetitive regions (Ficz et al. 2011; Thomson et al.
2013). However, it has been shown that this bias of meDIP towards
repetitive regions, including LINE1 elements and simple repeats, is more
likely to be an artefact of the method and not a real biological result
(Thomson et al. 2013). Recent evidence, suggest that oxi-mCs enrichment
at simple repeats identified by meDIP is more likely to be due to the non-
specific binding of the antibody (Lentini et al. 2018). It has been also
shown that analysis of the samples against the input control leads to false
positive enrichment resulting in inconsistent findings (Lentini et al. 2018).
While analysis of meDIP results against IgG control reduces the number of
enriched regions increasing specificity and sensitivity (Lentini et al. 2018).
Therefore, choosing the right controls in meDIP experiments is of crucial

importance.

Another sensitive method for the estimation of global DNA methylation
levels is liquid chromatography coupled with mass spectrometry (LC-
MS/MS) (Song et al. 2005). The combination of liquid chromatography
methods with mass spectrometry led to the identification of oxidised forms
of 5mC; 5hmC, 5caC and 5fC (Ito et al. 2011; Kriaucionis & Heintz 2009;
Tahiliani et al. 2009). It has been validated to detect levels of methylation
ranging from 0.05%-10% and can detect differences between samples as
small as 0.25% (Song et al. 2005). More recently, a sensitive Isotope-
dilution automated online two dimensional ultra-performance liquid
chromatography with tandem mass spectrometry-based technology (2D-
UPLC-MS/MS) in combination with isotopically labelled internal standards
for the simultaneous detection of 5mC, 5hmC, 5caC, 5fC, and 8-
oxoguanine (8-oxo) has been developed (Gackowski et al. 2016). This
method is suitable for rapid, accurate and complex assessment of an array
of endogenously generated DNA modifications providing high sensitivity
and selectivity (Gackowski et al. 2016). However, LC-MS/MS based
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methods requires specific expensive equipment and expertise to run;

therefore they are not been widely used.

The development of immunochemical techniques using specific antibodies
against DNA methylation marks, led to the robust and rapid analysis of
DNA modifications in individual cells of different tissues (Santos & Dean
2005). The incorporation of peroxidase-conjugated secondary antibody
and tyramide signal amplification step also permitted the detection of 5fC
and 5caC which are present at extremely low levels in the genome (Abakir
et al. 2016; Wheldon et al. 2014). Therefore providing information about
the spatial distribution of these marks in different cell types in various

developmental stages and conditions.

3.2. Aims

The aim of this chapter was to examine the potential presence of
5hmC/5caC oxidative derivatives of 5mC in adult and paediatric brain
tumours cell lines. Previous experiments in our lab using a highly sensitive
immunocytochemistry method indicated the presence of 5caC in MB and
EPN (paediatric brain tumours) cell lines (Ramsawhook et al. 2017); we
next aim to examine the presence of this mark in GBM (adult brain tumour)
cell lines. Our aim was to examine the spatial distribution, nuclear
localisation and genomic distribution of oxi-mCs (5hmC, 5caC) in GBM and
MB cell lines. Considering the advantages and the downfalls of each
method described as well as the cost and the equipment available; we first
used our developed immunocytochemistry protocol for the study of
5hmC/5caC spatial distribution and nuclear localisation. We also used 2D-
UPLC-MS/MS for the quantification of these marks and meDIP followed by
NGS for the examination of their genomic distribution. Finally using loss-
of function experiments we examined the role of TDG and TET2 in the
regulation of active DNA demethylation in adult and paediatric brain

tumour cell lines.
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3.3. Results

3.3.1. GBM cell lines exhibit immunocytochemically detectable

levels of 5caC with unique signatures

Our previous studies showed that there is a proportion of glioma tissues
derived from individual patients, that exhibit immunohistochemistry
detectable levels of 5caC oxidative derivative of 5mC in active DNA
demethylation pathway (Eleftheriou et al. 2015). Thus, we examined the
levels of both 5hmC and 5caC in grade IV gliomas GBM in four different
cell lines. We performed immunocytochemistry, as a quick, reliable
qualitative method to examine the presence, the distribution and the levels
of both 5caC and 5hmC. 4 M HCL was used to denature the DNA in order
to optimise the retrieval of the antigen in the nucleus. As a consequence,
there is a disruption of base stacking forces at purinic sites and nuclear

DAPI cannot be visualised.

Our immunocytochemistry experiments showed a homogeneous presence
of 5hmC across the cells in each individual cell line (Fig. 3.1 A) confirming
previous research based on 5hmC levels in GBM (Kraus et al. 2012).
Quantification of the 5hmC signal in the 5caC positive cells showed that
U87-MG and U251 cell lines exhibit significantly higher levels of 5hmC
compared to LN18 and LN229 cell lines (p < 0.001) (Fig. 3.1 B).
Interestingly, 5caC was present in all the cell lines examined presenting a
more heterogeneous distribution across different cancer cells in the
individual cell lines (Fig. 3.1 A). In LN229, LN18 and U87-MG cell lines
there is a distinct subpopulation of cells with 5caC positive staining, thus
65% of LN229, 71% of LN18 and 60% of U87-MG stained positive for 5caC
(Fig. 3.1 C). In U251 cell line however, 5caC seems to be more
homogeneous and present in almost all the cancer cells (85% 5caC positive
cells) (Fig. 3.1 C). Remarkably, the intensity of the 5caC staining differed
rather extensively between the GBM cell lines. 5caC signal quantification
indicates that unlike 5hmC distribution, the highest intensity levels of 5caC
are present in LN229 and U87-MG cell lines followed by LN18 and U251
(Fig. 3.1 B).
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Figure 3.1: Glioblastoma cell lines exhibit immunohistochemically
detectable levels of 5ShmC/5caC.

A. Co-detection of 5caC with 5hmC. Merged views and individual channels are
shown. The cell cultures were stained in parallel at the same experimental
conditions and were imaged at identical settings. Scale bar = 10 um. B.
Quantification of 5hmC and 5caC signals in the indicated glioblastoma cell lines in
the 5caC positive cells. Mean values of the average intensities of each individual
cell in each cell line/population are shown in three individual experiments (n = 3).
Error bars are shown as £ SEM. Statistical analysis was performed using un-paired
t test. p < 0.05; * p < 0.05; ** p < 0.01; *** p < 0.001 and **** p < 0.0001.

C. Percentage of 5caC positive cells in each cell line.

Single cell images were also taken from the two populations of cells (5caC
positive and 5caC negative) in each cell line and 5caC/5hmC spatial
distribution and magnitude profile were plotted (Fig. 3.2). Interestingly, all
cell lines displayed different levels of 5caC enrichment. Correlation analysis
showed a significant moderate correlation between 5hmC and 5caC in
U251 cell line with R = 0.54 for cells high in 5caC and R = 0.56 for cells
with low 5caC levels (p < 0.0001) indicating a moderate correlation in
spatial distribution of 5caC and 5hmC in U251 (Fig. 3.2 D). Remarkably,
while LN229 5caC positive subpopulation of cells display a strong
correlation between 5caC and 5hmC (R = 0.76 p < 0.0001) 5caC negative
cells have a distinct spatial distribution indicated by the negative
correlation (R = -0.19 P < 0.0001) (Fig. 3.2 A). The strongest correlation
of 5hmC and 5caC spatial distribution was present in LN18 (Fig. 3.2 B) and
U87-MG (Fig. 3.2C) (R=0.61,R =0.86, R =0.83, R =0.78 p < 0.0001).
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Figure 3.2: Nuclear localisation of 5caC/5hmC in GBM cell lines.
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U87-MG D. U251 cell lines. Graphs show the signal intensity of 5hmC/5caC across each

cells. Scale bar = 10 pm, images were taken at identical settings. Pearson correlation

was performed in all the cells of each sample in three individual experiments. Pearson’s

correlations coefficient test was performed to check the correlation of the spatial

distribution of 5hmC and 5caC. Mean R values are displayed in each graph. *Correlation

coefficients were transformed in to a new variable called Fisher Z value to be able to

calculate an average value and then was transformed back to R value. Statistical

analysis was then performed using un-paired t test: p < 0.05; * p < 0.05; ** p < 0.01;
*** p < 0.001 and **** p < 0.000.
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3.3.2. GBM cell lines exhibit high expression levels of TET2/3

accompanied with low levels of TDG

We next examined the transcript levels of the key genes involved in active
DNA demethylation pathway. We first decided to examine the absolute
transcript levels of TET1/2/3 using semi-quantitative PCR with three different
cycle numbers in order to better evaluate which TET is the most highly
expressed in each cell line (20, 25 and 30 based on our gPCR data) (Fig. 3.3).
Our results confirmed that TET1 is not present (or present at low levels) in
U87-MG cell line whereas in LN229, LN18 and U251 TET1 only appears after
30 cycles of PCR (Fig. 3.3). On the other hand, TET2 appears at 25 cycles in
all the cell lines apart from LN229, whereas TET3 is present in GBM cell lines
but in lower levels compared to TET2 (Fig. 3.3).

20 25 30
Cycles Cycles Cycles

Figure 3.3: Semi-quantitative PCR analysis of TET1/2/3 transcripts in GBM
cell lines.

PCR was performed using 20 25 and 30 PCR cycles the same sample was used in
each condition. TET1 at 230 bp, TET2 at 150 bp and TET3 at 201 bp.
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In order to gain a better understanding on the transcript levels, we next
performed real time PCR (qPCR) analysis in TET1/2/3 and TDG in all GBM cell
lines. The samples were compared against human induced pluripotent stem
cells (hiPSCs) the Rebl-pat cell line which was reprogrammed at University of
Nottingham while a human mature astrocytic cell line would be a better
control for examining the transcript levels between healthy and cancer
conditions; however this was not possible at this time. The Ct values obtained
in the experiment were normalised against GAPDH gene, as previously
described (Dickson et al. 2009), and are displayed at Table 3.1. We observed
significantly lower levels of TET1 transcripts in all GBM cell lines compared to
hiPSCs (Fig. 3.4 A) where TET1 is highly expressed (Bartoccetti et al. 2020;
Koh et al. 2012; Piccolo et al. 2013). Specifically, U87-MG cell line displayed
1000-fold (p < 0.0001) lower levels of TET1 compared to hiPSCs while LN18,
LN229 and U251 had 100-fold (p < 0.0001) lower TET1 levels (Fig. 3.4 A).
While all GBM cell lines exhibit significantly lower levels of TET1, TET2 and
TET3 transcripts were significantly higher compared to hiPSCs (Fig. 3.4 B and
C). Specifically TET2 displayed 3-4 fold higher levels in all GBM cell lines
compare to hiPSCs (Fig. 3.4 B). An even higher increase was observed with
TET3 transcripts which present 5-100-fold higher levels (Fig. 3.4 C) that could
be explained due to the fact that TET3 is mainly present at PGS in the
formation of the zygote and is repressed at the later stages of development
(Wossidlo et al. 2011). Finally, TDG was significantly down regulated (p <
0.0001) in GBM with the lower levels being observed in LN229 (12- fold) and
U87-MG (13- fold) cell lines (Fig. 3.4 D). Our results indicate that TET2 is the
most highly expressed TET genes in GBM cell lines and might be responsible

for the 5caC enrichment observed in our immunocytochemistry experiments.

Table 3.1: Normalised Ct values of TET1/2/3, TDG genes in the indicative
GBM cell lines.

TET1 TET2 TET3 TDG
hiPSCs | 12.38865 | 18.26622 | 29.14796 | 13.93526
LN18 17.469 | 16.51667 | 20.71817 | 16.09662
LN229 | 29.41167 | 15.43767 | 19.57267 | 17.23752
U87MG | 22.68233 16.122 | 20.85267 | 17.25139
U251 18.80967 | 14.66567 | 19.31867 | 16.13021
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Figure 3.4: TET2/TET3 levels are elevated at GBM cell lines while TDG is

present at low levels.

Relative expression of TET1/2/3 TDG in LN18 LN228 U87-MG U251 cell lines relative
to hiPSCs. Mean values of three individual experiments are shown (n = 3).
Experimental error is shown as £ SD Statistical analysis was performed using un-
paired t test. p < 0.05; * p < 0.05; ** p < 0.01; *** p < 0.001 and **** p < 0.0001.
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3.3.3. Primary GBM cell lines display immunocytochemically
detectable levels of 5caC, similar to continuous cell lines, in response

to high TET2 transcript levels

We next examined the levels of 5caC/5hmC in primary GBM cell lines in order
to confirm that 5caC presence in GBM cell lines is a real biological result and
not a consequence of the continuous culture of the cell lines. We used two
primary GBM cell lines, isolated from the invasive margin of the tumour, GIN8
and GIN31 (Glioblastoma INvasive) obtained from patients at Nottingham
Queens Medical Centre (QMC). GINS8 cell line was isolated from the left frontal
of the cerebellum from a 54 years old female patient. GIN31 was isolated
from the right temporal of the cerebellum from a 57 years old female patient
both of the cell lines are IDH wild type. Our immunocytochemistry
experiments confirmed homogenous staining of 5hmC across all the cells in
both cell lines (Fig. 3.5 A), similar to the continuous cell lines. Quantification
of 5hmC nuclear sighal showed that both cell lines display similar levels of
5hmC (Fig. 3.5 B). As expected, primary GBM cell lines present high levels of
5caC in a subpopulation of cells displaying a heterogeneous spatial
distribution, while cytoplasmic staining was also observed we reasoned that
it was probably a background staining and not real biological effect (Fig. 3.5
A). Interestingly, while in both cell lines the intensity of the 5caC nuclear
staining in 5caC positive cells does not display any difference among the cell
lines (Fig. 3.5 B); the percentage of 5caC positive cells differs. GIN31 has
78% 5caC positive cells whereas in GIN8 only 37.5% of the cells are positive
for 5caC (Fig. 3.5 C). These differences could reflect the differences in the
proliferation rate of the cell lines. Moreover, it is also possible that these cell
lines would exhibit a population of senescent cells making the direct

comparison with continuous cell lines impossible.

Further to that, single cell images were taken from the two populations of
cells in both cell lines and spatial distribution and magnitude profile were
plotted (Fig. 3.5 D). Correlation analysis showed that in both 5caC positive
and negative nuclei, 5hmC and 5caC display a moderate to weak correlation
(Fig. 3.5 D). Specifically, in GIN8 the correlation between 5hmC and 5caC is
moderate R = 0.51 (p < 0.0001) for 5caC positive cells and weak R = 0.3 (P
= 0.0002) for 5caC negative cells (Fig. 3.5 D). Similarly in GIN31 the
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correlation is moderate R = 0.6 (p < 0.00001) for 5caC positive cells and
weak R = 0.37 (p < 0.0001) for 5caC negative cells (Fig. 3.5 D); indicating
that 5hmC and 5caC are present at close proximity regions in the genome.
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Figure 3.5: Primary GBM cell lines exhibit immunohistochemically
detectable levels of 5hmC/5caC similar to continuous GBM cell lines.

A. Co-detection of 5caC with 5hmC. Merged views and individual channels are shown.
The cell cultures were stained in parallel at the same experimental conditions and
were imaged at identical settings. Scale bar = 10 um. B. Quantification of 5hmC and
5caC signals in the indicated primary GBM cell lines. Mean values of the average
intensities of each individual 5caC positive cell in each cell line/population are shown
in three individual experiments (n = 3). Error bars are shown as £ SEM. C.
Percentage of 5caC positive cells in each cell line. Error bars are shown as £ SEM. D.
Nuclear localisation of 5caC and 5hmC in GBM cell lines. Merged views of the confocal
images and graphs of the fluorescence intensity of 5caC and 5hmC in representative
5caC positive and 5caC negative nuclei of GIN8 and GIN31. Graphs shows the signal
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intensity of 5hmC/5caC across each cell. Scale bar = 10 ym, images were taken at
identical settings. Pearson correlation was performed in all the cells in three individual
experiments (n = 3). Statistical analysis was performed using un-paired t test. p <
0.05; * p < 0.05; ** p < 0.01; *** p < 0.001 and **** p < 0.0001.

We next examined the levels of the key genes involved in active DNA
demethylation using qPCR. As explained earlier in this chapter, we used
hiPSCs cell line as a reference as the only available option we had at the time.
The Ct values obtained in the experiment were normalised against GAPDH
(Dickson et al. 2009)gene and are displayed at Table 3.2. Similar to
continuous cell lines, TET1 has 100-fold lower levels in both GBM cell lines
examined (p < 0.0001) (Fig. 3.6. A). TET2 displayed 4-fold higher levels in
GIN8 (p < 0.0001) and GIN31 (p = 0.0075) compared to hiPSCs (Fig. 3.6 B).
Quite surprisingly, and in contrast with the continuous cell lines, TET3 was
not detectable in our conditions in these two cell lines. However, that might
not be a biological result as at that point we were facing issues with TET3
amplification because of primer dimerization as we were not able to detect
TET3 in other samples which are characterised by TET3 high levels. At that
point we did not further investigate TET3 expression in our cell lines. TDG
levels, similar to the other GBM cell lines were 10-fold lower in both primary
cell lines (p < 0.0001) (Fig. 3.6 C). Our results point to the same direction as
our previous studies in the continuous cell lines; indicating the possible role
of TET2 in the active DNA demethylation in GBM most possibly being

responsible for the 5caC enrichment.

Table 3.2: Normalised Ct values of TET1/2, TDG genes in the indicative
primary GBM cell lines.

TET1 TET2 TDG
hiPSCs | 12.38865 | 18.26622 | 13.93526
GINS 18.65809 | 13.81023 | 19.08049
GIN31 | 18.84488 | 14.42954 | 19.83359
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Figure 3.6: Relative expression of the key genes involved in active DNA

demethylation in primary GBM cell lines relative to hiPSCs.

A. TET1, B. TET2 C. TDG. Average values of three individual experiments are shown
(n = 3). Experimental error is shown as = SD. Statistical analysis was performed
using un-paired t test. p < 0.05; * p < 0.05; ** p < 0.01; *** p < 0.001 and ****
p < 0.0001.

3.3.4. Glucose concentration does not influence active DNA

demethylation in GBM cell lines

It has been previously shown that hyperglycaemia induces demethylation via
the activation of TET enzymes. Specifically Dhilwayo et al., used a zebrafish
model and provided evidence that high glucose levels induce the activity of
TET enzymes resulting is an increase in the intermediates of active DNA
demethylation pathway including 5hmC and 5fC (Dhliwayo et al. 2014). In
addition to that, another study, showed that intraperitoneal injection of
glucose in mice results in a rapid increase in blood glucose levels with a
corresponding increase in a-KG levels. Therefore suggesting that, an
induction of TET enzymes activity results at increased levels of 5ShmC and 5fC
(Yang et al. 2014). Nevertheless, 5caC levels were not measured in either

study as they were below the threshold levels.
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Given our previous findings that 5caC is present in a subpopulation of GBM
cells we next sought to examine whether we could enrich this subpopulation
of 5caC positive cells using different culture conditions. Thus, we cultured two
GBM cell lines in low and high glucose media and performed gPCR and
immunocytochemistry experiments in order to identify any differences in
genes involved in active DNA demethylation pathway as well as in 5hmC and
5caC levels. We chose LN18 and U251 as representative cell lines because
they are derived from different GBM subtypes with different genetic
background and we were interested to examine whether we could find a
similar phenotype between the two GBM subtypes. Our results showed that
administration of high glucose in the media in LN18 and U251 cells did not
impair the morphology of the cells nor alter their behaviour in cell culture
(Fig. 3.7 A). The levels of TET2 transcripts were 10 times lower in high glucose
culture condition in U251 compared to low glucose whereas the levels of TET1
and TET3 remain the same in both cell lines examined (Fig. 3.7 B). Further
to that levels of TDG were significantly increased (2- fold) in U251 cell line
(Fig. 3.7 B).
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Figure 3.7: GBM cell lines cultured in high and low glucose do not show any

significant changes morphologically while U251 shows reduced TET2 levels.

A. Light microscope images at high and low glucose conditions. Morphology of the
cells remain the same under the different culture conditions in LN18 and U251. Scale
bar = 25 uym. B. Relative expression of TET1/2/3 and TDG transcripts in low versus
high glucose culture conditions in LN18 and U251. Mean values of three individual
experiments are shown (n = 3). Experimental error is shown as + SD. Statistical
analysis was performed using un-paired t test. p < 0.05; * p < 0.05; ** p < 0.01;
**% p < 0.001 and **** p < 0.0001.
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We then examined the levels of 5hmC and 5caC epigenetic modifications
using our sensitive immunocytochemistry method followed by image
quantification. While, in LN18 cell line the levels of TET1/2/3 and TDG
transcripts were unaltered, 5hmC levels are significantly reduced (p <
0.0001) and 5caC levels are significantly increased (p < 0.0001) (Fig. 3.8 A
and B). This observation led us to hypothesise that there might be a
preferential direct oxidation of 5mC into 5caC in LN18 cell line in high glucose
conditions without a significant change at TET1/2/3 levels; however further
experiments need to be done in order to examine this possibility. Rather
unexpectedly and in contrast with qPCR results and the TET2 statistically
significant lower levels in high glucose culture conditions; 5hmC levels were
significantly (p < 0.001) increased in U251 cell line in high glucose conditions
whereas 5caC levels did not show any statistically significance difference
between the two different culture conditions (Fig. 3.8 C and D). Thus, this
experiment did not serve our primary goal of enrichment of the 5caC positive
population of cells, leading to inconclusive results. We therefore, decided to

proceed with our experiments using our default glucose conditions.
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Figure 3.8: Glioblastoma cell lines exhibit

pattern in high and low glucose conditions.
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A. Co-detection of 5caC with 5hmC in LN18 cell line and C. U251 cell line in low and high glucose culture conditions. Merged views

and individual channels are shown. The cell cultures were stained in parallel at the same experimental conditions and were imaged at

identical settings. Scale bar = 10pym. B. Quantification of 5hmC and 5caC signals in LN18 cell line and D. U251 cell line. Mean values

of the average intensities of each individual cell in three individual experiments are shown (n = 3). Error bars are shown as £ SEM
Un-paired t test has been performed*:p < 0.05, **: p < 0.01, ***:p < 0.01, ****:p<0.001.
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3.3.5. Mass spectrometry analysis reveals that different MB
subgroups are characterised by distinct 5hmC levels and elevated
levels of 5fC and 5caC

We next sought to study the absolute levels of 5mC oxidative derivatives in
MB cell lines using a quantitative method. It has been previously shown that
MB cell lines display immunocytochemically detectable levels of 5hmC/5caC
(Ramsawhook et al. 2017), therefore we sought to expand this screen at MB
cell lines derived from different molecular subgroups. We used Isotope-
dilution automated online two dimensional ultra-performance liquid
chromatography with tandem mass spectrometry-based technology (2D-
UPLC-MS/MS) in combination with isotopically labelled internal standards for
the simultaneous detection of 5mC, 5hmC, 5caC and 5fC as well as 5-
hydroxymethyluracil (5hmU) and 8-oxo-2'-deoxyguanosine (8-oxodG). This
method is suitable for rapid accurate and complex assessment of an array of
endogenously generated DNA modifications providing high sensitivity and
selectivity (Gackowski et al. 2016). We first obtained calibration curves on
the internal standards identifying limits of detection (LOD), limits of
quantification (LOQ) and recovery of the corresponding epigenetic
modifications (Fig. 3.9). The ratio for the unlabelled nucleoside to the internal
standard (A/A) was plotted against the ratio of their molar concentrations
(C/C) following by the calculation of R? coefficients (Fig. 3.9). The chemical
purity of the samples and internal standards was assessed with UV
chromatograms obtained in 1D-UPLC-UV mode (Fig. 3.10).
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We next wanted to examine whether there are any differences in the levels

of 5hmC and 5caC in different molecular subgroups of MB. Initially, we
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assessed the levels of cytosine modifications in eight MB cell lines: CHLA-
01R-MED and CHLA-01-MED derived from group 4 tumours; UW228-3, DAOY
and ONS-76 belonging to SHH subgroup; as well as D458, D283 and HD-
MBO03 cell lines classified as group 3 MBs (Xu et al. 2015). Although the levels
of 5mC displayed variability across the tested MB cell lines they did not
correlate with molecular subgroups of MB (Fig. 3.11 A). Interestingly, we
found out that distinct levels of 5hmC correlated with SHH, group 3 and group
4 MB subgroups (Fig. 3.11 B). Specifically, group 4 MBs (CHLA-01R-MED,
CHLA-01-MED) displayed the highest levels of 5hmC (0.03 modifications per
1000 DNA bases), cell lines belonging to SHH subgroup (UW228-3, DAOY and
ONS-76) were characterised by the lowest 5hmC content (around 0.005
modified bases per 1000 DNA nucleotides) and group 3 cell lines (D458, D283
and HD-MBO03) exhibited intermediate levels of this modification (0.01
modified nucleotides per 100 DNA bases) (Fig. 3.11 B).

Interestingly, 5fC and 5caC were also detectable in the majority of the tested
primary MB cell lines showing no specific correspondence to different
molecular subgroups of MB (Fig. 3.11 C and D). Thus, UW228-3 and DAOY
cell lines belonging to SHH subgroup displayed the highest levels of 5caC
(around 60 modifications and approximately 50 modifications per 10° DNA
bases correspondingly), however 5caC was not detectable in another SHH cell
line, ONS-76 (Fig. 3.11 D). Surprisingly, although CHLA-01 possessed
detectable levels of 5caC, this modification was not detectable in the
corresponding recurrent metastatic cell line CHLA-O1R (Fig. 3.11 D).
Moreover, SHH cell lines (DAOY and UW228) exhibited relatively low levels of
5fC paralleled by relatively high 5caC content (Fig. 3.11 C and D) indicating

that 5mC is likely to be preferentially converted to 5caC in these tumours.
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Figure 3.11: Different molecular subgroups of MB are characterised by

distinct levels of 5-hmC.

The results of 2D-UPLC-MS/MS quantification of the indicated forms of modified
cytosine in the cells lines derived from different MB molecular subgroups. A. 5mC
levels are comparable across the cell lines. B. 5hmC distinct levels at different
subgroups of MB. C 5caC and D. are detectable in the majority of the cell lines tested.
Graphs show mean values of three individual experiments (n = 3). Experimental error
is shown as £ SD. Statistical analysis was performed using un-paired t test. p < 0.05;
*p < 0.05; ** p <0.01; *** p < 0.001 and **** p < 0.0001.
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Next, we assessed the levels of 5-hydroxymethyluracil (5hmU) (Fig. 3.12 A),
a DNA modification with currently unknown function, previously implicated
with DNA damage (Olinski et al. 2016; Pfaffeneder et al. 2014), and a product
of DNA oxidation, 8-ox0-2'-deoxyguanosine (8-oxodG) (De Souza-Pinto et al.
2001) (Fig. 3.12 B) in the same cell lines. Unlike the species of modified
cytosine, both these modifications displayed comparable levels in all the
tested MBs suggesting that the levels of oxidative DNA damage were similar
in all our specimens and the differences in 5hmC/5fC/5caC we observed were
unlikely to be due to non-enzymatic oxidation events that may have taken

place during preparation and processing of the samples (Fig. 3.12).
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Figure 3.12: The levels of oxidative DNA damage are comparable across the

tested MB cell lines.

The results of 2D-UPLC-MS/MS quantification of A. and B. 8-oxodG in the indicated
MB cell lines. Graphs show mean values of three individual experiments (n = 3).

Experimental error is shown as £+ SD.
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3.3.6. Mass spectrometry confirms the presence of 5caC in the DNA

of brain cancer cell lines.

We then examined the levels of 5mC, 5hmC, 5caC and 5fC in the GBM cell
lines (LN18 and U251), the MB cell line (UW228-3), the human colorectal
carcinoma cell line (HCT-116) and human induced pluripotent stem cell line
(hiPSCs) the latter has been previously shown to have high levels of 5mC
oxidative derivatives. We observed lower levels of 5mC in all the brain cancer
cell lines examined (6 modifications per 103 DNA bases) compared to hiPSCs
(9 modifications per 10° DNA bases) (Fig. 3.13 A). 5hmC levels were
drastically decreased in all the cancer cell lines examined (Fig. 3.13 B).
hiPSCs displayed 01 5hmC modifications per 10®> DNA bases while 5hmC
levels were 10 fold lower than cancer cell lines examined, confirming that
reduced 5hmC levels is a characteristic of cancer tissues (Ficz & Gribben
2014; Jin et al. 2011). Moreover, all cancer cell lines examined, presented
mass spectrometry detectable levels of 5caC and 5fC modifications (Fig. 3.13
C and D). In summary, our mass spectrometry experiments confirmed our
previous findings regarding 5caC enrichment in both GBM and MB cell lines
(Ramsawhook et al. 2017).
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Figure 3.13: Mass spectrometry determined levels of DNA methylation

marks in cancer cell lines.

The results of 2D-UPLC-MS/MS quantification of the indicated forms of modified
cytosine in the cells lines derived from different cell lines hiPSCs, UW228 (MB), LN18
and U251 (GBM) HCT-116 (colorectal carcinoma). A. 5mC levels are significantly
lower in cancer cell lines compared to hiPSCss. B. 5hmC levels are reduced in cancer
cell lines. C. 5caC and D. 5fC are detectable in MB and GBM cell lines tested. Mean
values of three individual biological replicates for hiPSCs, UW228-3 and LN18 and
three technical replicates for U251 and HCT-116 are shown (n = 3).Experimental

error is shown as + SD.
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3.3.7. 5caC DNA immunoprecipitation followed by NGS reveals 5caC

unique genomic distribution in adult and paediatric brain tumours

We next examined the genomic distribution of 5caC using DNA
immunoprecipitation (DIP) followed by NGS analysis. We used LN18 and
U251 GBM and UW228-3 MB cell lines. We used two biological replicates of
each sample and an input control, the summary of the quality control report
is displayed in Figure 3.14. We also, used previously generated data derived

from hiPSCs cell line for the analysis and the visualisation of our results.

Reads Map% Filt% Dup% Readl Fragl RelCC S8SD RiP%

LN18 5caC_1 31783507 100 121 0 40 196 295 115 481
LN18 5caC_2 52808138 100 108 0 64 129 266 112 3
Input 50450609 100 10 0 68 159 17 0787 NA

Reads Map% Filt% Dup% Readl Fragl RelCC SSD RiP%

UW2283 5cac 1 37784768 100 132 0 40 168 298 151 631
UW228-3 Scac2 44885866 100 129 0 46 124 215 154 525
Input 77182706 100 969 0 69 150 226 103 256

Reads Map% Filt% Dup% ReadL FragL RelCC SSD RiP%
45830100 100 898 0 73 174 3 0811 237
U251 Scac 2 44486925 100 948 0 71 148 206 0852 246

Input 16966827 100 121 0 71 144 18 185 NA

U251_5caC_1

Figure 3.14: NGS quality control report

Number of mapped reads generated in each sample and biological replicate after NGS

are shown.

We first mapped the reads to the human genome and identified 5caC DIP
peaks; the consensus peaks were then identified for each sample by
comparing the corresponding replicates (Fig. 3.15 A and B). 5caC peaks were
normalised against the input sample; IgG control failed to amplify during
library preparation therefore it was not possible to normalise against it. We
next analysed the 5caC genomic enrichment throughout genomic features in

our GBM and MB samples along with hiPSC’s. As expected the 5caC called out
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peaks were reduced in brain tumours compared to hiPSCs (Fig. 3.16). More
specifically, while in hiPSCs 5caC peaks are at the range of 10000 in UW228-
3 they are in the 1000 range while LN18 and U251 cell lines the peaks are
only at 100 (Fig. 3.16). These results confirmed our previous observations
based on immunocytochemistry and mass spectrometry experiments
indicating that 5caC is only present in a sub-population of cells in brain
tumours and we were unable to enrich for that subpopulation of cells.
Interestingly, hiPSCs and UW228-3 MB cell lines displayed virtually similar
genomic distribution across various genomic features, repetitive sequences,
regulatory features and gene biotypes (Fig. 3.16). In repetitive sequences,
5caC enrichment is observed at LINE, Sine/Alu, Long terminal repeats (LTR)
in both UW228-3 and hiPSCs; whereas in GBM cell lines enrichment was
mainly observed in satellites and LTR sequences (Fig. 3.16 A). Within gene
features, greatest enrichment was observed in transcripts in hiPSCs and
UW228-3 followed by intragenic regions, introns and 3kb up/down stream
transcription (Fig. 3.16 B). In contrast, in both GBM cell lines examined,
highest enrichment was observed in intragenic regions followed by
transcripts, fewer peaks related to other gene features were identified (Fig.
3.16 B). Amongst regulatory features, 5caC enrichment in U251 and LN18
was predominantly found in CTCF and transcription factor- (TF) binding sites
(Fig. 3.16 C). While within UW228-3 and hiPSCs, genomic distribution was
spread among CTCF-binding sites, open chromatin, promoter and TF-binding
sites (Fig. 3.16 C). Finally, within gene biotypes, 5caC peaks in GBM cell lines
were exclusively found in protein-coding regions whereas their distribution in
UW228-3 and hiPSCs was higher in protein coding regions followed by
lincRNAs and antisense RNA (Fig. 3.16 D).
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Figure 3.15: 5caC DIP replicates’' correlation analysis.

A. Replicates’ coverage histograms for the narrow peaks of the indicated samples. B.

Peaks correlation histogram for the indicated samples.
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Figure 3.16: Genomic distribution of 5caC peaks in UW228-3 MB, U251 LN18 GBM and hiPSCs cell lines.

Distribution of the 5caC consensus peaks across the indicated gene categories. A. Repetitive sequences B. Gene

features C. Regulatory features and D. Gene biotype.



Moreover, analysis of the distribution of the peaks around TSS showed that
most of the peaks in UW228-3 and LN18 cell line are at around 10-100 kb
distance in either sites of TSS with UW228-3 presenting many more peaks
than LN18 (Fig. 3.17). Nevertheless due to the extremely low levels of
5caC in our examined cell lines, further validation of our results should be

performed using independent single based resolution analysis like caMAB-

seq.
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Figure 3.17: Genomic distribution of 5caC peaks relative to TSS.

A. The graphs illustrate the distribution of 5caC DIP reads relative to TSS in
UW228-3 and LN18 cell line. Each line displays individual read.

We next decided to closely examine the 5caC peaks at genomic regions
that are related with protein coding genes (3kb up/downstream) in order
to have a better understanding of 5caC potential role in the regulation of
transcription. Thus, we exported the gene lists of 5caC peaks related to
protein coding genes; U251 cell line was excluded from our analysis due
to the limited number of peaks we observed in that regions. We performed
Gene Ontology (GO) analysis using the online platform “Panther”
(http://www.pantherdb.org/geneListAnalysis.do) in hiPSCs, UW228-3 and

LN18 cell lines. According to the biological process, the majority of the

genes in all cell lines were related to cellular, biological and metabolic
activity; however more similarities were displayed between hiPSCs and
UW228-3 (Fig. 3.18 A). Regarding the cellular component, the place in the

cell that the gene is active, the majority of genes identified in all cell lines
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are present in cell, organelle and membrane (Fig. 3.18 B). Finally,
regarding molecular functions and the biochemical activity of those genes
they are mainly responsible for binding and catalytic activity in the three
cell lines analysed (Fig. 3.18 C).

We then compared the UW228-3 5caC protein coding peaks with hiPSCs
5caC peaks; we chose UW228-3 as the cancer cell line with the highest
5caC enrichment. We found that only 14.8% of the genes with 5caC peaks
were unique for UW228-3 whereas the rest of the genes overlap with the
hiPSCs (Fig. 3.19 A); indicating that most likely 5caC is present at almost
same genomic loci in both hiPSCs and UW228-3 presenting much higher
abundance in hiPSCs. Interestingly, among the genes that displayed a
unique peak at UW228-3 was PAXS5 (Fig. 3.19 B) which has been previously
associated with MB development (Czapiewski et al. 2016; Kozmik et al.
1995).
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Figure 3.18: Gene ontology (GO) analysis of the protein coding related 5caC peaks (3 kb up/downstream
gene) at the indicated cell lines.
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Figure 3.19: 5caC peak distribution within genes in hiPSCs and UW228-3 cell lines.
A. A venn-diagram for the protein coding 5caC peaks identified in hiPSCs and UW228-3; 14.8 % of the genes identified in UW228-3

were unique to this cell line. B. The coverage plots of 5caC DIP at intron 7 of PAX5 gene at the indicated samples.
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3.3.8. TDG siRNA mediated knockdown leads to elevated 5hmC/5caC
levels in both GBM and MB cell lines

Previous studies in ES cells showed that TDG is responsible for the recognition
and excision of 5caC from the DNA; as a result BER repair pathway is then
activated to replace the abasic site with the unmodified C (He et al. 2011).
Therefore, we next examined the effects of TDG knockdown in our system in
adult and paediatric brain tumours. We performed siRNA mediated
knockdown of TDG in UW228-3 MB cell line and in U251 GBM cell line. We
chose U251 GBM cell line as it has the highest levels of TDG among the GBM

cell lines examined.

Cells were chemically transfected with the TDG siRNA. We first optimised the
concentration of the TDG siRNA and the transfection reagent in order to
obtain the highest efficiency without causing cell death to the culture;
optimisation was performed in one cell line and we used the optimised
conditions (50 nM of siRNA and 3 pl Dharmafect) for both cell lines (Fig. 3.20
A and B). We then performed siRNA mediated TDG knockdown in UW228-3
MB cell line and in U251 cell line achieving 72% and 80% efficiency

respectively (Fig. 3.20 C).
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Figure 3.20: Optimisation of the siRNA mediated knockdown of TDG in GBM
and MB cell lines.

A. Light microscope images for siControl and siTDG cells no cell death nor changes
in morphology is observed. Scale bar = 25 um. B. Relative expression of TDG in 2
different concentrations of the siRNA and the transfection reagent; 4 different
conditions in total. 50 nM of siRNA and 3 pl of Dharmafect lead to 65 % knockdown
of TDG. B. Relative expression of TDG transcripts at the siRNA treated sample
compare with the control; 72 % knockdown of TDG in UW228-3 MB cell line and 80
% knockdown of TDG in U251 GBM cell line. Error bar is shown as £SD (n = 3).

The levels of TET1/2/3 genes were then examined using qPCR, observing no
significant changes in the TDG knockdown samples compared with the control
in both cell lines (Fig. 3.21 C). Our immunocytochemistry experiment showed
that both 5hmC and 5caC levels were significantly elevated upon TDG
depletion in both cell lines (Fig. 3.21 A and B). These results were also
confirmed by 2D-UPLC-MS/MS quantification of 5ShmC 5caC and 5fC whose
absolute levels were elevated after the TDG depletion (Fig. 3.21 B). Our
results further confirm the role of TDG in active DNA demethylation in both
GBM and MB.
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Figure 3.21: siRNA mediated depletion of TDG in GBM and MB cell lines leads

at elevated levels of both 5hmC and 5caC.

A. Co-detection of 5caC/5hmC in U251 GBM cell line in siRNA treated cells and in
control. Merged views and individual channels are shown. The cell cultures were
stained in parallel at the same experimental conditions and were imaged at identical
settings. Scale bar = 10 ym. B. Quantification of 5hmC and 5caC signals in the siRNA
treated cells and in control. Mean values of the average intensities of all the individual
cells in three different experiments for each cell condition are shown. Error bars are
shown as £ SEM (n = 3). Un-paired t test was performed *:p < 0.05, **: p < 0.01,
***:p < 0.01, ****:p < 0.001. C. Relative expression of TET1/2/3 transcripts after
the depletion of TDG; no significant changes at the levels of TETs were found in the
siRNA treated samples. Mean values of three individual samples are shown(n = 3) .
Experimental error is shown as £ SD. D. 2D-UPLC-MS/MS quantification of the
indicated forms of modified cytosine in siRNA mediated TDG knockdown; 5fC and
5caC levels were significantly elevated. Mean values of two biological replicates are
shown (three technical replicates in each sample) (n = 2). Experimental error is

shown as + SD.
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3.3.9. TET2 protein levels are elevated in GBM cell lines and TET2
SsiRNA mediated knockdown leads to diminished levels of 5ShmC and
5caC in GBM but not in MB.

Our previous experiments showed that the TET2 gene is highly expressed in
GBM cell lines, thus we examined the protein levels of TET2 in order to
confirm its abudance in GBM as well as in MB cell lines. We first optimised
TET2 and B-tubulin (used as a reference protein) antibodies using different
dilutions of the antibody and different protein extracts concentrations (Fig.
3.22).

A B
B-tubulin optimisation TET2 optimisation
6pg 12pg 18pg 6ug 12pg 18pg
11000 o - - 1:500 - b o
1:2000 - 1:1000 T -
1:5000 1:2000 - e .

Figure 3.22: B-tubulin and TET2 antibodies optimisation for western blot

analysis.

A. B-tubulin B. TET2

Once we optimised all the conditions we performed western blot experiment
in LN18, LN229, U251, U87-MG GBM cell lines and in UW228-3 MB cell line.
The results were normalised against B-tubulin (Fig. 3.23). Our preliminary
western blot experiment shows that TET2 protein levels are elevated in LN18,
LN229 GBM and UW228-3 MB cell lines.
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Figure 3.23: Preliminary data on TET2 protein levels in GBM and MB cell

lines.

TET2 levels were normalised against B-tubulin (n = 1).

We next performed siRNA mediated knockdown of TET2 in both GBM and MB
cell lines in order to examine our hypothesis that TET2 high levels might be
responsible for the oxidation of 5mC to 5hmC and 5caC in GBM and MB.
Similarly to TDG knockdown, we chemically transfected LN18 GBM and
UW228-3 MB cell lines and optimised for the best concentrations; to achieve
the highest efficiency (90 % and 80 % efficiency respectively) with the lowest
cell death (Fig. 3.24).
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Figure 3.24: Optimisation of siRNA mediated knockdown of TET2.

A. Light microscope images for siControl and siTDG cells in UW228-3 MB cell line and
LN18 GBM cell line, no cell death or changes in morphology is observed. Scale bar =
25 um. B, C. Relative expression of TET2 in 2 different concentrations of the siRNA
and the transfection reagent; 4 different conditions in total. B. 25 nM of siRNA and 4
pl of Dharmafect lead to 90 % knockdown of TET2 in LN18. C. 50 nM of siRNA and 6
pl of Dharmafect lead to 80 % knockdown of TET2 in UW228-3. Error bars shown as
£SD (n=3). Paired t test was performed *:p<0.05, **: p<0.01, ***:p<0.01,
**k**x:n<0.001.

We then performed immunocytochemistry to examine the levels of
5hmC/5caC after the siRNA mediated depletion of TET2. Rather unexpectedly,
5hmC and 5caC levels were almost completely diminished in LN18 cell line in
the siRNA treated samples (Fig. 3.25 A and B). While in control cells 5caC
was present in a subset of nuclei at relatively high levels, in siRNA treated
cells 5caC levels were almost not detectable (Fig. 3.25 A and B). Signal
quantification of the images taken confirmed our observations; 5hmC levels
were almost 50 % reduced in siTET2 transfected cells (p < 0.001) (Fig. 3.25
C). More drastic effects were observed in 5caC where its levels were reduced
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by almost 75 % (p < 0.0001) (Fig. 3.25 C). In order to examine whether our
findings were solely due to the TET2 knockdown we performed gPCR
experiment examining the levels of the other TETs as well as TDG. Our results

showed that there was no significant changes in the levels of TET1 and TDG

(Fig. 4.27 A); indicating that TET2 knockdown did not impair their expression.
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Figure 3.25: siRNA mediated knockdown of TET2 in LN18 GBM cell line leads
to diminished levels of both 5hmC and 5cacC.

A. Co-detection of 5caC with 5hmC in LN18 control cells and in TET2 siRNA mediated
knockdown cells. Merged views and individual channels are shown. B. Single cell
images and 2.5D signal intensity plots of 5caC/5hmC staining in representative
nuclei in siControl and siTET2 treated cells. The cell cultures were stained in parallel
at the same experimental conditions and were imaged at identical settings. Scale bar
= 10 pym. C. Quantification of 5hmC and 5caC signals. Mean values of the average
intensities of each individual cell for each cell population at three individual
experiments are shown (n = 3). Error bars are shown as £ SEM. Paired t tests of
three independent experiments have been performed. *:p < 0.05, **: p < 0.01,
***:p < 0.01, ****:p < 0.001.
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Previous studies from our lab showed that elevated TET1 levels are related
to the accumulation of 5caC in MB and EPN cell lines (Ramsawhook et al.
2017). Thus, we wanted to test whether TET2 knockdown would result in
altered 5hmC /5caC levels in UW228-3 MB cell line. In contrast to GBM cell
line, in UW228-3 TET2 siRNA mediated knockdown did not cause any
significant alterations in 5caC/5hmC levels nor their spatial distribution (Fig.
3.26 A and B). Signal quantification of the images taken confirm our
observations (Fig. 3.26 C). Similarly to LN18, the levels of TET1/3 and TDG
were not changed in the TET2 knockdown samples (Fig. 3.27 B). Our
observations lead to the hypothesis that TET2 might be crucial for the
establishment of 5hmC and 5caC epigenetic modifications in GBM but not in
MB.
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Figure 3.26: siRNA mediated knockdown of TET2 in UW228-3 MB cell line

does not alter the levels of 5hmC.

A. Co-detection of 5caC with 5hmC in UW228-3 control cells and in TET2 siRNA
mediated knockdown cells. Merged views and individual channels are shown. B.
Single cell images and 2.5D signal intensity plots of 5caC/5hmC staining in

representative nuclei in siControl and siTET2 treated cells. The cell cultures were
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stained in parallel at the same experimental conditions and were imaged at identical
settings. Scale bar = 10 ym. C. Quantification of 5hmC and 5caC signals. Mean values
of the average intensities of each individual cell for each cell population in three
individual experiments are shown (n = 3). Error bars are shown as £ SEM. Un-paired
t tests have been performed. *:p < 0.05, **: p < 0.01, ***;p < 0.01, ****:p <
0.001.
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Figure 3.27: Expression of TET1/3, TDG in TET2 siRNA mediated knockdown.

Relative expression of TET1/3, TDG in siControl compared with siTET2 in A. LN18
GBM cell line B. UW228-3 MB cell line.Mean values of three individual experiments

are shown (n = 3). Experimental error is shown as £+ SD.
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3.4. Technical discussion

The aim of this chapter was to identify and study the presence of 5mC
oxidative derivatives in adult and paediatric brain tumours. In summary, we
used immunocytochemistry, 2D-UPLC-MS/MS and meDIP followed by NGS for
the qualitative and quantitative analysis of 5caC in GBM and MB. Our results
reveal several novel findings: (1) GBM primary and continuous cell lines
exhibit immunocytochemically and mass-spectrometry detectable levels of
5caC accompanied with high levels of TET2 and low levels of TDG transcripts;
(2) Different subgroups of MB are characterised by distinct 5hmC levels and
elevated levels of 5fC/5caC; (3) We confirmed that TDG is responsible for the
removal of these marks and; (4) TET2 is responsible for the oxidation of 5mC
into 5hmC and 5caC in GBM but not in MB.

The methods that have been widely used for the detection of these epigenetic
modifications have been described earlier in this chapter. We chose to use
our sensitive immunocytochemistry protocol for the initial examination of
5caC presence in GBM cell lines. This method allows us to study the spatial
distribution of the marks as well as the heterogeneity that might exist in each
sample. This is the first study to show the presence of 5caC in GBM sub-
population of cells. Specifically, we show a homogeneous 5hmC nuclei
staining at low levels in all the cells; however 5caC distribution is
heterogeneous in the nuclei and is not present in all the cells (Fig. 3.1). We
performed co-immunostaining of 5hmC and 5caC in order to ensure that HCI-
mediated antigen retrieval in the nuclei has been successful, thus the
heterogeneity we observed in 5caC staining is not due to technical issues of
the method used but a real biological event. Nevertheless, the method used
does not allow the direct comparison of the levels of 5hmC and 5caC as they
only give a semi-quantitative assessment of proportions of the signal in one
cell relative to another. Unfortunately, the tyromide amplification step we
used for the detection of 5caC permits a non-linear amplification of the 5caC

signal making the signal intensities of 5caC and 5hmC directly incompatible.

One limitation of our method is that we used high resolution confocal

microscopy for the visualisation of the results with 63 X magnification for the
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quantification and analysis of the images; creating bias as we might have
selected for the sub-population of cells that have higher levels of 5caC.
Another limitation of that experiment is the lack of controls; unfortunately we
did not have access to normal human astrocytic or neural progenitor cells.
This experiment would give an indication whether 5caC presence in GBM cell
lines is due to the fact that this subpopulation of cells is in a neural progenitor
state or the cells are in a de-differentiation state; and active DNA
demethylation is operative in this system in a similar way that has been
described in different systems during the differentiation into neural/glial
lineages and hepatocytes (Lewis et al. 2017; Wheldon et al. 2014). We tried
to overcome these limitations and examine whether the presence of 5caC
correlates with the cancer stem cell population exists in these tumours (data
not shown). Studies in our lab based on immunocytochemistry showed that
there is no correlation between 5caC staining and several cancer stem cell
markers (e.g. Nestin, SOX2) (data not shown) thus we could not perform
further experiments using fluorescent activated cell sorting (FACS) to isolate
the 5caC sub-population.

Several reports showed that high glucose can induce a-KG levels as a co-
factor of TET enzymes (Killian et al. 2013; Yang et al. 2014). Therefore, we
next sought to examine whether glucose enriched culture conditions can
induce TETs activity encouraging 5caC elevated levels. Rather unexpectedly,
we observed significantly reduced TET2 levels in U251 cells cultured in high
glucose accompanied by higher TDG levels (Fig. 3.7). These results are
consistent with our immunocytochemistry experiments that showed lower
levels of 5hmC. Our results indicate that high glucose cannot promote TETs
activity in U251 cell line and that 5caC levels are not affected by the changes

in glucose conditions. Thus, we did not proceed with these experiments.

5hmC is enriched in the brain compared to other differentiated tissues such
as bladder, kidney and liver (Globisch et al. 2010). However, in contrast to
normal brain tissues, brain tumours exhibit significantly lower amounts of
5hmC and most importantly these levels are correlated with tumour grade
and patient survival (Kraus et al. 2012). Correspondingly, 5caC is detectable

in breast cancer tissues as well as in paediatric brain tumours but is not

114 | Page



detectable in the corresponding healthy tissues (Eleftheriou et al. 2015;
Ramsawhook et al. 2017). Interestingly, the levels of 5caC do not correlate
to 5hmC levels indicating that 5caC and active DNA demethylation have a

distinct role in carcinogenesis.

Although, 5hmC levels are reduced in gliomas it has been suggested that
there is no correlation of these levels with TET proteins alterations in contrast
to myeloid malignancies (Kraus et al. 2015). Therefore, we next examined
whether 5caC elevated levels corresponded to high TET levels in GBM. We
first chose to examine the relative expression levels of TETs and TDG in GBM
cell lines compared to hiPSCs, we also performed semi-quantitative PCR at
different cycles and observed that TET2 levels are elevated in two out of four
cell lines examined leading us to propose that 5caC elevated levels might
correspond to elevated TET2 levels and to oxidation of 5mC to 5caC. Our
siRNA mediated knockdown of TET2 showed significantly reduced levels of
5hmC and 5caC in the absence of TET2 in LN18 cell line confirming our
hypothesis that TET2 is responsible for the elevated levels of 5caC observed
in some GBM cell lines. These results are in contrast with previous study in
gliomas (Kraus et al. 2015). They rather indicate that the expression of TETs
in these cells may be involved in their pathogenesis, promoting the oxidation
of 5mC into 5hmC and 5caC in GBM cell lines.
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Chapter 4. Generation and functional
characterisation of a TET2 knockout GBM

cell line

4.1. Introduction

The recent advances in targeted gene editing techniques include engineered
nucleases, zinc-finger nucleases (ZFNs), transcription activator-like effector
nucleases (TALEN’s) and clustered regularly interspaced short palindromic
repeats (CRISPR) have provided a simple and robust method for gene editing
(Kim & Kim 2014). Specifically, engineered nucleases create double-strand
DNA break (DSB) at the targeted genomic region activating non-homologous
end joining (NHEJ) or homology-directed repair (HDR) depending upon the
presence of a donor template with homology to the locus of interest (Ma et
al. 2014).

Megalonucleases, including ZFNs and TALENs, have been widely used for
genome editing before the emergence of CRISPR/Cas; they are engineered
versions of naturally occurring restriction enzymes (Khan 2019). ZFNs are
fusions between a custom designed zinc-finger protein and the cleavage
domain of the FokI restriction endonuclease (Kim et al. 1996); they act as
dimers and each monomer recognizes a specific DNA sequence through the
zinc-finger DNA-binding domain. The FokI cleavage domain mediates the
dimerization of the ZFN proteins and cuts DNA within 5-7 bp spacer sequence
that separates the two flanking zinc-finger binding sites (Smith 2000). The
discovery of TALE proteins, which are bacterial effectors that can recognize
DNA (Boch et al. 2009; Moscou & Bogdanove 2009), enabled the creation of
custom TALENs capable of gene manipulation. TALENs are comprised of an
amino-terminal TALE DNA binding domain fused to a carboxyl-terminal FokI
cleavage domain (Christian et al. 2010; Miller et al. 2011). Similar to ZFNs,
dimerization is achieved through the FoklI cleavage domain (Miller et al.
2011). One of the challenges that this method has is that TALENs are
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substantially larger than ZFNs with highly repetitive structures which makes

their delivery into cells much more challenging (Holkers et al. 2013).

The CRISPR/Cas9 system was first discovered in bacteria and archaeon as it
is an adaptive immune system mechanism against invading DNA
contaminants. In bacteria, the CRISPR system protects against DNA from
invading organisms through RNA guide DNA cleavage by Cas proteins (Sorek
et al. 2013; Wiedenheft et al. 2012). The type II microbial CRISPR system
(Chylinski et al. 2014) consists of CRISPR-associated (Cas) genes and
noncoding repetitive elements interspaced by short variable sequences
(spacers). The spacers, known as protospacers, are short sequences (around
30 bp). They are often derived from foreign genetic elements (Barrangou et
al. 2007) and each protospacer is flanked by a short protospacer-adjacent
motif (PAM). Once short segments of foreign DNA are integrated within the
CRISPR locus and transcribed into CRISPR RNA (crRNA) they then anneal to
trans-activating crRNA (tracRNA) directing the degradation of pathogenic
DNA by the Cas9 protein (Jinek et al. 2012). About a decade ago it was shown
that specific recognition by the Cas9 protein requires only a target sequence
within the crRNA and a conserved PAM upstream of the binding site (Jinek et
al. 2012). Since then, the system has been simplified and widely used for
genome engineering; consisting of only Cas9 nuclease and a single guide RNA
(sgRNA containing the essential crRNA and tracrRNA elements (Cho et al.
2013; Jinek et al. 2012).

The most widely used Cas9 enzyme for genome editing is derived from
Streptococcus pyogenes (SpCas9) and requires the 5'-NGG PAM sequence for
recognition (Mojica et al. 2009). Alteration of the 20 bp guide sequence of
the sgRNA enables targeting of Cas9 to any desired genomic locus that
harbours the PAM sequence (Cong et al. 2013; Wang et al. 2013). Cas9
protein is comprised of two nuclease domains RuvC (consisting of three
subdomains) and HNH (Jinek et al. 2012) which are responsible for the
cleavage of the DNA strands at the target sites (Nishimasu et al. 2014). The
sgRNA is responsible for site targeting as it recognises the sites next to the
PAM sequence, while Cas9 is responsible for cleavage and the introduction of

DSB. Introduction of DSB by Cas9 enables stimulation of endogenous DNA
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damage repair pathways. Homology-directed repair (HDR), which requires a
homologous template for recombination, and the non-homologous end-
joining (NHEJ), which does not require a template and often produces
insertions of deletions as a result of repair (Trevino & Zhang 2014). Thus,
exogenous templates can be designed and introduced with Cas9 and sgRNA
in order to promote homologous recombination in the area of interest
(Trevino & Zhang 2014).

One of the main concerns that needs to be taken into consideration when
planning to genetically modify a system using CRISPR/Cas9 is the potential
for off target events. It has been shown that mismatches at the 5’ end of the
target site are generally better tolerated than 3’ end (Cong et al. 2013; Jinek
et al. 2012). Nevertheless mismatches of fewer than three nucleotides can
induce off-target events (Fu et al. 2013). Moreover, it has been reported, that
high GC contents in the target site can improve hybridisation and allow more
mismatches to be tolerated (Pattanayak et al. 2013). Several online
engineering design and off-target search tools have been developed for the
accurate prediction of sgRNA regions with lower probabilities of off-target
events. Aside from sgRNA design optimisation, it has also been suggested
that reduction of Cas9 and gRNA concentrations can decrease off-target
effects; however it might also have an effect on-target cleavage (Hsu et al.
2013). The use of Cas9 and gRNA mRNA/protein instead of an expression
plasmid can also reduce off targets as it remains active for a shorter time in
the cell (Kim & Kim 2014).

A mutated variant of Cas9 has also been developed; it contains D10A or an
H840A mutation at RuvC and HNH nuclease domain respectively (Jinek et al.
2012; Ran et al. 2013). This mutant version of Cas9 can induce a single
stranded nick capable of stimulating HDR but at lower efficiency. However,
when used with two gRNAs driving two nicks in close proximity to each other
in the area of interest, DSBs with a 3’ or 5’ overhangs are created, in contrast
to wild-type Cas9 that introduces a blunt DSB (Mali et al. 2013; Ran et al.
2013). The advantage of this technique is that it minimises the off-target
sites making the whole Cas9 system more precise (Ran et al. 2013; Sander
& Joung 2014; Shen et al. 2014a).
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This system has also been adapted for transcriptional modulation via fusion
of effector domains to a catalytically inactivated variant of the Cas9 protein
(Qi et al. 2013). The introduction of two amino acids into the RuvC and HNH
endonuclease domains of Cas9 can lead to the deactivation of Cas9
generating a mutant dCas9 which is unable to produce DSB. However, dCas9
can bind to DNA and modulate gene expression from either strand of the
targeted DNA sequence (Farzadfard et al. 2013; Maeder et al. 2013; Perez-
Pinera et al. 2013). Fusion of dCas9 to transcriptional repressor domains can
lead to efficient silencing of the promoter for instance (Gilbert et al. 2013;
Zalatan et al. 2015).

In summary, the development of targeted, efficient genome editing using
RNA-guided Cas9 system has enabled the systematic manipulation of genetic
elements in a variety of cells and organisms (Hsu et al. 2014). One of the
advantages of this system is that it does not require the engineering of
specific protein pairs for each target site, unlike ZNFs and TALEN’s (Boch &
Bonas 2010; Klug 2010). The site recognition is entirely mediated by the
sgRNA, making CRISPR/Cas9 system the most flexible and adaptable
platform for genome editing, eliminating the need for engineering of new

proteins for the recognition of each target site.

4.2. Aims and rational

Our previous results showed that TET2 levels are elevated in GBM while the
transient knockdown of TET2 leads to decreased immunocytochemically
detectable levels of 5caC/5hmC in GBM cell lines. Thus, given our indications
that TET2 might be the enzyme that mediates the oxidation of 5mC into 5hmC
and 5caC in GBM we decided to use CRISPR/Cas9 to knockout the TET2 gene
in one GBM cell line. Our aim was to target and disrupt the catalytic domain
of TET2 gene in order to study the effects of TET2 enzymatically inactive
protein in active DNA demethylation in GBM.
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4.3. TET2 gene structure and catalytic domain

According to the UCSC genome browser (https://genome.ucsc.edu/) the
TET2 gene is situated on chromosome 4 (chr4 gq24) and is 133,524 bp in
length (Fig. 4.1 A). The TET2 transcript is comprised of 11 exons, 9 of which
are translated (Fig. 4.1 B). The TET2 protein is 2002 aminoacids (aa) long
and belongs to the TET gene family. All three TET enzymes are comprised of
a C- terminal catalytic domain that encompasses a Cys-Rich domain and a
DSBH domain with a large low-complexity insert that is responsible for the
oxidation of 5mC in a 2-oxoglutarate- (2-OG) and Fe (II)- dependent manner
(Hu et al. 2013a; Pastor et al. 2013) (Fig. 4.1 C). TET1 and TET3 also have
a CXXC domain which has the ability to bind to DNA (Pastor et al. 2013;
Williams et al. 2012). Nevertheless, the TET2 gene underwent a chromosomal
gene inversion during evolution resulting in the separation of the CXXC
domain from the catalytic domain, thus IDAX gene encodes CXXC domain of
TET2 regulating its expression (Ko et al. 2013). Specifically, it has been
shown that CXXC domain of IDAX binds at CpG dinucleotides and directly
interacts with the catalytic domain of TET2 (Ko et al. 2013).

In order to identify the minimum catalytically active fragment in TET2
enzyme; the catalytic activity of various N-terminal and C-terminal
truncations and deletions in TET2 protein were measured, identifying TET2
1129-1936 aa positions as the minimum catalytically active fragment (Hu et
al. 2013a) (Fig. 4.1 C). Nevertheless, full length TET2 resulted in much higher
levels of 5hmC than any truncated versions of TET2 suggesting that full-
length TET2 is more active than the catalytic domain only, which was in

agreement with previous study (He et al. 2011).
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Figure 4.1: Schematic illustration of TET2 gene and protein structure.

A. Genomic location of the TET2 gene at chromosome 4. B. TET2 protein coding transcript which comprises of 11 exons, 9 of which

are translated. C TET2 protein consists of the catalytic domain which is responsible for oxidation of epigenetic marks.
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A study revealing the crystal structure of TET2 showed that two zinc fingers
bring together the DSBH and Cys-Rich domains to form a compact catalytic
domain (Hu et al. 2013a) (Fig. 4.2). TET2 targets DNA and forms a compact
globular fold of catalytic domain in complex with DNA. The DSBH core,
contains two antiparallel B sheets with the Fe (II) and NOG co-factors
localised in the centre (Hu et al. 2013a). The methyl group at the C-5 position
of DNA is then flipped to the catalytic domain and oxidation happens once the
NOG is replaced by 2-OG (Hu et al. 2013a) (Fig. 4.2). Interestingly, the
residues involved in this reaction are highly conserved across the TET
enzymes family as is the Cys-Rich domain which is also essential for their
enzymatic activity (Iyer et al. 2009; Tahiliani et al. 2009). Moreover, the TET2
overall structure is further stabilised by the coordination of three zinc cations
(Znl1, Zn2, and Zn3) located at separated corners of TET2 protein (Hu et al.
2013a). Specifically, Zn1 coordinated only with residues within the Cys-N
subdomain and deletions in N terminus domain results in significantly
decreased TET2 activity, indicating the crucial role of Znl coordination in
stabilising TET2 structure (Hu et al. 2013a). The Cys-Rich domain is
important for the integrity of the TET2-DNA complex to ensure proper
catalytic activity of TET2. Moreover, two of the three zinc fingers bring the

Cys-Rich and DSBH domains together in order to stabilise the complex.

Figure 4.2: Structure of TET2-DNA interaction.

Representation of TET2-DNA structure in two different views. The DNA is shown in
yellow; the three zinc citations are shown as grey balls and the iron is shown as red.
The mC6 DNA-interacting loops (L1 and L2), N and C termini, and GS linker are
indicated. Adapted from (Hu et al. 2013a).
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4.4. Results

4.4.1. Design of TET2 targeting strategy

With the aim of achieving complete disruption of TET2 protein enzymatic
activity, we decided to target the genomic sequence at exon 3 which encodes
for the protein just before the start of the catalytic domain (Fig. 4.3 A).
Overall, the plan for TET2 knockout is to direct Cas9 to the locus of interest
and introduce DSBs in the DNA which will then be repaired by homologous
recombination. A cassette with sequences homologous to the locus of interest
will be inserted at the site of the DNA break in order to select for targeted
clones. The cassette we chose to use encodes for the EF1-a promoter which
drives the transcription of the GFP and BSD (Blasticidin resistance) sequences
downstream; it is derived from a parental vector plasmid pSIN-GFP-IRES-
BSD (provided by Dr Alexander Kondroshov) (Fig. 4.3 B). We chose a cassette
with two selection markers (GFP and BSD) in order to increase the selection
efficiency of the correctly targeted clones. After homologous recombination
the cassette will then be incorporated into the genome at the Cas9 cut site

resulting in disruption of exon 3 of the TET2 gene (Fig. 4.3 C).

In order to direct Cas9 nuclease to the locus chosen, we designed two sgRNA
sequences using an online tool provided by the Sanger database
(https://wge.stemcell.sanger.ac.uk/find_crisprs?). The database is designed
to find unique sequences of 20 nucleotides (nt) in the locus of interest
containing a PAM site at the 3’ end. It also gives information on the off target
counts, giving possible mismatches in the hybridisation of the two sequences
(Table 4.1). We decided to reduce the possibility of off-target events to 0 by
using a pair of bidirectional sgRNAs with a mutant Cas9 D10A; this way Cas9
would introduce single strand DNA breaks 3-4 nt upstream of the PAM
sequence on each DNA strand. The two guide RNA sequences should be
placed at the two opposite strands of DNA and be in close proximity of each
other (around 30 nt) in order to increase efficiency. We then double checked
that the sgRNAs chosen did not recognise any other regions in the genome

using the NCBI Blast online tool.
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Table 4.1: sgRNA sequences as identified by the online Sanger tool at exon 3 of TET2
gene.
The table shows the sequence of the sgRNAs, the DNA strand they are on, and the

off target counts (Exonic, Intronic and Intergenic). The first humber indicates the

number of mismatches and the second indicates the number of off target events.

Guide RNA Sequence Strand Off target counts Exonic off target Intronic off target | Intergenic

Guide RNA A CCAAGATATGTCTGGTC 124{0:1,1:0,2:0,3: | 4{0:1, 1:0, 2:0, 3:0, 51{0:0,1:0, 2:0,3:4, | 68{0:0, 1:0, 2:0,3:2,
AACAAG 6, 4: 116} 4:3} 4:47} 4:66}

Guide RNA B CTGCGCAACTTGCTCA | + 81{0:1,1:0,2:0,3: | 9{0:1, 1:0, 2:0, 3:1, 32{0:0,1:0, 2:0,3:4, | 40{0:0, 1:0, 2:0,3:4,
GCAAAGG 9,4:71} 4:7} 4:28} 4:36}
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Figure 4.3: Schematic illustration of TET2 gene disruption at the 3’ end of exon 3.

A. Illustration of the targeting site of TET2 (Intron2-Intron 3); Cas9 recognition site is at the 3’ end of exon 3. B. Illustration
of the cassette that is going to be inserted via homologous recombination, disrupting TET2 function. This cassette is comprised
of two selection markers, EGFP fluorescent protein and BSD resistance gene. C TET2 gene (Intron 2-Intron 3) after the

integration of the cassette at the Cas9 recognition cut site.
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4.4.2. Building of the guide RNA plasmids

After selection of the sgRNA sequences we then designed oligos for the
building of the gRNA vectors. We used Gibson Assembly cloning method for
the integration of guide sequences into the guide RNA (gRNA) vector; the
workflow of the building is presented in Figure 4.4 A. In brief, Gibson
Assembly is developed for the easy assembly of multiple linear overlapping
DNA fragments in one isothermal reaction using three different enzymes: T5
exonuclease creates single strand 3’ overhangs; Phusion DNA polymerase
incorporates the nucleotides in the annealed DNA fragments; and Taq DNA
ligase joins the annealed complementary DNA fragments (Gibson et al.
2009). Thus, we designed primers containing 40 bp of the RNA pol III U6
promoter upstream (at the 5’ end) followed by the sgRNA sequence in one
strand and the reverse compliment of the sgRNA sequence followed by 40 bp
of small nuclear RNA scaffold (at the 3’ end) (Fig. 4.4 A). We then annealed
the gRNA primers using PCR (Fig. 4.4 B), in order to achieve a double
stranded DNA sequence with the promoter region at the 5’ end and the RNA
scaffold at the 3’ end of the sequence. The gRNA vector plasmid was
linearised using AfIII restriction enzyme which is located between the U6
promoter and the gRNA scaffold sequence (Fig. 4.4 C). Finally, we performed
the Gibson Assembly reaction for the assembly of the two DNA fragments.
The product of the reaction was transformed in E.Coli TOP10 competent cells
to make multiple copies, which were isolated and sent for sequencing. The
results of the sequencing are shown in Figure 4.4; displaying the correct

integration of the two gRNA sequences in the gRNA vector (Fig. 4.4 D).
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Figure 4.4: Design and building of gRNA plasmids.

A. Schematic illustration of the steps for the design of the plasmids including the
annealing of the primers; plasmid linearisation and Gibson Assembly. B. Annealing
of the primers designed for Gibson Assembly strategy. The primers contain the gRNA
sequence as well as part of the promoter region at the 5’ end and the scaffold at 3’
end of the gRNA vector plasmid to ensure the successful integration of the gRNA into
the plasmid. C. gRNA cloning vector linearisation using the AFIII enzyme D.
Sequencing results as illustrated by the chromatogram after the integration of the

gRNAs into the plasmid.

127 | Page



4.4.3. Design of the intermediate and final donor plasmids

We next proceeded with the building of the donor plasmid which would
contain the arms of homology and the selection cassette. We designed the
arms of homology upstream (Left homology arm (LHA)) and downstream
(Right homology arm (RHA)) of the Cas9 recognition sites. We first designed
primers for amplification of the two fragments containing unique restriction
enzyme sites at both ends. Specifically, BamHI, and Kasl were added at the
5" and 3’ end of the LHA respectively; resulting in a PCR product of 1013 bp
(Fig. 4.5 A). For the RHA, Ascl and Xbal restriction sites were added at the
5"and 3’ end respectively, resulting in a 630 bp PCR product (Fig. 4.5 B). The
incorporation of the restriction sites at both sites of RHA and LHA is essential
for the subsequent cloning steps. We isolated the product of the first PCR
reaction and performed a second PCR incorporating a part of RHA and a part
of LHA at the 3’ end of LHA and RHA respectively (Fig. 4.5 B); this was an
intermediate step in order to proceed with fusion of the two arms of homology
using fusion PCR (Fig. 4.5 C). After that, we isolated the PCR product and
digested it using the BamHI and Xbal enzymes; the donor plasmid was also
digested with the same enzymes in order to create the same 5 and 3’
overhangs (Fig. 4.5 D). Finally, we ligated the digested products to achieve
incorporation of arms of homology into the donor plasmid. This plasmid was
sequenced to ensure the correct ligation reaction (Fig. 4.5 E). The resultant
plasmid served as an intermediate plasmid for building of the final TET2
knockout plasmid.
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Figure 4.5: Steps for the design of the intermediate plasmid that would
harbour the arms of homology.

A. PCR for the LHA and RHA incorporating BamHI and KasI restriction sites at 5" and
3" end in LHA and Ascl and Xbal at 5" and 3’ end in RHA. B. PCR of the arms of
homology incorporating parts of RHA and LHA at the 3’ end in order to allow the
fusion of the two products. C. Fusion PCR for the arms of homology resulting in 1.6kb
product. D. Digestion of the donor plasmid and the fused arms of homology with the
BamHI and Xbal enzymes. E. Schematic illustration of the plasmid after the ligation
of the arms of homology and sequencing chromatogram results showing the presence

of the arms of homology in the plasmid.
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After the generation of the intermediate plasmid, we next sought to
incorporate the selection cassette between the arms of homology. Thus, the
final donor plasmid would include the arms of homology and the cassette with
the two selection marks. We decided to use restriction enzyme based
digestion and ligation for this last part of our cloning. The AsclI restriction site
was already present at one end of the cassette in the pSIN-GFP-IRES-BSD
plasmid. Therefore, we first attempted to add the KaslI restriction site at the
other end of the cassette in order to proceed with restriction enzyme based
digestion with Ascl and KasI and ligation into the intermediate plasmid. For
that reason we designed primers that would have homology with the 5’ and
3’ end of the cassette as well as the restriction enzymes sequence with the
addition of 6 nt at the end. This way we could ensure the correct amplification
of the cassette and the addition of the restriction enzymes sites.
Nevertheless, the possibilities of amplifying the region of interest are less due
to the large size of the primers, their high GC content, the addition of non-
complementary sequence and in addition to that the large size of the cassette
(3.9 Kb); thus, we were unable to PCR amplify the region of interest. The
addition of AsclI restriction site at the other end was also unsuccessful for the
same reasons. Hence, we decided to add the BssHII restriction site which
creates the same overhang ends with Ascl but has different recognition site.
We successfully PCR amplified the cassette from the plasmid with the addition
of BssHII (Fig. 4.6 A). We then isolated the PCR product, digested with AscI
and BssHII enzymes (Fig. 4.6 A) and proceeded with digestion of the
intermediate plasmid with Ascl followed by de-phosphorylation in order to
avoid plasmid self-ligation. In the final step, using different ratios of the
intermediate plasmid (4 kb) and the cassette (3.9 kb), we achieved the
ligation of the cassette into the intermediate plasmid (Fig. 4.6 A). The map
of the expected final donor plasmid is displayed in Figure 4.6 B. In order to
ensure correct ligation of the two products we performed diagnostic PCRs of
the final plasmid (Fig 4.6 B). We used primers to amplify the main junctions
in our final donor plasmid, the LHA-EF1a promoter (662 bp) the EF1a-GFP
(365 bp) the 3'UTR- RHA (543 bp) and the BSD-RHA (1036 bp) (Fig 4.6 C).
Finally, PCR products of these reactions were sequenced; the alignment of
the sequencing results to the corresponding sequence led to the confirmation
of the final plasmid (Fig. 4.6 D).
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Figure 4.6: Building of the final donor plasmid.

A. Step 1 shows the map of the pSIN-GFP-IRES-BSD plasmid used to isolate the selection cassette; PCR of the cassette was optimised
and performed with the addition of a restriction site BssHII at the 3’ end. In step 2 the cassette is digested with Ascl and BssHII
followed by the digestion, the de-phosphorylation of the intermediate plasmid and the ligation of the cassette into the intermediate
plasmid. B. The map of the final donor plasmid after ligation. C. Diagnostic PCR to ensure the correct integration of the cassette into
the intermediate plasmid. D. Sequencing results of the PCR products shows their alignment to the corresponding areas in the donor
plasmid; ensuring the correct integration of the cassette.
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4.4.4. Survival analysis and transfection optimisation

In order to determine the minimum antibiotic dosage that kills 100% of untreated control cells,
we performed BSD Kkill curves. Previous publications in GBM cell lines suggested the use of a
range between 2.5-10 ug/ml of BSD treatment for 10 days (Carreira et al. 2016; Radu et al.
2003; Wei et al. 2019; Wiedemeyer et al. 2010). Therefore, we decided to administer BSD in
a range between 2.5-15 pg/ml in LN18 GBM cell line for 14 days. The minimal efficient lethal
BSD dosage after 10 days of treatment was 5 pg/ml (Fig. 4.7 A).

We next optimised the transfection conditions, using GFP plasmid as a positive control. We first
tried Lipofectamine transfection as it has been previously used for the transfection of siRNAs
(Lavanya et al. 2016) and plasmid DNA (Wdlrstle et al. 2017) into LN18 cell line. We used a
range of concentrations between 0.5-5 pg/ml and monitored cell viability and the efficiency
based on the presence of GFP (Fig. 4.7 B). Surprisingly, we observed that concentrations as
low as 2 yg/ml could cause cell death; therefore we did not proceed with the quantification of
the transfection efficiency; although, light microscope images showed that the efficiency was
lower than expected. Due to the cytotoxic effects of Lipofectamine in LN18 cell line we decided
to change our transfection approach to electroporation. Thus, we used electroporation to
transfect LN18 cells with the GFP plasmid. The conditions were optimised to achieve the highest

efficiency with minimal cytotoxic effects (Fig. 4.7 C).
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Figure 4.7: BSD kill curve and optimisation of transfection conditions.

A. BSD Kill curve. Light microscope images were taken at 3 different time points to
monitor cell death. 5 ug is the minimum concentration that could be used to kill all
the cells in culture after 10 days. B. Optimisation of Lipofectamine transfection using
GFP plasmid as a control. Light microscope images both in bright field and in the GFP
channel were taken to monitor cell survival and efficiency after transfection C.
Optimisation of electroporation transfection using a GFP plasmid as control. Light
microscope images were taken one day and three days after the transfection to
monitor the efficiency and cell survival. Scale bar = 250 ym.
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4.4.5. Transfection strategy

The generation of the TET2 knockout (KO) cell lines included three main
steps. The first one was the successful construction of plasmids that directed
Cas9 to the TET2 genomic locus of interest and the donor plasmid that would
provide a template for homologous recombination. The second step was the
successful transfection of these plasmids into the cell line of interest. The last
step was selection of the BSD resistant and GFP positive clones. Considering
that our donor plasmid contained two selection markers (GFP and BSD), a
two-way screening was performed in order to increase the possibility of
selection of successfully targeted clones. Briefly, the plasmids (donor
plasmid, gRNAs, and Cas9) were transfected using electroporation the BSD
was administered to the cells for 10 days followed by FACS selection of GFP
positive cells. Single cells were plated into a 96-well plate in order to generate
single clones (Fig. 4.8). Finally, we screened the clones for correct integration

of the cassette in the area of interest.

1. . 2. Electroporation
Donor plasmid

Guide RNA Cas9 plasmid

3. Blasticidin selection 4. FACS sorting of the cells 5. Expand and screening
based on GFP levels of the clones

Figure 4.8: Schematic representation of the targeting approach.

The donor, gRNA and Cas9 plasmid were transfected via electroporation into LN18
cell line. Selection of the positive clones was achieved through BSD selection and

FACs sorting of the GFP positive cells.
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4.4.6. Unsuccessful targeting of TET2 in LN18 cell line using nickase
CRISPR/cas9

We first attempted to target LN18 GBM cell line with the nickase CRISPR/Cas9
approach aiming to limit the off-target effects that wild type Cas9 might
cause. Therefore, we transfected LN18 cell line with the two gRNA plasmids
(Guide A and Guide B), the nickase D10A plasmid and the donor plasmid. A
GFP plasmid was transfected separately as a positive control (Fig. 4.9 A). We
cultured the cells for 8 days in order to allow them to recover from
transfection. We then proceeded with the BSD treatment for an additional 14
days (Fig. 4.9 B). Cells that were transfected with all four plasmids were
monitored during BSD treatment and light microscope images were taken
every 3-4 days (Fig. 4.9 B). Once the BSD selection was complete, we used
FACS to sort GFP positive cells. 80% of the survivors were GFP positive

indicating the cassette was integrated into the genome (Fig. 4.9 C).
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Control

Day 8 of
transfection

Day 4 of
blasticidin
selection

Day 10 of
blasticidin
selection

Day 14 of
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Figure 4.9: Transfection of the plasmids in LN18 cell line. Four plasmids were transfected in total: Donor plasmid, Guide

A, Guide B and Nickase plasmid.

A. Light microscope images 8 days after the transfection using electroporation; positive and negative (untransfected cells) controls
were used. B. Light microscope images in both bright field and GFP channel at three different time points after the BSD selection.
Scale bar = 250 um. C. FACS of GFP positive cells after the BSD selection. The threshold for FACS selection was set using LN18

untransfected cells and GFP positive cells were selected based on the highest GFP intensity; 80 % of the population of cells were GFP

positive.
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After FACS of GFP positive cells, single cells were seeded into individual wells
of two 96-well plates. The individual clones were then expanded and screened
for cassette integration into the locus of interest. We first performed PCRs for
5" and 3’ integration of the cassette at exon 3 of TET2, analysing 180 clones
in total. We designed primers that would recognise the genomic area
upstream of LHA into the beginning of the cassette for 5’ integration, as
shown in the map in Figure 4.10 A; the expected size of the PCR product was
1414 bp. However, none of the clones tested showed any band at the size of
interest (Fig. 4.10 A). As for 3’ integration, our primers recognised the
genomic area downstream of RHA to the end of the cassette with an expected
size of 1388 bp. Similar to 5’ integration we did not observe any positive
clones for 3’ integration (Fig. 4.10 B). Our results suggest that the resistance
of cells to BSD and the presence of GFP is due to random integration of the

donor plasmid into the genome.
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Figure 4.10: Random integration of the cassette into LN18 cells.

Screening of clones for the correct integration of the cassette. 180 clones were
analysed in total, with the areas examined shown in the corresponding SnapGene
maps. A. Indicative PCR of 14 samples for the 5’ integration of the cassette; the
expected PCR size was 1414 bp B. Indicative PCR of 14 samples for the 3’ integration

of the cassette; expected size was 1388 bp.
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Our observations led us to hypothesise that random integration was
responsible for positive selection of our clones. Therefore, we decided to
transfect the cells in the absence of Cas9 plasmid and monitor them under
BSD selection. Specifically, we transfected the cells with the donor plasmid
only and the donor plus either guide A or B plasmids. A GFP plasmid was
transfected as a positive control and light microscope images of both bright
field and GFP channels were captured for all conditions (Fig. 4.11 A). We
observed that after the end of the BSD treatment the cells that were not
transfected with the donor plasmid underwent cell death as expected.
Nevertheless, a sub-population of cells that were transfected with the donor
plasmid in the absence of Cas9 plasmid, which introduces the DSB, and the
presence of gRNAs survived the BSD treatment and were also GFP positive in
culture (Fig. 4.11 B). These observations indicate that there is a high risk of
random integration of the cassette into the genome, as the cells develop

mechanisms to survive BSD selection.
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Donor plasmid

Donor + Guide B GFP plasmid

Donor + Guide A

Day 1 of blasticidin selection

Control Donor plasmid Donor + Guide A Donor + Guide B GFP plasmid

Day 14 of blasticidin selection

Figure 4.11: Random integration of the donor plasmid occurs even in the absence of Cas9 plasmid.

Light microscope images (bright field and GFP) of negative and positive controls A. Light microscope images of the indicated samples
at day 1 of BSD selection. C. Light microscope Images of the indicated samples at the end of BSD selection shows a random integration

of the cassette into the genome in the absence of Cas9 plasmid. Scale bar = 250 pm
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4.4.7. Successful targeting of TET2 in LN18 cell line using wild type
Cas9

After our first unsuccessful attempt of targeting TET2 in LN18 cell line we
decided to target the cells with wild type Cas9 with the two gRNAs individually
in order to increase the possibilities of on-target events. Thus, we targeted
the cells with donor plasmid, Guide A or Guide B and the Cas9 plasmid (Fig.
4.12 A). This time the BSD selection was applied for 14 days beginning 5
days after transfection of the cells, to allow the cells to recover after the
transfection and also to dilute the donor plasmid that has not been integrated
into the genome (Fig. 4.12 B and C). After the initial selection with BSD we
performed FACS for the selection of the GFP positive cells and sorted single

cells into 96-well plates for clonal expansion (Fig. 4.12 D).
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Day 5 of transfection
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Figure 4.12: Electroporation and selection of the LN18 transfected cells
with wild type Cas9 plasmid and two different gRNAs.

A-C. Light microscope images (bright field and GFP) of targeted and non-targeted
samples at the indicated time points (5 days post transfection, 1 day and 14 days
post BSD treatment) showing the successful integration of the plasmid into most of
the cells. Scale bar = 250 um D. FACS of the CRISPR/CAS9 transfected cells with
Guide A. The threshold for FACS selection was set using LN18 untransfected cells and
GFP positive cells were selected based on the GFP intensity. 79 % of the cells were
GFP positive.

We then proceeded with screening of the pool of GFP positive cells in order
to optimise the primers and ensure that correct integration had occurred,
before proceeding with clonal expansion of cells. Thus, we used two sets of
primers for each 3’ and 5’ integration PCRs (Fig. 4.13 A). We performed PCR
in the population of cells targeted with Guide A, Guide B and in the non-
transfected cells as a negative control. We observed that only the cells
targeted with Guide A displayed a positive clear band at the correct size in all
143 | Page



primer combinations used (Fig. 4.13 B). We then sent these PCR products for

sequencing to ensure that we were amplifying the region of interest (Data

not shown).
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Figure 4.13: Initial screening of the pool of cells for 5’ and 3’ integration.

A. SnapGene map showing the areas of interest and the integration primers which

are designed to amplify the area outside the arms of homology into the cassette on

both sides. B. Gel of PCR products using 2 sets of primers for 5" and 3’ integration

and the indicated samples; each sample was loaded in duplicates. The table shows

the samples and the primers used.

Our initial PCR screening revealed that only clones targeted with Guide A,

displayed correct integration of the cassette into the locus of interest.

Therefore, we proceeded with clonal expansion and screening of individual

clones in these cells. We first screened for 3’ and 5’ integration using the

same primer sets optimised previously, using the pool of cells as a positive

control and non-transfected cells as a negative control (Fig. 4.14 A and 4.15

A). We then isolated the PCR products and sequenced them in order to ensure

the correct integration of the cassette. The chromatogram of the sequencing

results of clone 15 indicates the correct junctions between the genomic

sequence and the cassette; Cassette-RHA-Intron 4 for 3’ integration (Fig.
4.14 B) and Exon 3- LHA- Cassette for 5’ integration (Fig. 4.15 B).
Chromatograms also indicate that the results derived from a single clone and
there is no contamination in the PCR product (Fig. 4.14 B and 4.15 B).
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Figure 4.14: Screening of the individual clones for 3’ integration.

A. SnapGene map showing the area of the genome that was amplified, a gel with 6
indicative samples screened (loaded in two lines each), all the samples show a

positive band at 823 bp. B. Sequencing results for the clone number 15 shows correct

3’ integration of the cassette.
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Figure 4.15: Screening of the individual clones for 5’ integration.

A. SnapGene map showing the area of the genome that was amplified. A gel with 6
indicative samples screened (loaded in two individual lines each), all the samples
show a positive band at 1395 bp. B. Sequencing results for the clone number 15

shows correct 5’ integration of the cassette.
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We also aligned the sequencing results with the expected TET2 sequence after
the integration of the cassette using the Clustal Omega online tool; which

showed 100% alignment for both 3’ and 5’ integrations for clone number 15

In total, we screened 90 clones with 32 % of the clones displaying both 3’
and 5’ integration of the cassette. We then proceeded to further screen the
clones that showed positive 5’ and 3’ integrations, in order to examine
whether both of the TET2 alleles were targeted. We performed PCR of the
region of deletion; the sgRNA recognition site. Our PCR results revealed that
all of the clones examined were heterozygous, as they all displayed a positive
band at TET2 deletion area (Fig. 4.16 A). We then proceeded with the
sequencing of the untargeted allele in all the clones to identify any possible
deletions or indels in the sequence. Interestingly, alignment of the
sequencing results of clone 15 showed the absence of two nucleotides at exon
3 targeted locus of TET2 gene (Fig. 4.16 B & C).
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Figure 4.16: Screening of the positive clones for the deletion of the genomic
area in TET2 gene.

A. SnapGene map shows primers recognition area at TET2 transcript. The gel shows
that all samples examined had a positive band at 249 bp indicating heterozygous
disruption of TET2 gene (each sample was loaded in two individual lanes). B.
Chromatogram of the sequencing of the PCR product of clone 15 C. Clustal Omega
alignment of clone 15 untargeted allele (bottom strand) with TET2 wild type gene

(top strand) showing the absence of two nucleotides in Clone 15 (red rectangle).
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4.4.8. Generation of TET2 heterozygous knockout clone that leads to

truncated TET2

protein

After the identification of the deletion of two nucleotides in clone 15 we

proceeded with a PCR of cDNA of both clone 15 and untargeted cells. We

amplified the area from exon 3 to exon 6 (Fig. 4.17 A). Then, the PCR product

was sequenced to confirm our previous observations in clone 15. Sequencing

results confirm the absence of the two nucleotides at the locus of interest in

clone 15 whereas the untargeted wild-type cells did not show any deletion
(Fig. 4.17 B and C).
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Wild type sequence
Mzzzzzzzzzzsszsszzsssszsssssszasseszasis EMBOSS_ge1 431 GTCTGRTCAM AMGETGCGCAACTTGCTCAGCARAGGTACTTGATACATA 488
u FHPOECTE EEE T EVE LT R T TR
U Aligned_sequences: 2 EMBOSS_g81 484 GTCTGGTCAMAMGCTGLGCAACTTGCTCAGCARAGGTACTTGATACATA 453
U 1: EMBOSS_Ba1
4 2: EMBDSS_pal EMBOSS_g81 41 ACCATGCAAATGTTTTTCCTGTGLCTGACCAGGRAGGAMGTCACACTCAG 538
U Hatrds: EBLOSUNEL FHPPEECT EEEEEEEEVE LR R TR
U Gap_penalty: 18.8 EMBOSS g1 454 ACCATGCAAATGTTTTTCCTGTGOC TGACCAGGGARGANGTCACACTCAG 583
¥ Extend_penalty: 8.5
4 EMBOSS_ga1 531 ACCCCTCCCCAGARGGACACTCAMMAGIATGCTGCTCTAAGETGGEATCT 588
U Length: L474 FEELI TR PR TR E VLT T
U Tdentity: - 1819/1474 (69.1%) EMBOSS_681 584 ACCCCTCCCCAGAAGEACALTCAMAGCATGCTGLTCTARGGTGGEATCT 551
U Similarity: 1818/1474 (69.1%)
ﬂg“#_ ot 17/1474 (22.9%) EMBOSS_8a1 SEL CTTACAGAMGCAAGAACAGCAGCAAMCACAGCAACCCCABACTGAGTCTT 638
N Lores s FIPEEC EEEEEEEVE LR R T ETE T T
' EMBOSS_ga1 554 CTTACAGAAGLAAGAACAGCAGCAAACACAGCAACCCCARACTGAGTCTT 663
I EMBOSS_ga1 631 GCCATAGTCAGATGEACAGGCCAATTAAGGTGRAACCTGEATGEAAGECA 688
FEEE TR PR TR E LT T
ER0ss et 1 CCCARAGCAACARTGATCARCARMCAGAACCATCATTCTTTEGCCA- - 46 EMBOSS_ge1 684 GCCATAGTCAGATGCACAGGCCANTTAAGGTGGAACCTGEATGEARGECA 653
EMBOSS_ga1 Lo i ¢ EMBOSS_g81 681 CATGCCTGTATGCACACAGCACCACCAGAAACAARACATGGARAMGGT 738
FHPEEC EEEEEEEVEE LT EEET T ERE TR
EMBOSS_Be1 s T — GACTAAAGTGGAAGAATGTTTTCATGGTGAMAT 88
- e T IO EMBOSS_ge1 654 CATGCCTGTATGCACACAGCACCACCAGAAMMCARACATGGABAMGGT 783
EMBOSS_8el 5 NNNMNNNNNKBNNNNRHACT ANKNT GEAAG- ATGTTTTCHTGETGAMRAT 53
- EMBOSS_ga1 731 ACTAMGCAAGAGAATCCACCTGCARGCTGTGATAATGTGCAGCAMAGY 788
HIOES Bal B CACTATTCAMAATCALG GAGTTCOAGACTEATAATETCCARATGERACT 138 FETEE TR PR EEEE TR LT e
- M EMBOSS_ga1 784 AMCTAMGCAAGAGAATCCACCTGCARGCTGTGATAATGTGCAGEARAGY 753
EMBOSS_8e1 54 CAGTATTCAAMATCAAGCGAGTTCGAGACTCATAATGTCCARATGEGACT 183
EMBOSS_ge1 781 GCATCATTGAGACCATGGAGCAGCATCTGAAGCAGTTTCACGCCARGTCG 838
EMEOSS_g81 131 GGAGGAAGTACAGAATATAMATCGTAGAAATTCCCCTTATAGTCAGACCA 188 STLEETTEECELEEEREEEE VL EEEEETET VLT
T THROSE_8L 754 NCATATTCACALCATOCAGCAGCATCTGAAGCARTTICACCLCALTEG B3
EMBOSS_8e1 184 GGAGGAAGTACAGAATATAAATCGTAGARATTCCCCTTATAGTCAGACCA 153
EMBOSS_ge1 831 TTATTTGACCATAMGGCTCTTACTCTCARATCACAGAAGCAAGTARAGT B8O
EMBOSS_Be1 181 TGAMATCAAGTGCATGCAMATACAGGTTTCTTGTTCAMCAATACACAC 238 TRV TEEEV TR TETETTE T
T EMBOSS_gel EBd TTATTTGACCATHANRCTCTTACTCTCAAATC ACAGANNCAAGTALMAGT B53
EMBOSS_Be1 154 TGANATCAAGTGCATGCAMATACAGGTTTCTTGTTCAMCAATACACAC 263
EMBOSS_ga1 BBL TGAAATGTCAGGGCCAGTCACAGTTTTGACTAGACAAACCACTECTGEAG 038
EMBOSS_ga1 231 CTAGTTTCAGAGAATAMMGAACAGACTACACATCCTGAACTTTTTGEAGG 288 PN Ele sl LEEEEEEEEE R FOLEEE T T
T EMBOSS_ge1 854 TGANATGTCHHGNCNNGHCACAGTTTTGACTANACAAACCACTGCTGEAG 983
EMBOSS_8el 264 CTAGTTTCAGAGAATAMMGAACAGACTACACATCCTGABCTTTTTGEAGE 253
EMBOSS_g81 931 AMCTTGATAGCCACACCCCAGCTTTAGAGCAGLAKACAACTT-CTTCAGE 079
EMD0SS_gal 261 AAACAAGACCCAMRACTTGCATCACATGCAATATTTTCCARATAATGTGA 138 L R A R P e
T EMBOSS_ge1 904 AMCTTGATAGECNCACCCCAGCTTTAGAGCAGCAKACHACTTNCNTTCNG 853
EMBOSS_8e1 254 AANCAAGACCCAAAACTTGCATCACATGCAATATTTTCCARATAATGTGA 363
EMBOSS_ga1 980 ALGACACCABCCARANGAACAGCTGCTTCTGTTCTCANTARTTTTA-TA 1828
EMBOSS_gal 331 TCCCAMAGCAAGATCTTCTTCACAGGTGCTTTCAAGAACAGGAGCAGAAG 388 VT PR ERE P < THH -
TPEEREEE R EEEE PR R PR T EMBOSS g8l 854 AAAMACNNCMACCARAAGAACAGCTGCTTCTGTTCTCANNAATTTTANNN - 1883
EMBOSS_8e1 184 TCOCANAGCANGATCTTCTTCACAGGTGE TTTCAAGAACAGGAGCAGAG 353
EMBOSS_ge1 1829 GAGTCACCTT-CCARA-TTACTAGATACTCCTATARAMAATTT --ATTGG 1674
EMBOSS_B81 181 TCACAACAAGLTTCAGTTCTACAGGGATATAAMAATAGARACCAAGATAT 438 T T e T T T e

PEECEEREETEEEEE P ERE TR R R TR P e EMBOSS_Bel 1884 NAGTCNCCTTNCCAAANTNNCTAGANACTCCMANAAABAANTTHNNTNGG 1853
—EMRNES ol C4 TEACAACAMGCTTCACTICTACACCCATATARMMATACAAACCARCATAT  AG%

Clone 15 sequence

T —
u EMBOSS_8a1 444 GETGLGCAACTTGCTEAGCAAASGTACTTGATACATAACCATGCARATGT 493
U Aligned_sequences: 2 TEVCEERTEEEEERs PR e e e e
4 1: EMBOSS_pal EMBOSS_g@1 411 GCTGCGCAACTTGCTEAG--AASCTACTTGATACATAACCATGCAMATGT 458
¥ 2: EMBOSS_g@1 H
U Matrix: EDNAFULL EMBOSS_8a1 494 TTTTCCTGTGCCTGALCAGGGAGGAAGTCACACTCAGACCCCTCOCCAGA 543
U Gap_penalty: 18.8 TULLEERTLLLEE P b LOEELLE L ERRETEEEEEn i
U Extend_penalty: 8.5 EMBOSS_2a1 459 TTTTCCTGTGLCTGACCAGGGAGGAAGTCACACTCAGACCCCTCCCCAGA 588
"
¥ Length: 1453 EMBOSS_@el 544 AGGACACTCAAAAGCATGCTGCTCTAAGGTGGCATCTCTTACAGAAGCAA 593
U Tdentity: 1288/1451 (74.9%) TECEERTEEEEERE T P EEEE e e e ee ey
4 Similarity: 1888/1451 (74.9%) EMBOSS_ge1 580 AGGACACTCAAAAGCATGCTGCTCTAAGGTGGCATCTCTTACAGANGCAA 558
¥ Gaps: 325/1453 (22.4%)
U Score: 4939.5 EMBOSS_8@1 504 GAACAGCAGCAAACACAGCAACCCCARACTGAGTCTTGCCATAGTCAGAT 643
u IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIHIIIIIIIIIIIIIIIIII
[l EMBOSS_8a1 550 GAAC TCTTGCCATAGTCAGAT — GB8
S
EMBOSS_8a1 644 GLACAGGCCAATTAAGGTGGAACCTGGATGCAAGCCACATGECTGTATGE 693
EMBOSS_ga1 1 COCARAGCAACARTGATCAGCAMACAGAAGGATCAT-------TCTTTGE o TECCEELTEEEEEEE T EE R TR e
11111 EMBOSS_eel 669 GCACAGGCCAATTAAGGTGGAACCTGGATGCAAGCCACATGLCTGTATGE 658
EMBOSS_gel T NMMNNNNTNTTTG- 13
EMBOSS_8a1 604 ACACAGCACCACCAGAAAACAAAACATGEAAMAAGGTAACTAAGCAAGAG 743
FHBoss_eet 4 COARRETAMICTORAACAATATTTTCATAETCARATEAGTATICARRAT, - 23 FLCLEECELEEEEEE R LT EEEL LT
cvmose se1 e |I|:'|| Il |1|_|EG|A u“'clrl-!-!-!wl:lulclcl.-!'l 11 |_!_c|’!‘|m|_l'|_!_c|| Il |'| g EMBOSS g0l 650 ACACAGCACCACCAGAAAACAAAACATGGAAMAAGGTAACTAAGCAAGAG 788
EMBOSS_@el Ta4 AATCCACCTGLAAGLTGTGATAATGTGLAGCAAAAGAGCATCATTGAGAD 793
EMBOSS_ge1 94 CAAGCGAGTTCGAGACTCATAATGTCCAAATGGGACTGGAGGAAGTACAG 143 -
T e T T TECEERTEEEEERE L EE R PR e e e
F— 1 CARGCOAGT L LAGACTEAT AR TOT L ARATCORALTOGAGOARETACRS 110  EMBOSS @1 789 AATCCACCTGLAMGCTGTGATAATGTGCAGCAAMAGAGCATCATTGAGAC 758
EMBOSS_ge1 144 AATATARATCGTAGAAATTCCCCTTATAGTCAGACCATGARATCARGTED 193 Chooss @l 794 CATECAGACCATCTEAMECARTITCACCCOAMETORTTATITCACEATA 622
- TR T DELCEELTEEEEELE R EEEE I EELT et
EMBOSS_8el 111 AATATARATCGTAGAAATTCCCCTTATAGTCAGACCATGAAAT CAAGTGE 168 EMBOSS_gal 758 CATCGAGCAGCATCTEAMGEAGTTTCACGCCAAGTCATTATTTCACCATA se8
EMBOSS_@el 184 ATGCAAAATACAGGTTTCTTGTTCARACAATACACACCTAGTTTCAGAGA 243 CMEOSS @@l Bas MI i l}'ﬂﬁﬂﬂﬁﬁﬁﬁﬁﬁﬁﬁﬂw‘ T IGIHT ﬁ‘?'ﬁ"ﬁ? GI el
TCEERTEEEEEEE P EE R PP e e P e R R e
EMBOSS_ga1 161 ATGCAAAATACAGGTTTCTTGTTCAAACAATACACACCTAGTTTCAGAGA 218 EMRoss_sal BES AGGCTCTTACT CTCAAAT CACAGAAGEAACTARAAGTTCARRATE 858
EMBOSS_gel 244 ATAAAGAACAGACTACACATCCTGAACTTTTTGCAGGAAACAAGACCCAA 293 EMBOSS @al BEL CGCCAGTCACAG-TTTTGACTAGACARACCACTGOTGCAG-ARCTTC-AT - 838
R TR PULLEULELEEE TR LEERLLEEEELEE T EEEELEEE DL 1
EMBOSS_ge1 211 ATAAACAACACACTACACATCCTCAACTT TTTCCACCAAACAACACCCAS 268 EMDOSS_@al B50 GGOCAGTCACAGTTTTTGACTAGACAAACCACTGCTGCAGAAACTTGAAT 008
EMBOSS_ge1 204 AACTTGCATCACATGCAATATTTTCCAAATAATGTGATCCCABAGCAAGA 343  EMBOSS 881 939 AG-CCACA-COCCAGETTT-AGAGCAGC-ARACAACTT--CTTCAGAAAA 982
|||||||||||||||||||||||||||||||||||||||||||||IIIII TETEEE FEEERRE e e P eere ey =01
EMDOSS_gel 261 CAATATTTTCCAMATAATGTGATCCCAAAGCAAGA 318 EMBOSS_@al 989 AGCCCACACCCCCAGCTTTAAGAGCAGCAARACAACTTTCTTTCAAMAAL 958
EMBOSS_Bel 44 AGGTGCTTTCAAGAACAGLAGCALAAGTCACAACAAGLTT 393 EMBOSS_eel SE3 GACA-CCAACCAAAAGAACAG-CTGC-TTCTG-TTCTCAATAA-TTTTAT 1827
|||||||||||||||||||||||||||||||||||||||||||||||||| TELE EELEEEE PP EEE TEEE TR FEEEEERRnr 1
EMDOSS_gel 11 ACAGGTGCTTTCAAGAACAGGAGCAGAAGTCACAACAAGCTT 160 EMBOSS_g@l 959 GACACCCACCCAMAGGAACAGCCTGCTTTCTGTTTCTCASTAATTTTTAT 1888
EMBOSS_Bel 394 CAGTTCTACAGGLATATAAAAATAGAAAL CAAGATATGTCTGOTCAACAS 443 EMBOSS_8@1 1828 AG-AGT-CACCTT--CCAMATTACT-AGATACTCC- -TATAALALATTT- 1869
TELEERTEECEEEEE PR EEEEER PR R R e TUEE TEEEE L PEEEEEE FU TR T EETT e
EMBOSS_g@1 161 CAGTTCTACAGGGATATAARAATAGAAACCAAGATATGTCTGGTCAACAA 418  EMBOSS 88l 1809 AGAAGTCCACCTTTCCAAAATTACTAAGANACNCCCTAATAAAAAATTTA 1858
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Figure 4.17: RT PCR in the TET2 integration area confirming the absence of
two nucleotides in clone 15.

A. SnapGene map shows TET2 gene and the area of PCR amplification. The gel image
shows clone 15 (loaded in two lanes) and the negative control have the same band
at 1394 bp confirming that clone 15 is heterozygous. B. The chromatogram of the
sequencing results of the PCR bands in the negative control and clone 15 show the
absence of two nucleotides in the untargeted allele of clone 15. C. Alignment of the
sequencing results of the RT-PCR in wild type and in Clone 15 confirm the absence

of two nucleotides in clone 15; bottom strand represents the sequenced PCR product.

Finally, for the last step of clone characterisation, we used the online
translation tool (https://web.expasy.org/translate/) to identify whether the

deletion can lead to any disruptions in TET2 protein. Indeed, our results show
that the deletion of these two nucleotides led to a stop codon at TET2 protein
before the start of the catalytic domain (Fig. 4.18). Our sequencing results
confirmed that heterozygous TET2 knockout clone 15 leads to the translation
of a truncated TET2 protein. In order to confirm our sequencing results, we
performed western blot of TET2 protein in clone 15. We used three biological
replicates of each wild type and mutant LN18 cells and showed the presence
of TET2 protein in the non-transfected wild type LN18 cells only (Fig. 4.18 B).
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Clone 15 untargeted allele leads to truncated TET2 prote

Figure 4.18

A. Results from the translation tool used with the sequencing results from the

untargeted allele in clone 15. The two nucleotides missing resulted in a stop codon

Western blot of TET2 in LN18 wild

type cells and LN18 TET2 KO cells (Clone 15) showing the presence of TET2 in the

B.

in TET2 protein before the catalytic domain

control cells only. B-actin was used as a reference control (n = 3).

tly lower levels of

ignifican

4.4.9. Mutant TET2 GBM cell line displays s

oxi-mCs

Once we confirmed that our clone had a missense mutation leading to a stop

codon before the start of the catalytic domain we then decided to functionally

immunocytochemistry for

We first performed

characterise this clone.

5hmC/5caC epigenetic marks. This experiment would give us insights into

whether TET2 is responsible for the oxidation of 5mC in GBM cell lines. We

will be referring to clone 15 as TET2 KO clone for the rest of the study. In this

experiment a clone in which only one allele of TET2 was targeted (TET2 -/+)

was also used.
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We used our sensitive and optimised immunocytochemistry protocol for the
identification of 5hmC/5caC marks. However, we had to factor in that our
targeted cells were already GFP positive and that the GFP signal could
possibly interact with the secondary Alexa fluorophore 488-HRP conjugated
antibody we used previously for the detection of 5caC. Therefore, the HCL
denaturation step was crucial in this experiment in order to ensure the
denaturation of GFP protein. Our experiments confirmed our initial hypothesis
about the role of TET2 in active DNA demethylation in GBM cell lines. We
showed that, in both TET2-/+ and TET2 KO cells, 5hmC levels were drastically
reduced, with the levels being almost undetectable in TET2 KO samples (Fig.
4.19 A). Quantification of 5hmC signal in three individual experiments showed
that 5hmC levels were reduced by almost 50% in TET2-/+ (p < 0.0001) and
were not detectable in TET2 KO (p < 0.0001) (Fig. 4.19 B). Regarding 5caC
levels we observed similar effects in both samples and signal quantification
showed that 5caC levels were significantly reduced in TET2 KO samples (p <
0.0001) (Fig. 4.19 A and B).

We next sought to determine whether these changes were due to the
inactivation of TET2 protein or if they were impaired by changes in the levels
of key genes involved in the active DNA demethylation pathway. Hence, we
performed gPCR for the relative quantification of TET1/TET2/TDG transcript
levels compared to LN18 non-targeted cells. We confirmed that TET2 was
undetectable in TET2 KO (p < 0.001) and 100 fold lower in TET2 -/+ (p <
0.0001) (Fig. 4.19 C). Interestingly, there were no changes in the transcript
levels of either TET1 or TDG (Fig. 4.19 C). These results lead to the
assumption that TET2 alone is responsible for the oxidation of 5mC in this cell

line.
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Figure 4.19: TET2 KO leads to almost undetectable immunocytochemically
levels of 5 hmC/5caC in parallel with no alteration in TET1 and TDG
transcripts.

A. Co-detection of 5caC/5hmC in LN18 untargeted cells, LN18 -/+ targeted at only
one allele and in TET2 KO cells. Merged views and individual channels are shown. The
cell cultures were stained in parallel at the same experimental conditions and were
imaged at identical settings. Scale bar = 10 pm. B. Quantification of 5hmC and 5caC
signals in the indicated samples. Mean values of the average intensities of each
individual cell in each cell line are shown in three individual experiments (n = 3).
Error bars are shown as £ SD. C. Relative quantification of TET1/2 TDG transcripts
in the indicated samples showing that TET2 KO does not affect transcript levels of
TET1 and TDG. Mean values of three individual experiments are shown (n = 3). Error
bars are shown as £ SD. Statistical analysis was performed using un-paired t test; p
< 0.05; * p < 0.05; ** p < 0.01; *** p < 0.001 and **** p < 0.0001.
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In order to validate our immunocytochemistry results we next proceeded with
the quantification of all oxi-mC derivatives using 2D-UPLC-MS/MS. Mass
spectrometry analysis would give us information on the actual number of
modified cytosines in the samples. Our results showed that there are no
changes in the levels of 5mC and 5hmuU in all the samples tested irrespective
of TET2 enzymatic activity (Fig. 4.20 A and C). Nevertheless, 5hmC levels are
drastically reduced from 0.02 cytosine modifications per 1000 DNA bases to
0.003in TET2 -/+ (p < 0.0001) and 0.001 modifications (p < 0.0001) in TET2
KO (Fig. 4.21 B). Moreover, 5fC levels were also significantly reduced in TET2
KO samples; from 0.3 DNA modifications per 1x10° DNA bases to 0.09 (p =
0.04) (Fig. 4.20 D). Surprisingly, in contrast to our immunocytochemistry
experiments, 5caC levels were slightly decreased in TET2 KO from 22 cytosine
modifications per 1x10° DNA bases to 17, however this reduction was not
statistically significant (p = 0.33) (Fig. 4.20 E). Finally, 8-oxodG levels were
comparable across the samples indicating that levels of oxidative damage
were similar in all the cell lines tested (Fig. 4.20 F). Our results show that
inactivation of TET2 protein leads to drastically reduced levels of active DNA

demethylation marks on DNA.
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Figure 4.20: Mass spectrometry determined levels of DNA methylation
marks in TET2 KO and TET2-/+ samples.

The results of 2D-UPLC-MS/MS quantification of the indicated forms of modified
cytosine. A. 5mC and C. 5hmU levels remained stable after the depletion of TET2. B.
5hmC levels are drastically reduced in both LN18 KO sample and TET2-/+. D. 5fC
levels are reduced in TET2 KO samples. E. 5caC levels showed a slight decrease in
TET2 KO. F. The levels of oxidative DNA damage (8-o0xodG) are comparable between
the samples. Mean values of three individual experiments are shown (n = 3).
Experimental error is shown as £ SD. Statistical analysis was performed using un-
paired t test; p < 0.05; * p < 0.05; ** p < 0.01; *** p < 0.001 and **** p <
0.0001.
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4.4.10. Non-functional TET2 protein does not affect cell proliferation

in different culture conditions

We next examined the growth rate of the TET2 mutant cells in comparison
with the control, non-transfected cells. We monitored cell growth for 8 days
in TET2 KO compared to LN18 (Fig. 4.21). We did not observe any significant
difference in cell number at any of the time points analysed. Moreover, the
doubling time of the cells was also calculated based on the cell humbers
obtained; for LN18 doubling time was 31.43 hours while for TET2 KO samples

was 31.6 hours.
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Figure 4.21: TET2 KO does not impair cell proliferation in adherent cell

culture conditions.

Growth curve shows cell proliferation rates in LN18 and TET2 KO mutants. Mean
values of eight individual experiments are shown (n = 8).Experimental error is shown
as mean * SD. Statistical analysis was performed using un-paired two tailed
Student’s t-tests; LN18 and TET2 KO growth differences were not significant NS p >
0.05.

The growth rate of cells was also calculated when cells were cultured in
neurobasal medium for cancer stem cells enrichment. Similar to normal
adherent cell culture conditions, we did not observe any significant
differences in the growth rate of the two populations (Fig. 4.22). Doubling
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times for LN18 grown in neurobasal medium was 48 hours and for TET2 KO
was 45 hours; this difference was not statistically significant (p = 0.6). Our
results show that TET2 enzymatic inactivity is unlikely to cause any disruption

in cell proliferation in vitro.
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Figure 4.22: TET2 KO does not impair cell proliferation in neurobasal cell

culture conditions.

Growth curve illustrates cell proliferation rates in LN18 and TET2 KO mutants. Mean
values of four individual experiments are shown (n = 4). Experimental error is shown
as mean = SD. Statistical analysis was performed using un-paired two tailed
Student’s t-tests; LN18 and TET2 KO growth differences were not statistically
significant NS p = 0.05.
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4.4.11. TET2 KO mutants display unique expression of key cancer

stem cell markers and reduced tumorigenic ability in culture

We next examined the transcript levels of key genes involved in the
pathogenesis of GBM and in the maintenance of cancer stem cells. We
observed that some genes including EGFR, GFAP, CD133, Notch homolog 1,
translocation-associated (NOTCH1) and B-tubulin III did not show any
alteration in their relative expression levels in TET2 mutant cells compared to
LN18 non-targeted cells (Fig. 4.23). However, significantly lower levels (10
fold decreased) were found in PDGF, SOX2, NANOG and Glutamate Aspartate
Transporter 1 (GLAST) (p < 0.0001, p = 0.006, p = 0.02, p = 0.001

respectively).
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Figure 4.23: TET2 KO leads to reduced transcript levels of key glioma stem

cell markers.

Expression levels of key transcripts involved in the maintenance and proliferation of
glioma stem cells in TET2 KO samples compared to LN18 non-targeted cells. Mean
values of three independent experiments are shown (n = 3). Experimental error is
shown as + SD. Statistical analysis was performed using un-paired t test; p < 0.05;
*p < 0.05; ** p <0.01; *** p < 0.001 and **** p < 0.0001.
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Our findings prompted us to examine the tumorigenic capacity of the cells.
We decided to perform extreme limited dilution assay (ELDA) and assess the
development of gliomaspheres in culture with TET2 KO cells compared to the
control. Cells were seeded in 96-well plates in a serial dilution starting from
250 cells down to 5 cells per well. Seeding of 1 cell per well was not feasible
because of technical problems. Cells started forming spheres at day 8 in
culture and reached 100 um in size on day 14. We observed that after 14
days in culture TET2 KO cells were not producing gliomaspheres at the same
rate as LN18 control cells (Fig. 4.24 A). We then analysed our data by
measuring the average size of spheres in culture at different seeding
conditions. We found that the TET2 KO gliomasphere average size was lower
compared to the control; however those results were not statistically
significant (Fig. 4.24 B). Nevertheless, the most commonly used way to
examine the tumorigenic capacity of cells in culture is to count the number
of gliomaspheres formed during a certain period of time. Therefore, we
counted the number of gliomaspheres larger than 100 uym using Image ]
software. Interestingly, we found that TET2 KO samples formed significantly
lower number of gliomaspheres in culture compared to the control in all
seeding densities examined (Fig. 4.24 C). In most of the cases, these
numbers were up to 10 fold lower compared to the control; with all the
findings being statistically significant in a total number of 6 independent
biological replicates including 6 technical replicates in each repeat (Fig. 4.24
C).
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Figure 4.24: TET2 KO mutants display significantly lower tumorigenic capacity

in culture.

A. Light microscope images of cells seeded in serial dilution in gliomasphere formation
cell culture conditions. Scale bar = 250 uym. B. Average size of gliomaspheres
(displayed in percentage) in the indicated samples showing no significant difference
between LN18 non-targeted cells and TET2 KO in six individual experiments (n = 6).
C. Percentage of gliomaspheres formed (> 100 um) in the indicated samples showing
a significant difference between the two samples (n = 6). Error bars shown as £ SD.
Statistical analysis was performed using un-paired t test; p < 0.05; * p < 0.05; **

p < 0.01; *** p < 0.001 and **** p < 0.0001.
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We then dissociated and re-seeded the cells in new 96-well plates in order to
examine if they will be able to re-form gliomaspheres. Our results show that,
TET2 KO cells were not able to re-form the spheres in culture indicating their
inability to initiate tumours in vitro (Fig. 4.25 A). Quantification of the
gliomapsheres formed at the end of the experiment showed that TET2 KO
cells did not form any spheres larger than 100 um (p < 0.0001) (Fig. 4.25
B). Therefore, our results show that TET2 protein inactivation has significant
effects in the stemness of GBM cell lines, likely by blocking the tumour

initiator cells forming the tumour.
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Figure 4.25: TET2 KO cells did not form gliomaspheres after dissociation and

re- seeding.

A. Light microscope images of the gliomaspheres after re-seeding. Scale bar = 250
pum. B. Percentage of gliomaspheres formed in culture in the indicated samples
showing that in TET2 KO samples there is no formation of gliomaspheres larger than
100 pum in three individual experiments (n = 3). Error bars shown as £ SD. Statistical
analysis was performed using un-paired t test; p < 0.05; * p < 0.05; ** p < 0.01;
*** p < 0.001 and **** p < 0.0001.
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4.4.12. TET2 KO mutants fail to respond to differentiation cues

Given the evidence we have of an impact of TET2 inactivity on LN18 cancer
stem cells characteristics and tumorigenic capacity; we next attempted to
differentiate the cells into neuronal and glial lineages. In brief, we conditioned
the cells in neurobasal medium containing FGF and EGF-2 growth factors for
4 days in order to enrich for the population of cancer stem cells (Fig. 4.26).
We next withdrew the growth factors from the media and added FBS and
BMP4 for glial differentiation and BDNF and RA for neural differentiation for 6
days (Fig. 4.26). The differentiation capacity of cells at each stage was

examined using immunocytochemistry and qPCR.

+ FBS
+ BMP4
- EGF-2
Day 0 - FGF Day 6

Glial differentiation

- FBS
+ EGF-2
Day 0 + FGF Day 4
Neurobasal enrichment +FBS
+ RA
+ BDNF
- EGF-2
Day 0 - FGF Day 6

Neural differentiation

Figure 4.26: Summary of the differentiation approach; including the growth
factors used at each differentiation stage.

Hence, we first conditioned the two cell sample populations in neurobasal
conditions and after 4 days in culture we collected the samples for
immunocytochemistry and gPCR analysis. We performed
immunocytochemistry for NESTIN as a key cancer stem cell marker, for GFAP
as a marker for glial differentiation and B-tubulin IIT as a marker for neuronal
differentiation (Fig. 4.27 A). Due to the fact that the cells are grown in non-
adherent conditions at this stage, with the removal of FBS from the culture,

fixation and staining was extremely challenging and in most cases cells were
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detached from the slides. We observed that TET2 KO cells displayed lower
protein levels of NESTIN, however levels of GFAP did not display any
significant differences B-tubulin III levels were upregulated in TET2 KO
however, we could not perform any statistical analysis of this sample due to
technical issues of the staining experiment (Fig. 4.27 A and B). Therefore,
due to the difficulties explained, we decided to perform gPCR to examine the
transcript levels of these marks. NESTIN and SOXZ2 transcript levels were
significantly downregulated by 3-fold and 2- fold respectively (Fig. 4.27 C).
These two genes are involved in cancer stem cell self-renewal, indicating
TET2 KO effects the stemness of LN18 cell line. The transcript levels of -
tubulin IIT however remained unaltered (Fig. 4.27 C). Interestingly, although
GFAP protein was detectable immunohistochemically we were unable to

detect GFAP transcripts in our gPCR experiments.
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Figure 4.27: TET2 mutants display reduced expression of key stem cell self-

renewal markers in neurobasal medium.

A. Immunocytochemistry of LN18 and TET2 KO samples of NESTIN, B-tubulin III
and GFAP co-stained with DAPI. The cell cultures were stained in parallel at the same
experimental conditions and were imaged at identical settings. Scale bar = 10 pm.
B. Quantification of NESTIN, GFAP and B-tubulin III cytoplasmic signal in the
indicated samples. Mean values of the average intensities of each individual cell in
each cell line are shown in three independent experiments. Error bars are shown as
+ SEM (n = 3). C. Relative quantification of NESTIN, SOX2, B-tubulin IIT and GLAST
transcript levels in LN18 and TET2 KO samples. Mean values of the average
expression levels of each sample is shown in six individual experiments. Error bars
are shown as £ SD (nh = 6), un-paired t test was performed p < 0.05; * p < 0.05;
** p < 0.01; *** p < 0.001 and **** p < 0.0001.
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We performed neural and glial differentiation in parallel for both LN18 control
cells and TET2 KO cells. Cells were monitored and light microscope images
were taken across the whole experiment, samples for gPCR and
immunocytochemistry were also obtained at regular time points. Our results
show that there are no detectable morphological changes in both samples
during neuronal or glial differentiation indicating that cells might have failed
to undergo differentiation (Fig. 4.28 A and B). Surprisingly, NESTIN and SOX2
levels increased in response to differentiation cues in both lineages in TET2
KO cells (Fig. 4.28 C and D). Considering that both genes are responsible for
cancer stem cells self-renewal, the increase in their levels in TET2 KO cell line
could indicate the de-differentiation of the cells instead of differentiation.
Taking into account that B-tubulin III marker for neural differentiation did not
show any difference in expression levels throughout the experiment and GFAP
and GLAST markers for glial differentiation were significantly down regulated
during glial differentiation (Fig. 4.28 C and D), it is more apparent that TET2
mutant GBM cell line cannot differentiate under our experimental conditions.
Our immunocytochemistry experiments also showed similar results. We
observed that NESTIN protein levels increased in response to differentiation
to neuronal and glial lineages (Fig. 4.29). However, we did not observe any
significant changes in the levels of B-tubulin III and GFAP (Fig. 4.29). Our
results indicate that under our experimental conditions LN18 and TET2 KO

cell lines fail to undergo differentiation into neuronal or glial lineages.
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Figure 4.28: TET2 KO cell lines failed to respond to differentiation cues.
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A and B. Light microscope images of A. neuronal differentiation and B. glial differentiation at the indicated time points do not show

any morphological changes for differentiation. Scale bar = 250 pm. C. Expression of NESTIN Sox2 and B-tubulin III in TET2 KO cells

relative to LN18 cell line at the indicated time points during neural differentiation. D. Expression of NESTIN, SOX2, GFAP and GLAST

in TET2 KO cells compared to LN18 during glial differentiation at the indicated time points. Mean values of four individual experiments

(n = 4) are shown and experimental error is shown as £ SD (n = 4). Statistical analysis was performed using un-paired t test; p <
0.05; * p < 0.05; ** p < 0.01; *** p < 0.001 and **** p < 0.0001.
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Figure 4.29: NESTIN protein levels were increased upon differentiation to

neuronal and glial lineages in TET2 KO cells.

A. Co-immunostaining of NESTIN/DAPI and B-tubulin III / DAPI during neural
differentiation in LN18 and TET2 KO cells. Scale bar = 10 pm. B. Quantification of
NESTIN and B-tubulin III cytoplasmic signal in the indicated samples at day 3 and
6 of neural differentiation. C. Co-immunostaining of NESTIN/DAPI and GFAP/DAPI
during glial differentiation in LN18 and TET2 KO cells. Scale bar = 10 pym. D.
Quantification of NESTIN and GFAP cytoplasmic signal at day 3 and 6 of glial
differentiation in the indicated samples. Mean values of the average intensities of
each individual cell in each condition are shown and error bars are shown as £ SEM
in three individual experiments (n = 3). The cell cultures were stained in parallel at
the same experimental conditions and were imaged at identical settings. Un-paired t
test was performed p £ 0.05; * p < 0.05; ** p < 0.01; *** p < 0.001 and **** p
< 0.0001.
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4.5. Technical discussion

The aim of this chapter was to successfully design a CRISPR/Cas9 system to
achieve the complete knockout of TET2 gene in LN18 GBM cell line and
proceed with functional characterisation of the cell line created. Our aim was
to disrupt TET2 function at the end of exon 3 before the start of the catalytic
domain of the protein; in order to ensure that the protein is no longer active.
Plasmid constructs for sgRNAs and donor plasmid were successfully
synthesised and transfected in LN18 cell line. The transfected cells were then
collected and screened for the presence of the selection cassette at the locus

of interest.

The minimal catalytically active fragment in TET2 enzyme is at positions
1129-1936 containing two DSBH highly conserved regions (Hu et al. 2013a).
It has been previously shown that multiple mutations of TET2 gene are
present in patients with leukaemia. The majority of them are missense
mutations that impair the enzymatic activity of TET2 leading to reduced 5hmC
levels (Konstandin et al. 2011). These mutations tend to be in the two DSBH
highly conserved regions of the catalytic domain of TET2 protein (Fig. 4.1).
Moreover, another study showed that H1302Y and D1304A substitutions in
the catalytic domain of TET2 protein leads to diminished levels of 5hmC in
the nuclei of HEK293T cells. Other mutations in the catalytic domain of TET2
have a similar effect indicating that a single mutation at the catalytic domain
will significantly affect its enzymatic activity (Ko et al. 2010). These
indications led us to target the TET2 catalytic domain to achieve our goal for

complete protein inactivation.

We experienced multiple difficulties during the process of construction of the
donor plasmid; therefore we had to change the building strategy multiple
times. The main problem we faced during the building of the donor plasmid
was the PCR of the selection cassette from pSIN plasmid. The fact that there
were no unique restriction enzymes at both sides of the cassette made the
restriction enzyme based cloning challenging. Therefore, we attempted to
switch to an alternative cloning method, Gibson Assembly, for the integration

of the cassette into the intermediate plasmid. The two fragments, selection
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cassette and intermediate plasmid, to be annealed had to be extended by
PCR so they overlap. However, both fragments were approximately 4 kb long
and GC-rich, making the PCR challenging. Thus, we decided to introduce
restriction enzymes at each end of the cassette and attempt restriction
enzyme based cloning. This method was also challenging due to difficulties in
PCR amplification of the fragment due to the high GC content of the primers
resulting from the addition of the restriction enzymes. After several attempts
using different restriction sites we managed to amplify the fragment of
interest and ligate it into the intermediate plasmid for the generation of the

final donor plasmid.

Once the plasmids were built and sequenced, we next proceeded with their
transfection into the cells. Transfection using lipofection based delivery
methods is considered to be one of the “gold standard” techniques. This is
due to the fact that it has been shown to efficiently introduce both RNA and
dsDNA plasmids in a broad range of cell lines using simple protocols with high
reproducibility (Karra et al. 2010). Moreover, previous studies in the LN18
cell line successfully used Lipofectamine as a method for transfection of siRNA
(Lavanya et al. 2016), miRNA (Li et al. 2016b) and dsDNA (Liao et al. 2018;
Wirstle et al. 2017). Therefore, we first choose the conventional lipid-

mediated gene delivery using Lipofectamine.

This method is based on cationic lipid molecules which use small liposomes
that interact with negatively charged nucleic acids allowing their fusion with
the plasma membrane (Karra et al. 2010). One of the main advantages of
the use of Lipofectamine is that it is technically simple, does not require any
specialised equipment and shows high reproducibility (Karra et al. 2010).
Nevertheless, we had to optimise multiple parameters in order to achieve the
highest desired transfection efficiency. Those parameters included -cell
density, cargo concentration and transfection reagent concentration. Our
attempts to optimise all the conditions did not lead to the desirable efficiency
(Fig. 4.7 B), mainly due to the toxicity that the transfection reagent had on
the cells leading to cell death. It is important to note that we performed our
optimisation using a single GFP plasmid, however in our experiments our plan
was to use 4 different plasmids which could further increase toxicity.

Nevertheless, we attempted to transfect our plasmids using Lipofectamine in
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low concentrations to avoid as much toxicity as possible; however
transfection efficiency was extremely low and cells did not survive BSD

selection (Data not shown).

Therefore, we decided to use electroporation as an alternative. As it has been
previously used in GBM cell lines for the transfection of shRNA (Liao et al.
2018). During electroporation, cells are exposed to a voltage pulse,
temporarily altering the plasma membrane allowing extracellular material to
enter the cell (Washbourne & McAllister 2002). Although electroporation
offers relatively high transfection efficiency with little optimisation required
(Karra et al. 2010), it requires relatively expensive equipment and reagents;
for that reason electroporation was not our first choice to perform our

experiments.

Transfected cells were selected through BSD selection and FACS cell sorting,
based on their GFP expression, followed by clonal expansion and screening.
We initially transfected LN18 cell line with four individual plasmids using the
nickase D10A plasmid. Our aim was to use nickase Cas9 with a pair of gRNAs
that would introduce DNA breaks in both DNA strands, reducing off-target
events. However, although antibiotic-resistant and GFP positive cells were
obtained, we could not identify any mono-allelic nor bi-allelic mutants after
screening the clones. This could be due to two main reasons: a reduced
specificity of D10A Cas9 plasmid and a non- functional gRNA plasmid which
could be a result of a poor isolation of the plasmid. Therefore, in order to test
this hypothesis, wild-type Cas9 was used with guide A and guide B in separate
transfections. Interestingly, it was only in guide A transfected cells that we
managed to identify mono-allelic mutants (Fig. 4.10). We then reasoned that
the inability of guide B to direct SSB at DNA might have been caused by the
significantly reduced activity of D10A Cas9.

Traditionally, in order to express Cas9 and sgRNAs in cells in culture, dsDNA
plasmids which encode them are constructed and transfected via lipofection
or electroporation. Therefore, we decided to follow this route for our
transfection. Unfortunately though, this method is risky as the use of
plasmids often favours the random integration of all or part of the plasmid

DNA into the genome (Kim et al. 2014). These random integrated sequences
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are often responsible for host immunity responses (Wagner 2001). It has
been previously shown that transfection of human embryonic kidney cells
(HEK293FT), and human fibroblasts with Cas9 protein, instead of dsDNA
plasmid increases the specificity of targeting (Kim et al. 2014; Liang et al.
2015). However, there is a disagreement in the observed transfection
efficiency as the study in HEK293FT cells shows that efficiency does not
change with either mRNA Cas9, protein Cas9 or dsDNA (Liang et al. 2015);
whereas the study in fibroblasts shows that transfection efficiency with
protein Cas9 is at least two fold higher compared to plasmid transfection (Kim
et al. 2014).

Indeed, in our experiments we observed random integration of the donor
plasmid in a sub-population of cells and as a result this population was BSD
resistant and GFP positive making the selection of the correct clones much
more challenging. It has been shown that prolonged expression of Cas9 and
sgRNAs, which can last several days post transfection, can magnify off-target
effects (Gaj et al. 2012). Interestingly, Cas9 protein accumulated over time
in cells transfected with plasmid DNA whereas in mRNA transfected cells Cas9
protein peaked 4 hours post transfection and remained stable for 48 hours
before diminishing (Liang et al. 2015). On the other hand in cells that were
transfected with Cas9 protein, Cas9 peaked early after transfection and
rapidly decreased (Liang et al. 2015). Kim et al., showed similar results and
demonstrated that chromosomal DNA is cleaved almost immediately after
delivery and Cas9 protein degrades rapidly; therefore reducing the risk of off-
target events (Kim et al. 2014). It is possible that prolonged presence of the
plasmids in our cells led to the random integration we observed. Therefore,
in future experiments it may be more efficient to use Cas9 protein for our

transfections, reducing the possibilities of off-target events.

The next aim of this chapter was to functionally characterise the cell line
developed and to try and understand the role of TET2 in the active DNA
demethylation pathway in GBM as well as its role in tumorigenesis. There
have been numerous publications showing the correlation of 5hmC levels and
TET2 enzymatic activity in malignancies and other diseases. More specifically
it has been shown that TET2 is significantly downregulated in multiple

sclerosis (MS) and this is associated with aberrant methylation in its promoter
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corresponding to lower 5hmC levels (Calabrese et al. 2014). Therefore, lower
5hmC levels in peripheral blood of MS patients is likely to depend on TET2
down-regulation and variation in DNA demethylation marks in peripheral
blood might be used as an indicator of ongoing alterations in the CNS
(Calabrese et al. 2014). Moreover, 5hmC levels are positively associated with
TET2 expression in breast precancerous lesions (Zhang et al. 2019). It has
been also shown that reduced levels of TET2 enzyme in human melanoma is
responsible for 5hmC loss, as re-introduction of active TET2 in melanoma cell
lines results in the global increase of 5hmC levels (Lian et al. 2012). Our
immunocytochemistry and mass spectrometry results, similar to previous
publications, revealed that TET2 is responsible for the oxidation of 5mC in
LN18 GBM cell line. Specifically both qualitative and quantitate analysis we
performed via immunocytochemistry and mass spectrometry showed that
5hmC levels were significantly reduced in both TET2-/+ and TET2 KO

samples.

Nevertheless, it is striking that although 5caC levels were diminished in TET2
KO cells in our immunocytochemistry experiments, the mass spectrometry
analysis showed that there is no significant difference between TET2 KO cell
line and the non-targeted LN18 cells. Our previous results based on meDIP
followed by NGS showed that the levels of 5caC in LN18 are extremely low
compared to hiPSCs and UW228-3 cell line. This might indicate that due to
the extremely low levels of 5caC, the threshold set for mass spectrometry
detection was low and resulted in false positive results in all the samples.
Current literature about 5caC detection especially in cancer tissues is limited
and is mainly based on antibody based detection methods (Chou et al. 2016;
Eleftheriou et al. 2015; Ramsawhook et al. 2017; Storebjerg et al. 2018).
Therefore, it might well be that there is a limitation in mass spectrometry
detection of 5caC in our experiments. However, we cannot exclude the
possibility that 5caC is still present in LN18 cell line after TET2 inactivation
and is possibly oxidised by TET1 enzyme, the levels of which remain stable
after the knockout of TET2.

Functional characterisation of the TET2 KO cell line showed that there is a
correlation between TET2 and stemness. We first used qPCR screening to

examine the transcript levels of key genes involved in GBM pathogenesis and
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glioma stem cell maintenance in TET2 KO cells. PDGF and EFGR were among
those genes, as it is well known that overexpression of PDGFR and EGFR can
contribute to the malignant transformation of human GBM (Craig Clark et al.
1992). In TET2 KO cell line PDGF levels were approximately 14 fold lower
(Fig. 4.23) compared to the LN18 cell line, indicating that PDGF might
represent a downstream target of TET2. PDGF overexpression is associated
with tumour development in a wide range of tumours including brain, liver,
lung and haematopoietic malignancies (Kim et al. 2012). Moreover, in vitro
studies in mouse models implicated PDGF pathway in tumour angiogenesis
and cellular invasion (Shih & Holland 2006). Inhibition of PDGF signalling
pathway induces apoptosis in GBM stem cells (Cenciarelli et al. 2014; Kim et
al. 2012) and PDGFR depletion in glioma cancer stem cells leads to
attenuation of stemness-related and glial markers expression (Cenciarelli et
al. 2016). We also observed similar patterns in the expression levels of SOX2
and NANOG. SOX2 activity is associated with the maintenance of cancer stem
cells in GBM by maintaining tissue homeostasis and regeneration (Sarkar &
Hochedlinger 2013). Moreover, high NANOG levels have been associated with
tumour aggressiveness and worse prognosis in GBM; regulating glioma stem
cells (Ben-Porath et al. 2008; Zbinden et al. 2010). Taken into account that
5hmC levels are extremely low in TET2 KO cells it is possible that PDGF, SOX2
and NANOG promoters remained silent due to the inability of TET2 to induce
further oxidation; explaining the extremely low levels we observed in our
clone. Our results indicate that there might be a direct correlation between
the maintenance of glioma stem cells and active DNA demethylation.
Therefore, these observations coupled with the current knowledge led us to
direct our research into glioma stem cells and the tumorigenic capacity of
TET2 KO cells.

One way to examine tumorigenic capacity of cells in vitro is to examine the
ability to form gliomaspheres in culture. We cultured the cells in a medium
containing EGF-2 and FGF growth factors in the absence of serum in order to
efficiently promote enrichment of cancer stem cells as has previously been
described (Hong et al. 2012). This method has been widely used for the study
of glioma stem cells (Garros-Regulez et al. 2016; Hardee et al. 2012; Richichi
et al. 2013). We observed that TET2 KO cells formed a significantly smaller

number of gliomaspheres in vitro compared to LN18 cell lines (Fig. 4.24);
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with diminished ability to form secondary gliomaspheres in culture (Fig.
4.25). Our results confirm our initial indications that impaired active DNA
demethylation pathway is associated with stemness in GBM LN18 cell line,
inhibiting the ability of cells to form gliomaspheres in culture. However, these
observations do not correlate with any changes in the proliferation rate of the
cells indicating that TET2 enzymatic inactivity affects the stemness of the

tumour only, without affecting the cell cycle.

We then examined the ability of cells to differentiate into neuronal and glial
lineages in vitro. Terminally differentiated cells have a limited lifespan;
therefore differentiation therapy has the potential to eradicate proliferating
tumour cells (Sell 2004). Our aim was to examine the difference, if any, in
the differentiation capacity of LN18 GBM cell line and TET2 KO cells. The
withdrawal of growth factors from culture usually results in spontaneous
multi-lineage differentiation of glioma stem cells where a subpopulation of
cells undergoes cell cycle exit (Pollard et al. 2009). It has been shown that
astrocytic differentiation can be achieved following 7 days of BMP4 treatment
coupled with the withdrawal of growth factors (Carén et al. 2015); therefore
we used this method in order to achieve astrocytic differentiation. However,
we did not observe any significant changes in the morphology of the cells that
would indicate their differentiation, with qPCR and immunocytochemistry
experiments also showing the same results (Fig. 4.28 and 4.29). We also
attempted neuronal differentiation with similar results. Our results indicate
that LN18 GBM cell line and TET2 KO generated cell line fail to undergo
differentiation under our experimental conditions. Although we did not
manage to differentiate the cells into the two lineages, we surprisingly
observed that in TET2 KO samples, glial stem cell markers (SOX2 and
NESTIN) levels increased during glial and neuronal differentiation. However,
further experiments need to be performed in order to examine why this

occurred.

In conclusion, in this chapter we managed to generate a CRISPR/Cas9 system
for TET2 KO. We targeted LN18 GBM cell line and were able to create a TET2
KO cell line with TET2 catalytically inactive protein. Finally, we showed that
TET2 has a crucial role in active DNA demethylation pathway in GBM as well

as in the stemness of the tumour.
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Chapter 5. 5caC potential readers in
paediatric and adult brain tumours cell

lines

5.1. Introduction

The addition of a methyl group to DNA and histone modifications are of crucial
importance in many biological processes. The key players underlying these
modifications have been designated as epigenetic modifiers (Biswas & Rao
2018). They are many enzymes that catalyse these modifications, regulating
the diversity of the epigenetic state allowing further levels of complexity in
gene expression (Biswas & Rao 2018). These epigenetic modifiers can be
classified into three categories: writers, readers and erasers. Writers are
responsible for the establishment of the epigenetic modifications in the
genome. Erasers are the enzymes responsible for the removal of these marks
and readers are capable of recognizing specific epigenetic marks in a region
(Feinberg et al. 2016; Hashimoto et al. 2010; Torres & Fujimori 2015). In
this chapter we will focus on 5caC readers; their role in the regulation and

maintenance of DNA methylation and oxidative derivative marks.

Several proteins have been identified to be specific readers of 5mC. Histone
deacetylase complex (MECP1) was the first protein complex identified as a
5hmC reader (Meehan et al. 1989); this family shares a common methyl CpG
binding domain (MBD) (Du et al. 2015). MBD2, which is a component of this
complex, was confirmed to have a binding specificity to 5mC (Zhang et al.
1999). Other members of this complex, MBD1, MBD3, MBD4 and MECP2
share the same binding specificity for 5mC (Du et al. 2015) and their
recruitment to methylated DNA imposes an inactive chromatin formation.
Interestingly enough, the MBD domains of these proteins are unable to bind
to sequences with 5hmC modification (Jin et al. 2010); suggesting that their
function as readers is blocked once 5mC is oxidised to 5ShmC. Although earlier
studies have suggested that MBD3 (Yildirim et al. 2011), MECP2 (Mellen et

al. 2012) might specifically recognize 5hmC; follow- up studies failed to
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support these findings (Hashimoto et al. 2012b; Khrapunov et al. 2014).
Other groups of proteins identified as 5mC readers include transcription
factors, such as kruppel-like factor 4 (KLF4) and specific subset of zinc finger
proteins including zinc fingers ZNF114 and ZNF416 (Buck-Koehntop &
Defossez 2013; Hu et al. 2013b; Spruijt & Vermeulen 2014).

In contrast to 5mC specific readers, 5hmC readers seem to be very limited in
number. Experiments based on mass spectrometry have revealed a small
number of proteins that preferentially interact with 5hmC (Iurlaro et al. 2013;
Spruijt et al. 2013). It has been shown that the SRA domain of ubiquitin-like,
containing PHD and RING finger domains 2 (UHRF2) specifically recognizes
and interacts with 5hmC (Spruijt et al. 2013). This finding was further
supported by another structural and biochemical study, which showed that
the SRA domain of UHRF2 preferentially binds to fully hydroxymethylated
DNA 3.2 fold and hemi-hydroxymethylated DNA 1.5 fold stronger than it
does to hemi-methylated DNA (Zhou et al. 2014).

Although 5caC is in low abundance in the genome, it is believed that this
modification has significant impact on gene regulation and genome stability
(Hashimoto et al. 2014a; Shen et al. 2013; Wang et al. 2015a). A number of
studies have shown that proteins involved in transcription and genomic
maintenance, specifically recognize and bind at sequences with 5caC
modification (Hashimoto et al. 2014a; Jin et al. 2016; Spruijt et al. 2013;
Wang et al. 2015a; Zhang et al. 2012). Specifically, the CXXC domain of Tet3
was found to be a specific reader of 5caC (Jin et al. 2016). Briefly, using
electrophoretic mobility shift assay (EMSA) confirmed that the CXXC domain
of Tet3 binds at unmodified cytosine while further studies showed that mouse
Tet3-CXXC domain has even stronger binding affinity for 5caC containing DNA
(Jin et al. 2016). Genomic mapping of TET3 in neuronal and mESCs showed
that it is recruited to the TSS of a subset of genes involved in RNA splicing,
DNA base excision repair and lysosomal activities (Jin et al. 2016). This
suggests that the recognition of 5caC by TET3 has a critical role in

maintenance of the methylation-free state of TET3 target promoters.

Moreover, 5caC might regulate gene transcription by modulating the

recognition of transcriptional proteins of target DNA (Hashimoto et al. 2014a;
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Wang et al. 2015a). One example is WT1, which is a transcription factor that
binds to DNA with a higher affinity to 5caC containing sequences (Hashimoto
et al. 2014a).

Although there is an increased body of experimental evidence about 5mC
readers, the readers of 5mC oxidative derivatives at a genome wide level are
poorly studied. Iurlaro et al., established a proteomics screen for C, 5mC,
5hmC and 5fC binding proteins using promoter sequences as baits, then
comparing protein binding patterns to unmodified or modified cytosines using
DNA derived from mESCs. The promoter regions of the Paired Box 6 (Pax6)
and Fibroblast growth factor 15 (Fgf15) genes were used to make PCR probes
(Iurlaro et al. 2013). Both of the regions were enriched for 5hmC in mESCs
and TET1 siRNA mediated knockdown led to decreased 5hmC levels on their
promoters with corresponding changes in gene expression (Ficz et al. 2011).
Modified cytosines were incorporated during PCR and then incubated with
nuclear protein extracts from mESCs, proteins were then eluted and identified
by mass spectrometry (Iurlaro et al. 2013). Only a few proteins showed
preference for 5hmC including RBM14, PRP8, MSH6 and PNKP (Iurlaro et al.
2013). However there were a lot of proteins showing preference for 5fC
including transcriptional regulators, DNA repair factors and chromatin
regulators (Iurlaro et al. 2013). These results were validated through
Enzyme-Linked Immunosorbent Assay (ELISA) with purified recombinant
proteins and differentially modified probes (Iurlaro et al. 2013).

In a similar study, published by Spruijt et al., they used mass spectrometry
based proteomics to identify the readers of 5mC, 5hmC, 5fC and 5caC in
mMESCs, NPC and adult brain tissue (Spruijt et al. 2013). Specifically, they
developed a DNA pull-down approach followed by quantitative mass
spectrometry. Briefly, nuclear extracts from mESCs grown in “light” or
“heavy” SILAC medium were incubated with double stranded DNA sequence
probed with a non-modified C or mC, hmC. Bound proteins were then in-gel
digested with trypsin and analysed by liquid chromatography-tandem mass
spectrometry (LC-MS/MS) (Spruijt et al. 2013). They first identified 19
proteins enriched for mC compared to C in mESCs nuclear extracts, including
MeCP2, MDB1 and MDB4; confirming previous studies (Du et al. 2015; Jin et

al. 2010). 5hmC readers showed partial overlap with mC readers; only 3
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proteins interacted with both mC and hmC: MeCP2, UHRF1, and Thymocyte
Nuclear Protein 1 (THYN1) although MECP2 bound to 5mC with much higher
affinity; confirming previous studies (Mellen et al. 2012). Surprisingly, 5caC
and 5fC recruited many more proteins than 5hmC with very little overlap.
TDG represents one of the proteins that binds to caC and fC but not hmC
(Spruijt et al. 2013). Furthermore, P53 a well-known protein involved in DNA
damage response (Williams & Schumacher 2016), is a specific reader for fC
while DNMT1 specifically interacts with caC only (Spruijt et al. 2013).
Interestingly, 5fC specific protein readers are related to DNA repair according
to the GO term enrichment for biological process analysis whereas 5caC
readers are not enriched for any biological process (Spruijt et al. 2013). These
findings indicate a major role for active DNA demethylation in both

transcription and DNA repair.

5.2. Aims

Readers of 5caC in mESCs include a number of histone modifying enzymes
(e.g. Euchromatic Histone Lysine Methyltransferase 1 (EHMT1)), members of
chromatin remodelling complexes (e.g. SWI/SNF Related, Matrix Associated,
Actin Dependent Regulator of Chromatin Subfamily C member 2 (SMARCC2))
and transcription factors (e.g. WIZ Zinc Finger (WIZ)) (Spruijt et al. 2013).
However, the biological roles of these proteins in interpreting 5caC are
essentially unknown. Our aim in this chapter is to functionally characterise
several candidate proteins which are likely involved in 5caC interpreting
active DNA demethylation in cancer cell lines. We used real-time PCR
experiments for the initial screening of the gene expression of 5caC readers
in adult and paediatric brain tumours, immunocytochemistry for the
examination of the levels of 5caC/5hmC and loss of function experiments.
The characterisation of the biological roles of these proteins will add to the
growing body of information regarding the specific role of the 5caC epigenetic
modification in adult and paediatric brain tumours and lead to better

understanding of 5caC role in the development of these tumours.
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5.3. Results

5.3.1. Investigation of the 5caC potential readers expression levels in

paediatric brain tumour cell lines

We selected 28 genes from the specific readers of 5caC in mESCs identified
by quantitative mass-spectrometry (Spruijt et al. 2013). Including,
transcription factors (e.g. RCOR2, WIZ), histone modifying enzymes (e.g.
KDM1A, EHMT1) and chromatin remodelling factors (e.g. ZNF462,
SMARCC2). We first examined their transcription levels in EPN, MB and GBM
cell lines using real time PCR (gPCR) relative to GAPDH as a reference gene.
This initial screening was performed in order to identify the trends in the
expression levels of 5caC potential readers in the cell lines with elevated 5caC
levels compared to the Hela cell line, which according to our previous
experiments did not exhibit immunochemically detectable levels of 5caC
(Ramsawhook et al. 2017).

DKFZ-EP1NS and BXD-1425 EPN cell lines were used as representative cell
lines for EPN paediatric brain tumours. We identified a number of 5caC
candidate readers that had higher relative expression; including the
transcription repressor Rest Corepressor 2 (RCORZ2) that was present at 60
fold higher levels in BXD-1425 cell line compared to Hela (Fig. 5.1). Other
transcripts with higher expression levels were transcription factors such as
SMARCC2, chromatin remodelling factors including multiple myeloma 1
(MUM1) and Ankyrin Repeat Domain 17 (ANKRD17) a cell cycle regulator (Fig.
5.1).
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Figure 5.1: Potential 5caC readers that are upregulated in EPN cell lines

compared to Hela.

Graphs show highly expressed transcripts compared to HelLa cell line in which 5caC
levels are undetectable. Mean values of three replicates are shown (n = 3). Error

bars shown as + SD.

Nevertheless, the majority of the genes (12 out of 28; 42%) examined, were
downregulated compared to Hela (Fig. 5.2). The genes that displayed the
lowest levels of transcription were genes responsible for the regulation of
gene expression including Scm Like With Four Mbt Domains 2 (SFMBTZ2), FLT3
Interacting Zinc Finger 1 (FIZ1) and Zinc Finger and BTB Domain Containing
7A (ZBTB7A) (Fig. 5.2).
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Figure 5.2: Potential 5caC readers that are downregulated in EPN cell lines
compared to Hela.

Graphs show downregulated transcripts compared to HelLa cell line where 5caC is
absent. Mean values of three replicates are shown (n = 3). Error bars shown as +
SD.

We also observed a number of genes with significant differences in their
relative expression, when comparing the two EPN cell lines, not showing any
specific pattern of expression, indicating the differences that exist between
cell lines derived from the same type of tumour (Fig. 5.3). These genes
include, the DNA methyltransferase DNMT1, DNA glycosylase NEIL1, the
histone methyltransferase EHMT1 and transcription factors such as nuclear
respiratory factor 1 (NRF1) and Zinc Finger and SCAN Domain Containing 26
(ZSCAN26) (Fig. 5.3).
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Figure 5.3: A number of 5caC potential readers that do not show any specific
pattern of expression in EPN cell lines.

Graphs present transcripts that do not show specific patter of expression between
the two EPN cell lines compared to HelLa cell line where 5caC is absent. Mean values

of three replicates are shown (n = 3). Error bars shown as + SD.

We next examined the relative expression levels of 5caC potential readers in
DAQY and UW228-3 SHH MB cell lines. We observed that most of the genes
shared similar patterns of expression with EPN; RCOR2, SMARCC2, ANKRD17
and WIZ present at higher levels in both paediatric brain tumour cell lines
compared to HelLa (Fig. 5.1 and 5.4). Specifically, SMARCCZ2 exhibits 10 fold
higher levels in the MB cell lines examined compared to HelLa (Fig. 5.4).
Moreover, RCOR2 and ANKRD17 have approximately 5 fold higher levels in
both MB cell lines (Fig. 5.4). Similarly, EPN and MB present the same pattern
of expression in the down regulated genes, including lysine demethylase 1A
(KDM1A), SMARCC1, ZBTB7B and ras responsive element binding protein 1
(RREB1) (Fig. 5.2 and 5.5).
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Figure 5.5: Downregulated 5caC potential readers in MB cell lines compared
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Graphs present downregulated transcripts compared to HelLa cell line in which 5caC
levels are undetectable. Mean values of three replicates are shown (n = 3). Error

bars shown as + SD.
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Although DAQY and UW228-3 belong to the same subgroup of MB (SHH) we
observed a few genes with no distinct pattern of expression between the two
cell lines; including NEIL1, (THYN1) and MUM1 (Fig. 5.6) pointing at the intra

heterogeneity that exists between two cell lines in the same subgroup of MB.
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Figure 5.6: A number of 5caC readers do not show any specific pattern of

expression in MB cell lines.

Graphs show expression of transcripts between the two MB cell lines compared to
HelLa cell line that do not show any specific pattern of expression. Mean values of

three replicates are shown (n = 3). Error bars shown as + SD.

We next sought to plot the gene expression levels of both MB and EPN cell
lines examined in a heat map in order to visualise the similarities in their
transcripts levels compared to HelLa (Fig. 5.7). The similar patterns in the
expression levels of 5caC potential readers in both MB and EPN cell lines may
be explained by the fact that they are both paediatric brain tumours; although
arising from different parts of the developing brain from different cell lineages

as MB is neuronal whereas EPN is derived from glial cells.
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Figure 5.7: The expression patterns of 5caC readers is similar in MB and
EPN cell lines

The heat map based comparison of relative expression of 5caC readers in EPN and

MB cell lines.

5.3.2. Investigation of the 5caC potential readers expression in GBM

cell lines

Finally, we examined the relative expression levels of 5caC potential readers
in LN18, LN229 and U87-MG GBM cell lines. In contrast with paediatric brain
tumours, in GBM we observed more differences in the patterns of expression
of the potential readers between the different cell lines (Fig. 5.8). LN18 and
LN229 cell lines share more common expression patterns of the transcripts
examined probably because they both belong in the same GBM subgroup
characterised by P53 mutation and PTEN wild type. Most of the genes
examined do not show any specific pattern of expression between the GBM
cell lines (Fig. 5.9). While we only identified a small number of readers that
had relatively low expression in all the cell lines compared to Hela, including
RCORZ2 gene which was highly expressed in the paediatric brain tumour cell

lines examined (Fig. 5.10).
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Figure 5.8: The patterns of 5caC reader’s expression are not the same in
GBM cell lines

The heat map based comparison of relative expression of 5caC readers in three GBM
(LN18, LN229, and U87-MG) cell lines.
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Figure 5.9: Most 5caC potential readers do not exhibit any specific
expression pattern in GBM cell lines.

Graphs show expression of transcripts between the GBM cell lines compared to Hela

cell line that do not show any specific pattern of expression. Mean values of three

replicates are shown (n = 3). Error bars shown as £ SD.
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Figure 5.10: Downregulated 5caC potential readers in GBM cell lines

compared to Hela.

Transcripts expressed at low levels in GBM compared to HelLa cell line that 5caC is
not detectable. Mean values of three replicates are shown (n = 3). Error bars shown
as = SD.

5.3.3. RCOR2 knockdown leads to reduced immunocytochemically
detectable levels of 5caC

We next decided to perform siRNA mediated knockdown of two of the most
highly expressed genes in both EPN and MB cell lines, relative to their
expression in HelLa cells. We chose RCOR2 which is a transcriptional
repressor of a number of neuronal-specific genes in NSCs (Huang & Bao
2012) while its deletion in mice, leads to defects in brain development and
neurogenesis; promoting neural proliferation (Monaghan et al. 2017).
SMARCC2 which is involved in transcriptional regulation through chromatin
remodelling was the second gene we chose. It has been implicated in the
regulation of cortical neurogenesis in mice (Tuoc et al. 2013) and in neural
differentiation of mESCs (Lessard et al. 2007). The aim was to determine
whether the knockdown of these two genes in MB can influence active DNA
demethylation and 5caC levels as well as the transcription levels of key genes

involved in active DNA demethylation and in the development of MB.

As such, we first performed siRNA mediated transient knockdown of RCOR2
in UW228-3 MB cell line, using a chemical transfection reagent. We first
optimised the conditions in order to achieve the highest possible efficiency of
RCOR2 knockdown without affecting cell integrity and viability (Fig. 5.11 A).
The levels of RCOR2 were then assessed 48 hours after the treatment using

gPCR compared against the non-siRNA treated cells; after the optimisation
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we achieved approximately 95% downregulation of RCOR2 transcripts (Fig.
5. 11 B).

siRCOR2 RCOR2
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1.0+
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Relative expression

Figure 5.11: Successful siRNA mediated knockdown of RCOR2 in the MB cell
line UW228-3.

A. Light microscopy images show that cells” morphology and viability do not change
48 hours upon siRNA treatment. Scale bar = 25 ym. B. Relative expression of RCOR2
transcripts at the siRNA treated sample compare with the control (50 nM siRCOR2
and 2 ul Dharmafect); indicating 95% knockdown of RCOR2. Mean values of three

individual samples are shown (n = 3). Error bars are shown as + SD.

After optimisation of the siRNA treatment and the verification of the
knockdown, we performed gPCR experiments to first examine the levels of
the key genes involved in active DNA demethylation. RCOR2 knockdown did
not cause any effects in the transcript levels of TETs transcripts nor TDG
transcript (Fig. 5.12 A). We also examined the transcript levels of key genes
involved in pluripotency, that are related with the cancer stem cells
subpopulation of MB including NANOG, NESTIN and SOX2 (Huang et al.
2016a). Interestingly, we observed the upregulation of key cancer stem cell
markers including NOTCH1 and NESTIN (Fig. 5.12 C) indicating a potential
interplay of RCOR2 and the cancer stem cells compartment of the tumour.
Moreover, genes involved in SHH driven MB, Beta-arrestin-2 (ARRB2),
Hedgehog-Interacting Protein (HHIP), and GLI3 were significantly
upregulated in the siRNA treated samples (Fig. 5.12 D).
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Figure 5.12: Expression levels of DNA methylation, SHH pathway and cancer

stem cell related genes upon RCOR2 knockdown.

A. Transcripts involved in active DNA demethylation. B, C. Transcripts important for
cancer stem cells proliferation and maintenance. D. Transcripts related to SHH
signalling pathway. Mean values of three individual experiments (n = 3) are shown.
Error bars are shown as + SD. Un-paired t-test was performed: *:p < 0.05, **:p <
0.01, ***:p < 0.01, ****:p < 0.001.

Next, we performed our sensitive immunocytochemistry protocol to examine
the levels of 5caC/5hmC upon RCORZ2 transient knockdown. We used high
resolution confocal microscopy imaging in order to obtain the absolute
intensity values of 5hmC and 5caC (Fig. 5.13 A). Signal intensity levels per
cell in each condition were calculated using image J and statistical analysis of
the results was performed. We observed significantly lower signal intensities
(p < 0.001) for 5caC in RCOR2 siRNA treated samples whereas 5hmC levels
remain unaltered (Fig. 5.13 B). These observations do not correlate with our
gPCR findings where TET levels were not altered in the RCOR2 knockdown
samples. Our results therefore, indicate that RCOR2 might be recruiting or

stabilising 5caC in MB in a TET-independent manner.
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Figure 5.13: RCOR2 knockdown Ileads to reduced Ilevels of
immunocytochemically detectable 5cacC.

A. Co-detection of 5caC/5hmC in siRNA control and siRNA treated cells. Merged views
and individual channels are shown. The cell cultures were stained in parallel at the
same experimental conditions and were imaged at identical settings. Scale bar = 10
pm. C. Quantification of 5hmC and 5caC signals. Mean values of the average
intensities of each individual cell for each cell population are shown in two
independent experiments (n = 2). Error bars are shown as £ SEM. Un-Paired t test
has been performed. *:p < 0.05, **:p < 0.01, ***:p < 0.01, ****:p < 0.001.

5.3.4. SMARCC2 siRNA mediated knockdown leads to elevated levels
of 5hmC/5caC in MB

We next performed siRNA mediated knockdown of SMARCC2, which was
highly expressed in both MB and EPN cell lines. First, the conditions for
SMARCC2 siRNA knockdown were optimised using different concentrations of
both the transfection reagent and the siRNA reagent (Fig. 5.14 A and B). After
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optimisation of the conditions, we assessed the efficiency of the siRNA
knockdown using qPCR 48 hours after the siRNA treatment. We achieved a
high efficiency of 95% SMARCC2 knockdown in the siRNA treated samples
(Fig. 5.14 C).
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Figure 5.14: siRNA mediated knockdown of SMARCC2 in the MB cell line
Uw?228-3.

A. Light microscopy images show that cells’ morphology and viability do not change
48 hours upon siRNA treatment. Scale bar = 25 ym. B. Optimisation of the siRNA
mediated knockdown of SMARCC2 in UW228-3 cell line. Relative expression of
SMARCC2 in 2 different concentrations of the siRNA and the transfection reagent; 3
different conditions in total. 50 nM of siRNA and 3 pul of Dharmafect lead to 95%
knockdown of SMARCC2. C. Relative expression of SMARCC2Z transcripts at the siRNA
treated sample compare with the control; indicating 95% knockdown of SMARCC2.
Mean values of three individual experiments (n = 3) are shown. Error bars are shown
as + SD.
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Similar to our previous experiments, we then performed qPCR experiment to
measure the relative expression levels of genes involved in active DNA
demethylation as well as MB progression. We did not observed any alterations
at the expression levels of TET1/2/3 and TDG transcripts in SMARCC2
knockdown samples (Fig. 5.15 A). Nevertheless, we observed significantly
lower levels of SOX2 and NOTCH1, key regulators in the maintenance of
cancer stem cells population in MB (Fig. 5.15 B). Key genes involved in the
SHH pathway including GLI3 and Patched 2 (PTCH2) were upregulated upon
SMARCC2 knockdown (Fig. 5.15 D).

25 . 2.0 .
= siControl mm siControl

2.0 = siSMARCC2 15 = siSMARCC2
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BMP2 BMP4 NTRK4 EGFR DYRKB1ARRB2 GLI3 PTCH2 HHIP

Figure 5.15: Alterations in gene expression levels of DNA methylation and

cancer related markers changes upon SMARCC2 knockdown.

A. Transcripts involved in active DNA demethylation. B, C. Transcripts important for
cancer stem cells proliferation and maintenance. D. Transcripts related to the SHH
signalling pathway. Mean values of three individual experiments (n = 3) are shown.
Error bars are shown as £ SD. Un-paired t-test was performed: *:p < 0.05, **:p <
0.01, ***:p < 0.01, ****:p < 0.001.
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We next examined the levels of both 5hmC and 5caC using
immunohistochemistry followed by confocal microscopy imaging. In contrast
to our observations after RCOR2 depletion, SMARCC2 knockdown led to
elevated levels of both 5hmC and 5caC (p < 0.001) (Fig. 5. 16). The elevated
levels of these epigenetic marks do not correlate with TET levels which remain
stable after the knockdown (Fig. 5.15 A). Our results indicate that SMARCC2
might be a negative regulator in the maintenance of 5hmC and 5caC in the
DNA of MB independent from TET activity.
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Figure 5.16: SMARCC2 knockdown leads at increased
immunocytochemically detectable levels of 5caC/5hmC.

A. Co-detection of 5caC/5hmC in siRNA control and siRNA treated cells. Merged views
and individual channels are shown. The cell cultures were stained in parallel at the
same experimental conditions and were imaged at identical settings. Scale bar = 10
pm. C. Quantification of 5hmC and 5caC signals. Mean values of the average
intensities of each individual cell for each cell population in two individual experiments
(n = 2) are shown. Error bars are shown as £ SEM. Un-Paired t test has been
performed. *:p < 0.05, **:p < 0.01, ***:p < 0.01, ****:p < 0.001.
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5.4. Technical discussion

Following up on the previous publications from our group in which we showed
the presence of 5caC in brain and breast cancer tissues (Eleftheriou et al.
2015) and in paediatric brain tumour cell lines (Ramsawhook et al. 2017) as
well as our findings in the first chapters of this thesis. We next sought to
examine the biological role of 5caC presence in both adult and paediatric brain
tumours. Thus, we studied the readers of 5caC as identified by a study in
mMESCs using mass spectrometry approach (Spruijt et al. 2013). Our initial
screening of 5caC potential readers revealed that RCOR2 and SMARCC2 are
highly expressed in both MB and EPN cell lines characterised by high levels of
5caC. Therefore, we proceeded with loss of function experiments using siRNA
mediated knockdown approach. Our results showed that, RCOR2 knockdown
leads to significantly lower levels of 5caC in the UW228-3 MB cell line while
SMARCC2 leads to elevated levels of both 5hmC and 5caC in the same cell
line. Our observations therefore gave us a good indication that RCOR2 and
SMARCC2 might act as 5caC readers in MB.

We performed our initial screen of gene expression of selected 5caC potential
readers in our cell lines compared to HelLa. The rationale for this comparison
comes from previous observations in our lab that HelLa cells do not exhibit
immunocytochemically detectable levels of 5caC whereas there is a
subpopulation of cells in MB and EPN with increased levels of 5caC
(Ramsawhook et al., 2017). Therefore we made the assumption that the
differences we observed in the gene expression levels between HelLa and our
cell lines examined could possibly be explained by the presence of 5caC in

our system.

Nevertheless our approach has several limitations. The first one, is that the
HeLa cell line was first established 70 years ago and it has been extensively
used for cervical cancer research and drug screening; however it has been
argued that HeLa genome has been transformed during the years in culture
and is no longer a human line (Landry et al. 2013) making HelLa cells a less
favourable model to use nowadays. Thus, the differences we observed in the

relative expression of 5caC potential readers in our system may be due to the
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transformation of the Hela cell line if it is indeed derived from completely
different tissue with different gene expression profiling. Ideally, we could use
human astrocytes or human NSCs as a better comparison control however,
we did not have access to these samples at that time. Another limitation is
the variability that has been observed in gene expression profiling of different
Hela clones (Frattini et al. 2015); to overcome this we used the same clone
of Hela cells throughout our experiments in order to limit variability. Thus,

we proceeded with using Hela cells for the initial screening of the readers.

MB and EPN represent the two most common forms of malignant paediatric
brain tumours while GBM represents the most aggressive adult brain tumour.
They have all been categorised into molecular subgroups based on their
transcriptome and methylome characteristics (Johnson et al. 2010; Taylor et
al. 2012; Verhaak et al. 2010) supporting the hypothesis that DNA
methylation and demethylation plays a key role in the development and
pathogenesis of brain cancer. We used BXD-1425 EPN and DKFZEP1NS EPN
cell lines, that had been isolated from patients with recurrent supratentoria
anaplastic EPNs (Milde et al. 2011; Yu et al. 2010) which is the most
aggressive subgroup of EPN. Both of these cell lines harbour a C110rf95-RELA
fusion protein which has the ability to translocate to the nucleus and activate
the NF-kB pathway transforming NSCs; which are considered to be the cell of
origin of EPN (Parker et al. 2014). We also used UW228-3 and DAOY MB cell
lines which harbour TP53 mutations and therefore represent a very high risk
subgroup of SHH driven MB (Kunkele et al. 2012; Ramaswamy et al. 2016).
For GBM, LN229 and LN18 were used, both of which harbour TP53 mutations,
deletions in p16 /p14ARF tumour suppressor genes and are PTEN wild type
and also U87-MG, which is PTEN mutated and contains p16/p14ARF deletion
(Lines et al. 1999).

Our results from the initial screening of the cell lines examined showed that
EPN and MB display similar gene expression patterns with some genes not
having a distinct pattern of expression among the cell lines (Fig. 5.7). Both
paediatric brain tumours are characterised by deregulation of signalling
pathways important for embryonic brain development including SHH, WNT
and Notch (de Bont et al. 2008). Moreover, both EPN and MB have been found
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to contain a population of cancer stem- like cells (Milde et al. 2012; Vanner
et al. 2014).

Our screening of the 5caC potential readers in GBM revealed further cell line
heterogeneity with U87-MG presenting a more unique pattern of expression
compared to LN18 and LN229 (Fig. 5.8). Differences in gene expression levels
are mainly because they are derived from different subtypes of GBM. A recent
study based on genotyping of short tandem repeats (STR) has shown that
the DNA of U87-MG cell line differs from that of the original cell line derived
from GBM patient almost 50 years ago; suggesting that it is still a glioma cell
line but with different characteristics than the original (Allen et al., 2016).
Other studies also showed that different culture conditions can alter the
transcriptome of GBM cell lines (Lee et al., 2006). Cell lines grown in serum
containing medium in adherent conditions deviate from the tumour of origin
whereas cell lines maintained in serum-free neural stem cell medium maintain
their tumour specific characteristics (Pollard et al., 2009). The differences
between the cell lines as well as the culture conditions used might explain the

differences in the gene expression profiles observed.

Our screening showed that all 5caC readers examined were not expressed or
expressed at low levels in GBM cell lines thus we decided to proceed with our
experiments focusing on paediatric brain tumours. We found that SMARCC2
and RCOR2 are highly expressed in all the paediatric brain tumours cell lines
examined. Briefly, SMARCC2 is a member of the SWI/SNF family of ATP-
dependent chromatin remodelling complexes and regulates transcription
through chromatin remodelling (Kadam et al. 2000). It is also required for
forebrain development in the regulation of proliferation, differentiation and
cell survival of neural progenitor cells (Narayanan et al. 2015). RCOR2 gene
encodes repressor element 1 (RE1l) silencing transcription factor (REST)
corepressor 2 protein, a transcriptional repressor of a number of neuronal-
specific genes in NSCs and is critical for the maintenance of NSCs (Huang &
Bao 2012). It has been shown that REST can promote the development of MB
arising from NSCs or NPCs (Fuller et al. 2005). The cross talk between REST
and the SHH signalling pathway or WNT signalling pathway during early
embryonic development might also have an important role during MB
formation (Singh et al. 2008).
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We showed that, after depletion of either RCOR2 or SMARCC2, the levels of
members of the active DNA demethylation pathway remain unaltered (Fig
5.12 and 5.15). Rather unexpectedly, 5caC levels were significantly lower in
RCOR2 knockdown whereas they were significantly higher in SMARCC2
knockdown. Our findings indicate that RCOR2 and SMARCC2 might act as
readers of 5caC in MB in a TET-independent manner. One possible
explanation is that RCOR2 might interact with other complexes in order to
stabilise the 5caC mark while SMARCC2 is a negative regulator of both
5caC/5hmC. We also found that depletion of either RCOR2 or SMARCC2 leads
to the an upregulation of SHH pathway related genes (DYRKB1, GLI3, and
ARRB2) which were previously found to be upregulated in this type of tumour
(Northcott et al. 2011), indicating that the knockdown of RCOR2 and
SMARCC2 might lead to further activation of the SHH pathway in MB.
Moreover, there was an upregulation of certain cancer stem cell markers
including NESTIN in RCOR2 treated cells. NESTIN can specifically bind to GLI3
promoting the development of SHH MBs enhancing tumour growth (Li et al.
2016a). These results indicate that the depletion of RCOR2 and SMARCC2 in
MB can result in alterations at 5hhmC/5caC levels. However, it can also result
in the up regulation of both SHH related genes and cancer stem cell markers.
Collectively our results indicate that SMARCC2 and RCOR2 are 5caC readers
in MB; however further experiments need to be done to support these

findings.
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Chapter 6. Main discussion

6.1. Spatial and genomic distribution of 5caC in GBM

and MB cell lines

6.1.1. GBM and MB cell lines are characterised by unique methylation

marks

The presence of 5caC in cancer tissues has not yet been systematically
studied due to the extremely low levels of this modification in the genome as
it is up to 100 times fold lower than 5hmC (Ito et al. 2011). However, several
studies have suggested its distinct role in gene expression regulation;
indicating that 5fC and 5caC presence within gene bodies reduce the
elongation rate of RNA polymerase II (Kellinger et al. 2012; Wang et al.
2015a). Therefore, the aim of the first chapter of this thesis was to examine
the presence, as well as the spatial and genomic distribution of 5hmC/5caC
in brain tumour’s cell lines in an attempt to examine its biological role in the

development of brain tumours.

The first report studying the levels of 5caC in cancer tissues was published
by Chowdhury et al., in 2014 (Chowdhury et al. 2014). In this study they
designed a biotin-avidin mediated enzyme-based immunoassay (EIA) in order
to evaluate the levels of 5hmC/5caC in the blood of patients diagnosed with
metastatic lung, pancreatic and bladder cancer versus healthy controls
(Chowdhury et al. 2014). They showed that global 5hmC levels in the blood
of patients with metastatic lung cancer were significantly lower (0.013 %
0.0003%) compared to healthy controls (1.025 £ 0081%) (Chowdhury et al.
2014). Indicating that global 5hmC levels can serve as a biomarker of
metastatic lung cancer. Interestingly, 5caC was detectable in the blood
samples of both healthy and cancer patients with no significant difference in
the levels (Chowdhury et al. 2014). In contrast to this study, our studies,
using immunohistochemistry showed that the levels of 5caC are elevated in

a proportion of breast cancer tissues, independent of 5hmC levels, while 5caC
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was not detectable in healthy breast tissues (Eleftheriou et al. 2015). These
data indicated that there might be preferential oxidation of TET proteins from
5mC to 5caC in a proportion of cancer tissues (Eleftheriou et al. 2015). The
presence of 5caC in cancer tissues but not in the healthy tissues adjacent
indicates a potential role of 5caC and active DNA demethylation in the
development of tumours (Eleftheriou et al. 2015). In a subsequent study in
breast cancer tissues a method for the accurate simultaneous quantification
of 5mC and its oxidative derivatives have been developed (Guo et al. 2017).
This method is based on chemical derivatization coupled with UPLC-
electrospray quadrupole time of flight mass spectrometry analysis (LC-
HRMS/MS); derivatization was performed to improve separation and enhance
sensitivity (Guo et al. 2017). Similar to our study (Eleftheriou et al. 2015),
elevated 5fC and 5caC levels were found in breast cancer tissues compared
to healthy controls (Guo et al. 2017). Elevated levels of 5caC were also found
in prostate cancer tissue samples compared to healthy controls and were
associated with favourable prognosis (Storebjerg et al. 2018). Quantitative
analysis with 2D-UPLC-MS/MS showed that 5hmC levels were 5 fold lower in
colorectal carcinoma relative to normal tissues adjacent to tumour
(Gackowski et al. 2016). Nevertheless, the levels of 5caC and 5fC were also
detectable in the healthy tissues adjacent to cancer as well as in colorectal
carcinoma displaying although at lower levels (Gackowski et al. 2016; Tang

et al. 2015); in contrast to our previous findings in breast cancer tissues.

Correspondingly, here we show for the first time that GBM cell lines display
immunocytochemically and mass spectrometry detectable levels of 5caC (Fig.
3.1 and 3.9). 5caC is present in a sub-population of cells in the GBM cell lines
examined, while 5hmC is present in a homogeneous spatial distribution within
the nuclei of GBM cell lines examined. However, direct comparison of the
absolute immunocytochemically detectable levels of 5hmC and 5caC in GBM
cell lines was not possible due to the incorporation of tyramide amplification
step in the detection of 5caC. The presence of 5caC in GBM cell lines is
accompanied by high TET2 transcript and protein levels. Our siRNA mediated
knockdown of TET2 leads to diminished 5hmC/5caC in LN18 GBM cell line but
not in UW228-3 MB cell line. These findings indicate that TET2 is responsible

for the oxidation of 5mC into 5hmC and 5caC in LN18 GBM cell lines. However,
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in MB it is possible that the high levels of TET1 (Ramsawhook et al. 2017) are

responsible for the establishment of 5hmC and 5cac.

Interestingly, primary GBM cell lines also displayed immunocytochemically
detectable levels of 5hmC/5caC (Fig. 3.5). Nevertheless, 5caC spatial
distribution was significantly different compared with continuous GBM cell
lines indicating that cell culture conditions affect the levels and the
distribution of 5caC. Indeed previous studies showed that 5hmC levels
decrease rapidly as cells adapt to cell culture; with the concomitant decrease
of TET transcript levels (Nestor et al. 2012). Moreover a study examining the
global levels of 5hmC and 5caC using 2D-UPLC-MS/MS showed a global
erasure of 5hmC/5caC levels in the DNA of cultured cells lines compared with
DNA from primary malignant tissue (Foksinski et al. 2017). Global levels of
5hmC in colorectal cancer tissues were 15-fold lower than the levels in
cultured colon cancer cell line (HCT116); while 5caC levels were 14-fold lower
(Foksinski et al. 2017). Therefore, the differences observed between primary

and continuous cell lines could be attributable to cell culture conditions.

Single-base resolution analysis reveals that 5hmC is enriched at CpG islands
associated with transcriptional regulators at distal-regulatory regions and
LINE elements (Booth et al. 2012; Yu et al. 2012). 5hmC is strongly enriched
at exons near transcriptional start sites of genes marked with H3K27me3
and H3K4me3 indicating its role in transcriptional regulation (Pastor et al.
2011). Unlike 5hmC levels, 5fC and 5caC levels are significantly lower in all
mammalian tissues and cells (Ito et al. 2011). 5fC is enriched in CpG islands
of promoters and at poised enhancers (Iurlaro et al. 2016; Song et al.
2013a); its presence in mESCs is often associated with elevated H3K4me3
and active transcription (Raiber et al. 2012);. Moreover, 5fC and 5caC are
enriched at active gene promoters of highly expressed genes and enhancers
in ESCs (Neri et al. 2015). Here, we examined the genomic distribution of
5caC in hiPSCs cell lines in LN18, U251 GBM cell lines and in UW228-3 MB
cell lines. In agreement with our mass spectrometry results, 5caC presence
in cancer cell lines is significantly lower than hiPSCs. In common with previous
findings (Lewis et al. 2017; Neri et al. 2015; Shen et al. 2013; Song et al.
2013a; Wheldon et al. 2014), 5caC was enriched at protein coding transcripts

in all the cell lines examined, indicating its potential role in the regulation of
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gene transcription. Nevertheless the extremely low abundance of 5caC in
GBM cell lines revealed by 5caC-DIP followed by NGS did not allow us to make
any conclusions based on the genomic distribution of this mark in GBM and
its role in transcriptional regulation. Therefore, subsequent experiments
examining 5caC presence at single base resolution using caMAB-seq, based
on bisulfite conversion, should be performed in order to validate our meDIP

results.

6.1.2. Different MB subgroups are characterised by distinct 5hmC

levels and detectable levels of 5fC/5caC

Deregulation of signalling pathways important for normal brain development
such as SHH and WNT is a hallmark of MB pathogenesis (Northcott et al.
2011; Taylor et al. 2012). Epigenetic modifications and DNA methylation play
key roles during normal cerebellar development and MB progression (Roussel
& Stripay 2018). Currently, MB can be classified into four distinct subgroups
based on their genetic epigenetic and transcriptomic characteristics
(Northcott et al. 2011, 2017; Taylor et al. 2012). The role of DNA methylation
is well known during MB pathogenesis; however less is known about the role
and the distribution of the oxidative derivatives of 5mC in different MB
subgroups. The present study is the first study to examine the absolute levels
of 5mC oxidative derivatives (5hmC, 5caC, 5fC) in three of the subgroups of

MB through a very sensitive mass spectrometry method.

According to a number of studies, oxidised forms of 5mC are of high
importance for tumour pathogenesis (Ficz & Gribben 2014). Levels of 5hmC
are significantly reduced in many cancers including MB compared with its
levels in normal tissues (Jin et al. 2011); this reduction correlates with
tumour progression and poor prognosis (Ficz & Gribben 2014). Interestingly
our results show a precise correlation of distinct 5ShmC levels with different
subtypes of MB where group 4 has the highest levels of 5hmC followed by
group 3 and SHH (Fig. 3.10). In our experiments, the levels of 5hmC do not
correlate with poor prognosis across the MB subgroups. It is also important
to note that our results are in contrast with a recent study examining the

levels of 5hmC in different primary MB samples using dot-blot assays, that
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did not find any correlation between 5hmC levels and MB subtypes (Bezerra
Salomao et al. 2018). It is likely that these differences are attributable either
to different sensitivity of mass spectrometry compared with antibody-based

techniques or due to difference between primary and established cell lines.

In agreement with previous publications from our group that showed elevated
levels of 5caC in cancer tissues such as breast cancer, gliomas, MB and EPN
using immunocytochemistry (Eleftheriou et al. 2015; Ramsawhook et al.
2017); here, we confirm that 5caC and 5fC are detectable in the majority of
the cell lines tested; however the levels of these modifications do not show
any correlation with different MB molecular subgroups. Given the embryonal
nature of MB (Leto et al. 2016), it is possible that the presence of 5caC and
5fC in these tumours may be linked with previously reported accumulation of
these marks during the differentiation of neural and glial cells in normal brain
development (Wheldon et al. 2014). Moreover, the detection of comparatively
high levels of 5caC that do not correlate with 5fC or 5hmC content in our
experiments implies independent generation of these modifications in these
tumours; which might reflect to different cell of origin (discussed in main
introduction) in different MB subgroups. This may also indicate potential

distinct roles of these oxidative forms of 5mC in MB pathogenesis.

In this context, according to a number of recent studies, in addition to their
roles as intermediates in the process of active demethylation, both 5fC and
5caC are likely to play specific roles in the regulation of gene expression
(Bachman et al. 2015; Wheldon et al. 2014). Correspondingly, these
modifications have been shown to interact with various transcription factors
and proteins involved in chromatin remodelling and DNA repair (Spruijt et al.
2013). Furthermore, 5caC may also directly retard Pol II elongation on gene
bodies (Wang et al. 2015a). Relatively high content of this modification in MB
suggest that these mechanisms may also be involved in the pathogenesis of

these tumours.

MB represents a heterogeneous disease and current approaches of treatment
with standard chemotherapy are clearly outmoded (Crawford et al. 2007;
Martin et al. 2014). The diversity of genetic and epigenetic events within MB
(Cavalli et al. 2017; Northcott et al. 2017) warrants the need for more
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personalised therapies. Thus, conventional chemotherapy drugs used for MB
treatment generally represent cytotoxic agents that interfere with DNA
replication and non-specifically target proliferating cells leading to numerous
side effects including increased risk of infection, nausea fatigue and alopecia
(Crawford et al. 2007; Martin et al. 2014). Apart from the short term side
effects, survivors of MB often experience an onset of neurological conditions
post treatment such as hearing loss, seizures, impairments in balance and
coordination (King et al. 2017). The diversity of genetic and epigenetic events
within different molecular subgroups of MB (Cavalli et al. 2017; Northcott et
al. 2017) suggest that epigenetic approaches for therapy may be beneficial.

At present, several drugs targeting different subgroups of MB are undergoing
clinical and pre-clinical trials (Coluccia et al. 2016). Thus, Vismodegib and
Sonidegib are approved by the FDA for the treatment of basal cell carcinoma
(Migden et al. 2015; Sekulic et al. 2012) and have been shown to inhibit
Smoothened (SMO) in SHH-driven MB (Kool et al. 2014). However, these
drugs are effective only in a subset of tumours that harbour mutations in the
genes acting upstream of SMO in SHH pathway (Kool et al. 2014).
Bromodomain and extra-terminal motif (BET) inhibitors have also been
shown to decrease tumour cell viability in group 3 MB in preclinical studies
(Bandopadhayay et al. 2014; Bolin et al. 2018). Moreover, high throughput
drug screening for MYC driven MB identified HDAC inhibitors as potential
therapeutic agents, as their administration combined with treatment with
phosphoinositide 3-kinase (PI3K) inhibitors leads to tumour growth inhibition
and prolongs survival of MYC driven MB bearing mice (Pei et al. 2016). Thus,
novel markers that can be used for classification of MBs into different
molecular subgroups are of particular interest due to the need for

personalised therapies for treatment of these highly heterogeneous tumours.

Recent studies suggest that liquid biopsy may represent a quick non-invasive
approach for early diagnosis of cancer progression (Saenz-Antofianzas et al.
2019; Zeng et al. 2019). Tissue biopsy is invasive and, especially in the case
of brain tumours, clinically risky as it requires surgical resection of the tumour
that is linked with the risks of damaging the normal brain tissue potentially
leading to catastrophic outcome (Ilié & Hofman 2016; Saenz-Antofanzas et

al. 2019). Moreover in addition to the risks of surgery, the information
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obtained using this approach is often limited as the biopsies are usually
acquired from a single-region within the tumour and, thus, the intra-tumour
heterogeneity is not measured (Sabaawy 2012). In contrast to tissue biopsy,
liquid biopsy offers a less invasive tool for cancer diagnostics based on the
analysis of circulating materials such as circulating free DNA (cfDNA) a
fragmented cellular DNA that is released into the bloodstream by cells
undergoing apoptosis and necrosis (Jahr et al. 2001; Wan et al. 2017). In
healthy people, it is derived from apoptotic hematopoietic cells (Lehmann-
Werman et al. 2016), however in cancer patients, it can be of tumour tissue
and microenvironment origin (Wyatt et al. 2017). There is an increasing
number of clinical trials based on the 5hmC profiling of cfDNA in tumour
patients-derived samples (Zeng et al. 2019). Importantly, studies performed
on colorectal and gastric cancers, indicate that cfDNA can provide details of
5hmC content that can potentially be used to identify various cancer types
and track tumour stages (Li et al. 2017; Song et al. 2017). In this context,
our results indicate that the assessment of global 5hmC levels in cfDNA may
allow early, quick, non-invasive stratification of patients into different MB
subtypes as well as contributing to the development of novel targets for

specific treatment of these tumours.

6.2. Catalytically inactive TET2 protein leads to
diminished 5hmC levels in LN18 cells resulting in

impaired tumorigenic capacity

It is well established that disrupted DNA methylation contributes to initiation
and progression of tumorigenesis (Baylin and Jones 2011; Esteller, 2007).
Previous studies in our group demonstrated transient accumulation of
5caC/5fC mediated by TET enzymes during differentiation into neuronal and
hepatic lineages, while levels decreased drastically in terminally differentiated
cells (Lewis et al. 2017; Wheldon et al. 2014). Therefore, we hypothesised
that 5caC presence in GBM cell lines might indicate glioma stem cells’
differentiation state; and active DNA demethylation might be operative in this
system contributing to tumorigenesis. Our previous findings based on

transient knockdown of TET2 indicate that TET2 might be responsible for the
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oxidation of 5mC into 5hmC and 5caC in LN18 GBM cell line. Therefore, we
generated a TET2 KO cell line in order to further examine our hypothesis on
the role of active DNA demethylation via TET2 mediated oxidation in GBM

tumorigenesis.

Reduced TET2 enzymatic activity in malignancies and diseases has been
correlated with reduced 5hmC levels (Calabrese et al. 2014; Lian et al. 2012;
Puig et al. 2018; Tong et al. 2019; Zhang et al. 2019). Nevertheless,
according to Kraus et al., alterations at TET2 genes in gliomas are not
responsible for the reduced 5hmC levels observed in these tumours (Kraus et
al. 2015); suggesting that nuclear exclusion of TET proteins in gliomas might
be responsible for the reduced oxidation (Mdller et al. 2012). In this study we
showed that the introduction of a stop codon before the catalytic domain of
TET2 protein leads to catalytically inactive enzyme; resulting in diminished
5hmC levels in the GBM cell line examined while the levels of TET1 gene
remain unaltered (Fig. 4.19 and 4.20). Additionally, heterozygous
inactivation of TET2 also leads to 6 fold lower 5hmC levels, suggesting that
disruption of only one allele of TET2 can significantly affect the oxidation of
5mC into 5hmC (Fig. 4.19 and 4.20). Moreover, in agreement with previous
studies in glioma stem cells (Zhou et al. 2018a), TET2 KO in our system led
to significantly lower levels of 5fC indicating its role in establishing 5fC in
GBM. Therefore, suggesting that TET2 is responsible for the active DNA

demethylation occurring in LN18 GBM cell line.

Although there has been huge progress in the study of 5mC oxidative
derivatives on DNA with methods including immunohistochemistry, meDIP,
bisulfite sequencing and mass spectrometry there is still a diversity in their
use. Therefore, a future standardisation would be useful in order to establish
a cutoff to identify 5caC positive versus negative DNA bases. The discrepancy
we observed at the levels of 5caC between our immunocytochemistry
experiment and the mass spectrometry experiment is striking. Due to the
extremely low levels of 5caC in the genome, our immunocytochemistry
experiment involves a tyramide amplification step which allows the
amplification of the signal increasing the detection ability (Abakir et al. 2016).
On the other hand the 2D-UPLC-MS/MS method applied has the ability to
detect extremely low levels for 5caC. Therefore, it is possible that the levels
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of 5caC detected by mass spectrometry might be a result of false positive
signal. Moreover, it could be possible that 5caC is present on the RNA in GBM
cell lines and our observations in mass spectrometry experiments could be
due to RNA contamination in the samples. Emerging evidence shows that TET
enzymes have the ability to catalyse the formation of 5hmC (Fu et al. 2014),
5caC and 5fC in RNA in vitro (Basanta-sanchez et al. 2017) while endogenous
5hmC, 5fC and 5caC was found in the RNA in mammals (Huang et al. 2016b).

A growing body of evidence suggests TET2 has a role as a tumour suppressor
in haematological malignancies (Ko et al. 2010, 2015; Li et al. 2011;
Quivoron et al. 2011; Wang et al. 2015b; Weissmann et al. 2012). Indicating
that inactive TET2 leading to reduced 5hmC levels contributes to the
development of haematological malignancies. Moreover, according to a more
recent study, TET2 inactivation in leukaemia progression leads to aberrant
self-renewal while TET2 restoration of activity with Vitamin C induction
reverses the phenotype (Cimmino et al. 2017). In contrast to these findings,
our results revealed that TET2 KO does not impair either the proliferation of
GBM cells or the proliferation of GBM cells enriched for glioma stem cells
population (Fig. 4.21 and 4.22). Indicating a possible distinct role of TET2 in

GBM compared to haematological malignancies.

It has previously been shown that the majority of the tumours are
characterised by a hierarchically organized system that includes cancer stem
cells with quiescence and self-renewal capacity within the tumours. These
cells are responsible for tumour maintenance and recurrence (Behnan et al.
2017; Chen et al. 2012; Singh et al. 2004). GBM contains distinct cellular
subpopulations that express neural stem and progenitor cell markers
including NESTIN, SOX2 and OLIG2 (Singh et al. 2004; Suva et al. 2014).
Glioma stem cells identified within the tumour bulk share biological
similarities with NSCs however they also have distinct alterations favouring

their malignant growth (Zhou et al. 2018a).

Previous studies showed increased TET2 levels in glioma stem cells of primary
GBM tumours correlating with stem markers, including SOX2 (Zhou et al.
2018a). Our data showed that key markers associated with glioma stem cells

maintenance and proliferation are downregulated in the TET2 KO clone (Fig.
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4.23). Interestingly, TET2 KO cells cultured in conditions enabling the
proliferation of glioma stem cells showed limited tumorigenic ability in vitro
(Fig. 4.24 and 4.25). A recently published study showed that TET2 enzymatic
activity has the ability to control glioma cancer cells survival and recurrence
(Puig et al. 2018). It has been shown that, TET2 was highly expressed in the
subpopulation of cancer stem cells of different tumour types including colon
cancer, myeloma and GBM (Puig et al. 2018). TET2 knockout in cancer stem
cells in colon cancer resulted in increased apoptosis in vitro and delayed
subcutaneous tumour regrowth in vivo, increasing progression-free survival
(Puig et al. 2018). Moreover, high TET2 levels in glioma stem cells contributes
to their chemo-resistance suggesting TET2 potential association with DNA
damage (Zhou et al. 2018a). Our results, similar to Puig et al., showed that
TET2 knockout could inhibit growth of cancer stem cells in vitro in GBM cell
lines. Moreover, current evidence indicates that TET2 expression levels
correlates with a short relapse time in recurrent GBM suggesting that
inhibition of TET2 could be used as a therapeutic approach for recurrent GBM
(Briand et al. 2018). Similarly, patients with colorectal carcinoma that showed
enrichment of TET2 levels and treated with chemotherapy, relapsed

significantly earlier (Puig et al. 2018).

Another study, however, showed that ectopic expression of TET2 in U87-MG
and U251 resulted in the inhibition of tumour invasiveness and cell
proliferation in vitro and growth in vivo (Chen et al. 2017). However, in this
study, cells were grown in adherent conditions and there is no indication of
the phenotype of TET2 overexpression when cells are cultured in glioma stem
cell enrichment medium. Although we observed reduced tumorigenic capacity
of TET2 KO cells that does not mean that TET2 could act as a tumour
suppressor in the bulk tumour. Another study suggests that in colon cancer
TET2 could inhibit proliferation only in the population of slow-cycling cancer
stem cells (Puig et al. 2018). It is well known that GBM is characterised by
intratoumoral heterogeneity, our results showed that, TET2 blocks the
formation of neurospheres in vitro; however it does not show any effect when

cells are not enriched in cancer stem cells conditions.
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6.3. 5caC potential readers in adult and paediatric
brain tumours cell lines. The implication of RCOR2 and
SMARCC2 in active DNA demethylation in MB

development.

The aim of the last chapter of this thesis was to study the 5caC potential
readers in adult and paediatric brain tumour cell lines. A study based on a
mass spectrometry approach identified the readers of 5mC oxidative
derivatives in mESCs (Spruijt et al. 2013). However, although there are
several studies identifying 5caC readers in mESCs (Shin et al. 2016; Song et
al. 2016; Spruijt et al. 2013); their role in interpreting 5caC has not been
systematically assessed in brain tumours. We therefore, selected 5caC unique
readers and studied their expression in brain tumours cell lines with regards

to their contribution to active DNA demethylation pathway.

Previous studies in our group showed that EPN and MB paediatric tumour cell
lines are characterised by high levels of 5caC (Ramsawhook et al. 2017). In
contrast, the HelLa cell line does not have any immunocytochemically
detectable 5caC levels (Ramsawhook et al. 2017). Thus, we proceeded with
the initial screening of the expression levels of 5caC readers in brain tumour
cell lines relative to HelLa using gPCR. Our results showed that RCOR2 and
SMARCC2 levels are elevated in MB and EPN cell lines (Fig. 5.1 and 5.4).
Hence, loss of function experiments using a siRNA mediated knockdown
approach were performed for RCOR2 and SMARCC2 genes. Our results
indicate that knockdown of both RCOR2 and SMARRC2 impairs 5caC levels in
UW228-3 MB cell line (Fig. 5.13 and 5.16). These findings suggest that
RCOR2 and SMARCC2 expression interprets 5caC oxidation in UW228-3 MB

cell line.

SMARCC2 belongs to the SWI/SNF complex, an ATP-dependent chromatin
remodelling complex which regulates chromatin structure acting either as a
transcription repressor or as an activator (Hargreaves & Crabtree 2011; Wu
2012). Inactivation of the SWI/SNF complex impairs the appropriate cell

response to signalling preventing cell differentiation and sustaining cell
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growth (Romero & Sanchez-Cespedes 2014). It has been shown that
conditional knockdown of SMARCC2 in mice represses cortical neurogenesis
resulting in an enlarged cortex while overexpression of SMARCC2 rescues that
phenotype (Tuoc et al. 2013). Although SMARCC2 is not expressed in ES cells
it has been shown that differentiation into neural progenitor cells leads to its
activation (Lessard et al. 2007). SMARCCZ2 mutations have also recently been
related with neurodevelopmental abnormalities; while individuals with
variable neurodevelopmental delay and growth retardation have mutations in
the SMARCCZ2 gene (Machol et al. 2019).

These findings indicate that SMARCC2 might have a distinct role in the
regulation of chromatin during neuronal differentiation. Considering that MB
develops from the deregulation of critical pathways involved in neuronal
differentiation (Kool et al. 2012; Northcott et al. 2012b, 2017), SMARCC2
knockdown in MB cell lines would also give an indication of the phenotype in
MB development. The UW228-3 MB cell line is derived from a SHH MB
therefore it has an activated SHH pathway. Thus, following siRNA mediated
knockdown of SMARCC2 we examined the levels of key genes found to be
upregulated in SHH derived MB (Northcott et al. 2011). Our results show a
further upregulation of ARRB2, GLI3 and PTCHZ2 (Fig. 5. 15). Indicating that
SMARCC2 downregulation might lead to a further activation of the SHH
pathway in UW228-3 cell lines. Moreover, in parallel with this, we observed
elevated 5caC levels in SMARCC2 knockdown, which suggests that SMARCC2
might be a negative regulator of 5caC. It could be possible therefore that
SMARCC2 acts as a 5caC reader in SHH MB interpreting active DNA

demethylation as well as having an effect in SHH pathway driven MB.

RCOR2 is a repressor of the REST/neuron-restrictive silencer factor
(REST/NRSF) which is a critical regulator of neuronal differentiation, acting
by repressing the expression of neuronal genes in non-neuronal cells and
neural progenitors (Chong et al. 1995; Negrini et al. 2013; Schoenherr &
Anderson 1995). It has been suggested that REST can act as a tumour
suppressor in non-neural tumours and as an oncogene in neural tumours
(Negrini et al. 2013). Overexpression of REST and MYC in NSCs blocks
neuronal differentiation and leads to MB development in vivo (Su et al. 2006).

Interestingly, MB is characterised by high levels of REST/NRSF compared with
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neuronal progenitor cells (Lawinger et al. 2000). The replacement of the NRSF
repressor domain with the activation domain of viral protein 16 (VP16) and
its transient expression in MB cells leads to stimulation of nheuronal promoters
as well as inhibited proliferation and growth of MB cell lines (Lawinger et al.
2000). Intratoumoral injection of the REST-VP16 complex in nude mice
harbouring MB tumours led to inhibition of their growth (Lawinger et al.
2000).

According to a recent study RCOR2 and RCOR1 form a complex with the TF
insulinoma-associated 1 (INSM1) that induces cell cycle arrest in the
embryonic brain (Monaghan et al. 2017). Deletion of both RCOR1 and RCOR2
in mice leads to embryonic lethality and defects in brain development with
more neural progenitors but fewer terminally differentiated neurons and
oligodendrocytes (Monaghan et al. 2017). REST transcripts are upregulated
in the absence of RCOR2 and reducing REST transcripts partially rescues the
phenotype (Monaghan et al. 2017). Suggesting that elimination of RCOR1
and RCOR2 promotes neural proliferation over differentiation (Monaghan et
al. 2017). In agreement with these observations, our results show
upregulation of NESTIN and NOTCH1 genes (Fig. 5.12) which are involved in
the proliferation of NPCs (Bernal & Arranz 2018). Suggesting a possible role
of RCOR2 in the regulation of neural proliferation in MB development.

Moreover, another study shows the interplay between RCOR2 and SHH
pathway in brain development. RCOR2 forms a complex with lysine specific
histone demethylase (LSD1) targeting SHH pathway and brain development
(Wang et al. 2016). Whereas, in vitro RCOR2 knockdown leads to decreased
neurosphere size indicating that it significantly affects the stemness (Wang
et al. 2016). Mouse embryos with RCOR2 KO display reduced brain sizes and
structural abnormalities of the cortex affecting neocortical development. As a
consequence of alterations in chromatin structure through nucleosomal
demethylase activities of LSD1 complex at the promoter regions of key genes
involved in SHH (Wang et al. 2016). Transcriptome analysis of RCOR2 KO
cells reveals upregulation of genes involved in neuronal differentiation as well
as genes involved in SHH pathway (Wang et al. 2016). In agreement with
these studies, our results show that RCOR2 knockdown in SHH MB cell line
leads to the upregulation of genes involved in SHH pathway (Fig. 5.12)
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indicating a possible role of RCOR2 role in the activation of SHH pathway in

MB development.

siRNA mediated knockdown of RCOR2 not only led to the upregulation of key
genes involved in NPC proliferation and in the SHH pathway but also led to
significantly lower levels of 5caC. Our findings show that 5caC levels upon
RCOR2 depletion were significantly lower (Fig. 5.13). Surprisingly no
significant changes were observed in the levels of TET transcripts (Fig. 5.12);
indicating that the reduction of 5caC levels we observed was independent of
TETs enzymatic activity. Our observations in the last chapter of this thesis
provide a good indication that RCOR2 and SMARCC2 might act as 5caC
readers in MB. However, further evidence is needed to support these findings.

6.4. Concluding remarks and future work

In conclusion, the data generated in this thesis reveal the unique methylomes
that exists in adult and paediatric brain tumours. The implementation of
immunostaining, confocal microscopy, mass spectrometry and meDIP
followed by NGS has revealed the presence of 5caC in brain tumour cell lines.
While distinct levels of 5hmC in different subgroups of MB indicate that 5hmC
can be used as a future biomarker for the classification of MB. Moreover, we
suggested the potential role of RCOR2 and SMARCC2 as 5caC epigenetic

readers in MB development and pathogenesis.

We also showed that, TET2 is responsible for the oxidation of 5mC into
5hmC/5caC/5fC in LN18 cell lines. TET2 CRISPR/Cas9 mediated knockout
leads to reduced levels of oxi-mCs derivatives. Moreover, although TET2
enzymatically inactive protein does not impair the proliferation of GBM cells
it does affect the stemness of the tumours. We showed that, several key
glioma stem cell markers were downregulated in the TET2 KO cells while the
cells had significantly lower tumorigenic ability in vitro. Indicating that, unlike
haematological malignancies, TET2 might act as a tumour oncogene in glioma

stem cells; proposing a new novel target for GBM therapy.
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Nevertheless, in order to complete this work and consolidate our hypothesis,
several experiments need to be conducted. Owing to the differences in the
oxi-mCs abundance and distribution in primary and continuous cell lines
(Nestor et al. 2012), cell lines might not be the ideal model to examine 5caC
genomic distribution in GBM as it is possible that the extremely low 5caC
levels we observed in GBM cell lines in our meDIP analysis were due to cell
culture conditions. Therefore, 5caC and 5hmC meDIP coupled with
transcriptomic analysis could be performed in primary GBM cell lines in order
to gain a better understanding on the distribution of those marks in GBM as
well as their role in transcriptional regulation. Moreover, meDIP of 5hmC in
both TET2 KO cell line and LN18 cell line accompanied with transcriptomic
analysis would help us identify the genomic distribution of 5hmC prior and
after TET2 KO as well as its role in the transcriptional regulation; verifying
TET2 potential role in the regulation of transcription of key glioma stem cells
markers. Finally, in vivo experiments would lead to a better understanding
on the effects of TET2 KO in GBM development; injection of TET2 KO cell line

into nude mice would confirm our in vitro observations.
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