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2. ABSTRACT

DNA methylation (5-methylcytosine, 5mC) is an epigenetic
modification generated by the addition of a methyl group to the 5
position on the cytosine ring of the DNA and it is important for a
range of biological processes such as development and chromosome
stability. 5mC can be enzymatically oxidised to 5-
hydroxymethylcytosine, 5-fCformylcytosine and 5-carboxylcytosine
(5caC) by TET proteins. These oxidised forms of 5mC may both serve
as intermediates in the process of active DNA demethylation and/or
contribute to the regulation of transcription. According to our results,
5caC exhibits heterogeneous distribution between different cells in
glioblastomas (GBM), aggressive gliomas classified as grade IV
astrocytoma which is always rapidly growing and highly malignant.
Interestingly, GBMs are highly heterogeneous cancers containing a
cancer stem cell (CSCs) subpopulation which is responsible for the

reoccurrence of the tumour after treatment.

In the present study we examine the spatial distribution of 5caC in
brain tumour cell lines and show that the levels of this modification
positively correlate with the staining intensity of such CSCs markers as
SOX2 and Olig2 in GBM cells. Our results imply that GBM CSCs may be
enriched in 5caC and therefore, this oxidised form of 5mC may be
employed for identification of stem cell-like populations in GBM with
potential future implications for diagnostics and therapy of the brain

tumours.
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3. INTRODUCTION

3.1 Epigenetics
The earliest definition used for Epigenetics was by Aristotle who
termed it as the sequence of steps for development which then
advanced into the idea of genes having the capability to turn on and
off by Spemenn and Mangold (1924)(Lester, Conradt and Marsit,
2016). Nowadays epigenetics is defined by “an addition to changes in
the genetic sequence” (Weinhold, 2006). It studies the “mitotically
heritable and reversible molecular information outside of the DNA
sequence” (Ladd-acosta and Fallin, 2016). Epigenetics links genotype
and the phenotype resulting in a vital component in genome stability,
chromatin modification and DNA methylation. Waddington
introduced the term epigenetics (Waddington, 1942) to define his
term of the “epigenetic landscape” (Tronick and Hunter, 2016). He
explained that epigenetics is part of a large system which defines the
molecular mechanism involved in the process of a disease, as it is not
solely due to gene and environmental exposures alone because they

are also components of this large molecular system.

3.2 DNA Methylation
The most commonly studied epigenetic modification is DNA
methylation. DNA methylation, originally discovered in the 1970s, is
the addition of a methyl group to the 5 position on the cytosine ring
of the DNA producing 5-methylcytosine (5mC) (Jones, 2012). DNA
methylation is presumably a signalling tool in cells which is used to
turn the genes “off” and it is a vital component in several cellular
processes such as development, genomic imprinting, X-chromosome

inactivation and chromosome stability (Phillips, 2008). Methylation is
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crucial for cell differentiation and embryonic development by
repressing gene expression. Silencing gene expression is essential for
maintaining genome stability during DNA replication, otherwise this
can cause aberrant gene activation which can result in transcriptional
deregulation of certain genes leading to the development of diseases

and abnormalities (Robertson, 2005).

DNA methylation is driven and regulated by DNA methyltransferase
(DNMT) enzymes. There are three major types of DNMTs in mammals:
DNMT1, DNMT3A and DNMT3B (Robertson et al., 1999). DNMT1,
known as the maintenance methyltransferase enzyme, is responsible
to reproduce the methylation pattern after each cycle of DNA
replication (Robertson et al., 1999). The methyltransferase reads the
DNA sequence with the hemimethylated CpG sites and methylates
the new daughter strand (Jones and Liang, 2009). This maintains the

DNA structure and controls gene expressions.

DNMT3A and DNMT3B are known to be de novo methyltransferase
enzymes and show equal affinity for hemi- and unmethylated DNA
(Okano et al., 1999). They are present during early embryonic
development and methylate unmethylated CpG dinucleotides in the
DNA (Okano et al., 2017). De novo methylation during early
embryonic development is crucial for mammalian development and
tissue differentiation by organising and compartmentalising the
genome leading to tissue specific gene expression (Santos and Dean,
2004). Mutations in DNMT3 can cause chromosome instability leading
to abnormalities such as acute myeloid leukaemia (ALL) (Ley et al.,
2010). As embryonic stem cells (ESCs) differentiate into adult cells,
DNMT3 levels downregulate whereas maintenance

methlytransferase, DNMT1, is upregulated (Okano et al., 2017).
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During early embryonic development, DNMT3 is responsible for the

methylation of regions which are CpG rich (Hackett and Surani, 2012).

CpG sites (non-CpG islands) are regions of DNA which have a linear
sequence of cytosine nucleotide followed by guanine nucleotide along
the 5’ to 3’ direction and elevated levels of CpG sites in a specific
region are known as CpG islands (lllingworth and Bird, 2009). CpG
islands are areas of the genome containing over 200 CpG nucleotides
linked consecutively and are commonly identified in the promoters of
housekeeping genes, regulating their expression (Vinson and
Chatterjee, 2012). CpG islands located within promoter regions are
usually unmethylated allowing them to be transcriptionally active
(Skalnik, 2001), facilitating different development processes and
allowing tissue specific expression (Meng et al., 2015). However, CpG
islands associated with promoters of the genes involved in X-
chromosome inactivation become methylated to control dosage
compensation of inactivated chromosomes (Meng et al., 2015).
Moreover, specific non CpG islands (CpG sites) are commonly
methylated to silence expression of certain genes such as oncogenes
(Han et al., 2011). However, there is a number of CG sites which
remain unmethylated which vary between different tissues creating
methylation patterns that are tissue-specific (Cheishvili, Boureau and

Szyf, 2015).

3.3 DNA Demethylation
Equally important as DNA methylation is DNA demethylation which is
the process of the removal of the methyl groups from DNA. It is
involved in epigenetic reprogramming of genes and also in
mechanisms underlying different diseases such as tumour progression

(Szyf, Pakneshan and Rabbani, 2004). Demethylation is important in
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primordial germ cells to allow new imprinting to be established
according to the sex of the germ line (Feng, Jacobsen and Reik, 2010)
and also important during early embryonic stages to create
pluripotent states (Wu and Zhang, 2014). It is characterised by two
types, passive demethylation and active demethylation (Moore, Le

and Fan, 2013).

During cell replication, the DNMT1 enzyme maintains the methylation
of hemi-methylated DNA. However, the loss of DNMT1 results in
diluting out 5mC from DNA after several successful rounds of cell
replication, consequently causing passive demethylation (Niehrs,
2009). Passive demethylation can occur during early embryonic
development as DNMT1 is low during these stages (Robertson et al.,
1999). Any kind of loss or gradual decrease in the level of DNMTs may
cause passive demethylation (Niehrs, 2009; Bhutani, Burns and Blau,

2011b).

On the other hand, active demethylation occurs in non-replicating
cells or cells where replication is inhibited (Bhutani, Burns and Blau,
2011a). It occurs in animals and plants, during differentiation and
early development phases (Niehrs, 2009). One of the most well
characterised pathways of active DNA demethylation is via ten-eleven
translocator (TET) family of enzymes and TDG/base excision repair
(BER) pathway (Bhutani, Burns and Blau, 2011a). The TET enzymes
drive the process of oxidation of 5mC to 5-hydroxylmethylcytosine
(5hmC) and also the further oxidation of 5hmC to 5-formylcytosine
(5fC) and 5-carboxylcytosine (5caC) (lyer et al., 2009). 5fC and 5caC
are excised from DNA by thymine DNA glycosylase (TDG) via the base
excision repair (BER) pathway (He et al., 2011).
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TDG is an enzyme responsible for DNA mismatch repair by binding
and excising mismatches in pyrimidines in GU and GT pairs (Lindahl
and Wood, 1999). TDG has been shown to excise 5fC and 5caC but not
5hmC from DNA (Maiti and Drohat, 2011). TDG removes the methyl
group which would be identified as the “incorrect” base from the
sugar-phosphate backbone of the DNA leaving an abasic site and this
is replaced with an unmodified cytosine by other enzymes during base
excision repair (BER) pathway causing active DNA demethylation

(Rasmussen and Helin, 2016), (Gehring, Reik and Henikoff, 2009).

DNA demethylation is important during embryonic development to
specialise embryonic stem cells into tissue-specific cells and to

activate silenced genes (Teperek-Tkacz et al., 2011).

Figure 1: DNA containing 5mC- and 5ShmC-modified CpG with TET1 CXXC
domain bound away from the major groove (Xu et al., 2011).

3.3.1 TET FAMILY ENZYMES
There are three main ten-eleven translocator (TET) enzymes, which

are TET1, TET2 and TET3. All the TET enzymes contain a C-terminal
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catalytic domain consisting of the double stranded b-helix (DSBH) fold
characteristic of the 2-oxogluterate (20G)- and Fe(ll)-dependant
dioxygenase (20GFeDO) and cytosine rich region. They also belong to
the 20GFeDO superfamily (Tahiliani et al., 2009). TET1 and TET3 also
have a CXXC zinc finger domain (lyer et al., 2009). The TET1 with the
N-terminal CXXC domain binds to both methylated and unmethylated
CpG sites. Xu et al. 2011 performed a study to create a model of the
structure of the TET1 CXXC and noticed that the domain binds to the
DNA via a major groove in the CpG sites; the shortened loop in the
domain moves a little from the major groove and this allows the
binding of 5mC or 5hmC (Fig 1) which predicts the ability of the TET1
CXXC domain to bind to methylated and/or unmethylated CpG
containing DNA (Xu et al., 2011). The expression of these enzymes
vary in different cell types. Ito et al. 2010 conducted a study to
examine the expression of these enzymes in various mouse cell types
via RT-gPCR and showed that TET1 and TET2 are highly expressed in
embryonic stem cells whereas TET3 is most highly expressed during

germ line specification.
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Primarily distinguished as a fusion partner of histone
methyltransferase MLL (mixed lineage leukaemia) in acute myeloid
leukaemia (Ono et al., 2002), TET1 has later been found to portray
enzymatic capabilities for hydroxylating 5mC to generate 5hmC
(Tahiliani et al., 2009). Studies on human TET1 have indicated that it
can to convert 5mC to 5hmC in an Fe(ll)- and a-KG-dependant manner
in-vitro (Tahiliani et al., 2009). A study performed by Tahiliani et al.
2009 involved RNA interference-mediated depletion of TET1, which

decreased the levels of 5ShmC within the mouse embryonic stem cells

a or b 100
_ el | L 80
S 50 [ —e—Control f:?
X 40 | —8—Tet1 KD - 60
2 --0-- Tet1 KD2 S
< 40
§ 30 >
c o
o= ©° 20
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Figure 2: a TET1 knockdown showing reduction in ES cells proliferation. Growth curves represent
control and TET1 knockdown in KD1 and KD2 cells by counting number of cells every day. Average
number of cells and s.d. are shown. b study conducted included a plate with single knockdown or
control cell and its ability to form colonies within a timescale of 6 days. Results indicated no
difference between colony sizes however a decrease in number of colonies in TET1 knockdown in
comparison to that of control cells (Ito et al., 2010).

(mESCs) verifies the potential role of TET1 in modifying 5mC to 5hmC.
To speculate further into the function of TET1 in the developmental
aspect within embryonic stem cells, further studies were conducted,
concluding in the likelihood of its role in ES cell self-renewal and

maintenance (Ito et al., 2010). This supposition was proposed since
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when TET1 is knocked down, there is a decrease in the growth rate of
ES cells (Fig 2), suggesting that it may be significantly down to affect

self-renewal abilities.

Moreover, TET1 knockdown has also been shown to have an impact
on the expression of Nanog and a minor impact on the expression of
SOX2 and OCT4 (lto et al., 2010). This is also a contributing factor to
the role of TET1 in ES maintenance (Ito et al., 2010) as TET1 was
shown to uphold the hypomethylated state of the promoters allowing
the genes to be transcriptionally active for ES cell maintenance.
However, Wu et al. 2011 identified the interplay between TET1 and
Polycomb group proteins in silencing of developmental regulators
during ES cell maintenance. The study proposed that TET1 is involved
in the PRC2 (polycomb repressive complex 2) recruitment as the
depletion of TET1 causes a decrease in the Ezh2 (enhancer of zeste
homolog), a histone methyltransferase (Simon and Lange, 2008), at
PRC2 targets (Wu et al., 2011). This corroborates a probable dual
functionality for TET1 in the regulation of transcription in ES cells (Wu

etal., 2011).

TET gene expression declines during differentiation from early
hematopoietic progenitors and another TET homolog, TET2 is
coincident with the expansion of monocyte-macrophage lineage cells
in-vitro (Holmfeldt and Mullighan, 2011), highlighting the potential
importance of TET2 in epigenetic regulation of haematopoiesis. As
identified in a previous study, TET2 mutations are also concomitant
with low levels of 5hmC and global hypomethylation (S. Ito et al.,
2010). TET2 loss of function mutations throughout the gene, including
missense, nonsense and frameshift mutations, have been reported for

hematologic malignancies such as myelodysplastic syndrome and
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myeloproliferative neoplasms (Holmfeldt and Mullighan, 2011). There
has been suggestive evidence to claim that TET2 mutations may play a
vital role in leukemogenesis. In a previous study, it was shown that in
AML there are exclusive mutations of TET2 and isocitrate
dehydrogenase genes IDH1/IDH2 and 2-hydroxygluterate. The by-
product of the neomorphic IDH1/2 mutant proteins, inhibits the
activities of TET2 (Fig ueroa et al., 2010).

There is experimental evidence to suggest that all the TET proteins
play a functional role in the specification of ES cells during
development and differentiation (Xu et al., 2012). It has been shown
that only the member of the TET family, TET3, is highly expressed in

oocytes and zygotes and within the paternal pronucleus, where it is

n S Sl
/ Xcy Sth \ e

Dev. Gene E'
XCY 5mC Wﬁ'

Tet3 Tet3ACXXC
6 O—

Tet3 associated factors XCY 5mC

Figure 3: A model representing TET3 dependant gene regulation in Xenopus Laevis. TET3 with
intact CXXC domain allows specific binding to target gene promoter allowing hydroxylase
activity. TET3 with mutant CXXC (ACXXC) loses the specificity of TET3’s ability to bind to its
target gene promoters therefore prohibiting embryonic development activities. CD = catalytic
domain (Xu et al., 2012)

responsible for the conversion of 5mC to 5hmC (Gu et al., 2011; Igbal
et al., 2011). Although more research is required to confirm the

functional role of TET3, there has been a study which identified TET3
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to be a transcriptional regulator important during early eye and
neural development in the frog, Xenopus laevis, as TET3 directly
triggers the vital genes required for the development process (Xu et

al., 2012).

The findings generated by Xu et al. 2012 resolved the structure of
TET3 and its CXXC domain, suggesting that the CXXC domain within
TET3 allows specific DNA binding for target gene regulation by binding
to target gene promoters and allowing the conversion of 5mC to

5hmC by hydroxylase activity of the catalytic domain (Fig 3).

3.3.2 OXIDISED FORMS OF 5mMC
5hmC was initially detected in mammalian DNA in 1972 (Penn et al.,
1972). However, 5hmC gained significant interest in 2009 as two
studies carried in mouse brain and embryonic stem cells
demonstrated substantial levels of 5hmC in these systems (Kriaucionis

and Heintz, 2009), (Tahiliani et al., 2009).

NH,
~N
ggg‘/ f: A, DNMT
C
o] NHZ/?‘ ~ NH,
HO SN oN
PN \(\/&
N"So |TDG/ 5mc N O
5caC | BER |
TET \ l TET
O NH, OH NH,
H)J\(gN SN
ks T L Bl
sfC \ © s5hmC |\ ©
TET

Figure4: DNA demethylation pathway displaying the oxidative forms of
5mC. Taken from Szulwach & Jin 2014

Page 14 of 127



In the brain, there is an increased level of 5hmC with the highest
content of this modification in hypothalamus (Wen and Tang, 2014).
As well as by being an intermediate of the demethylation pathway,
5hmC has also been shown to be an epigenetic modifier directly
regulating gene expression (Stroud et al., 2011) producing an open
chromatin structure on the DNA (Mendonca et al., 2014). There are
high levels of 5hmC in pluripotent cells (Choi et al., 2014). However
glioblastoma studies have shown that TET1 and 5hmC are
contributing factors for tumorigenesis as there are elevated levels of
both in proneural glioblastomas (Takai et al., 2014). The study
undertaken by Takai et al. 2014 showed that knockdown of TET1 in
GBM leads to decreased proliferation, sphere formation and
tumorigenicity; however by adding a wild-type TET1 with no
mutation, proliferation, sphere formation and tumorigenicity was
restored as well as the expression of 5hmC in the same glioblastoma
cells. This suggests that TET1 and 5hmC may be important for the

pathogenesis of the tumour.

The further oxidation of 5hmC by the TET family of enzymes causes
the production of 5-formylcytosine (5fC) (Ito et al., 2011). Studies
conducted by Pfaffeneder et al. have provided evidence of the
increased accumulation of 5fC in mouse embryonic stem cells
however decreases after stem cell differentiation, in which it was
hypothesized that this marker may be a contributing factor for
development and germ cell programming (Pfaffeneder et al., 2011).
5fC also has been shown to play an important role in establishing cell-
specific development (Sadakierska-Chudy, Kostrzewa and Filip, 2015).
A study confirmed this by providing evidence of the increased

presence of 5fC but not 5hmC or 5mC on CGl-containing promoters,
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which was in direct correlation with gene expression (Raiber et al.,

2012).

5-carboxylcytosine (5caC) is another product of the oxidation of 5hmC
mediated by TET enzymes (Gu et al., 2011). Studies have shown the
deficiency in TET3 has an impact on the demethylation of OCT4 and
Nanog paternal genes and insufficient levels of TET3 in oocytes has a
reduced effect on the ability to reprogram injected somatic nuclei (Gu
et al., 2011), suggesting the importance of 5hmC, 5fC and 5caC marks
(DNA demethylation) in development and reprogramming. Moreover,
a genome-wide distribution analysis of 5fC/5caC in mESCs conducted
by Shen et al. 2013 via TDG knockdown, indicates the extensive
involvement of TET/TDG mediated active demethylation occurring
within mammalian genomes. Further studies involving the knockout
of TDG indicated the importance of its role in embryonic development
and epigenetic aberrations during cell lineage commitments (Cortazar
etal., 2011). These studies correlated with results of Wheldon et al.
2014, when there was an accumulation of 5caC-positive cells during
differentiation of neural stem cells (NSCs). These results suggest that
the accumulation of 5caC can be an indication of active demethylation
required in epigenetic reprogramming for determining lineage
specification. 5caC distribution within cancer has become an
emerging topic, as studies in the past have shown that there is a
potential loss of 5ShmC within human cancer tissues (Haffner et al.,
2011), (Lian et al., 2012). Therefore, it would be ideal to study the
oxidised forms such as 5fC and 5caC in a cancer context. There was a
recent study performed by Eleftheriou et al. 2015 showing the
increase of 5caC within breast cancers and glioma and therefore,

indicating the possibility for the involvement of DNA demethylation
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within cancer (Eleftheriou et al., 2015). However further study is still
warranted to determine the role of 5caC and active DNA

demethylation in pathogenesis of cancer.

3.4 Active Demethylation of DNA in Cancer
Defects in DNA methylation and demethylation are crucial and have
significant effect on the development of malignancies. As cancer
involves the activation and inactivation of certain genes for the
progression of tumorigenesis, studies have indicated the methylation
and demethylation pattern of these certain types of genes can be a
contributing factor to cancer pathogenesis (Szyf, Pakneshan and

Rabbani, 2004).

In cancer, hypermethylation occurs in CpG rich regions of the genome
and, most usually, in promoters (Wajed, Laird and DeMeester, 2001).
When methylation increases in promoter regions of certain genes,
such as tumour suppressor genes, their expression is silenced
therefore causing uncontrollable cell proliferation as the tumour
suppressor gene can no longer suppress tumorigenic genes from
being actively expressed (Wajed, Laird and DeMeester, 2001).
Hypermethylation causes a permanent inactivation in the expression
of certain genes causing long-term silencing (Kalari and Pfeifer, 2010).
Studies showed the hypermethylation of genes involved in normal
development such as cyclin-dependant kinase inhibitor 2A (CDKN2A)
which are responsible for stem cell numbers and cell cycle functions;
genes involved in proper epithelial development such as GATA
binding protein 4 and 5 (GATA-4 and -5); also, the anti-apoptotic
gene, death-associated protein kinase (DAPK). The identification of
the areas within the genome that are hypermethylated is crucial as it

can be a useful tool for the verification of the tumour cells and may
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possibly aid to research targeted to therapy of genes involved in

tumour initiation and progression (Fukushige and Horii, 2013).

The increased loss of DNA methylation, also known as
hypomethylation, has been shown to activate genes which are not
required, possibly leading to the progression of tumour (Herceg and
Ushijima, 2010). Hypomethylation was one of the first epigenetic
alterations identified in human tumours in 1983. Global
hypomethylation is frequently observed in cancer development
(Ehrlich, 2009). It can be observed in very early stages of
tumorigenesis becoming more pronounced during tumour
progression (Ehrlich, 2009). There have been many studies on
different types of cancers such as glioblastoma (GBM), ovarian
epithelial carcinoma, cervical cancer, etc. which has shown global
hypomethylation (Ehrlich, 2009). Nonetheless the concept of
hypomethylation, such as active demethylation, involved with the
progression of tumours is still being studied in-depth to get a better

understanding of its biological significance (Kushwaha et al., 2016).

3.5 GBM
Glioblastoma is an aggressive form of brain tumours, designated by
WHO (World Health organisation) as IV astrocytoma accounting for up
to 15% of all brain tumours (Zhang et al., 2012). It is known to be a
highly heterogeneous tumour with scattered variation of genetic loss
across the genome affecting most of its chromosomes (Friedmann-

Morvinski, 2014).

3.5.1 EPIDEMIOLOGY
GBM has been ascertained as sporadic, like many other types of

tumours. Mostly diagnosed within elder patients with an average age
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ranging from 62-64 years however it does occur in children and it is
very erratic and accounts to approximately 3% of all brain tumours
(Thakkar et al., 2014). Moreover, it has been indicated that there are
higher frequencies of GBM within men compared with women. GBM
is mainly developed within the supratentorial region of the brain
which are the frontal, temporal, parietal and frontal lobes, and very
rarely observed in the cerebellum and spinal region (Thakkar et al.,
2014). GBM patient’s survival rates are very low, with an average of
12-14 months, depending on the progression and metastasis of the

tumour (Thakkar et al., 2014).

3.5.2 PATHOPHYSIOLOGY
There are two clinical classes of GBM which are primary and
secondary GBM. Primary GBM are de novo, therefore occurring
spontaneously with no pre-existing lesions (Ohgaki and Kleihues,
2013). It is a common type of GBM occurring mostly in elder patients
typically over the age of 50 (Evska, Evar and Komel, 2013), and its
genetic characteristics are frequently identified as EGFR amplification,
PTEN mutation and loss of chromosome 10 (Ohgaki and Kleihues,
2013). Secondary GBM is commonly developed by slow progression
from low grade astrocytoma tumours (Ohgaki and Kleihues, 2007) and
anaplastic astrocytoma and usually accounts for approximately 40% of
glioblastomas. Secondary glioblastoma is a less commonly occurring
type of glioblastoma and mostly affects younger patients (Ohgaki and
Kleihues, 2007). Although both are histologically indistinguishable,
they present different genetic alterations and molecular mutations
(Brem and Abdullah, 2016). Mutation in tumour suppressor protein
(p53), isocitrate dehydrogenase 1 (IDH1), mesenchymal epidermal

transition (MET) amplification and overexpression of platelet-derived
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growth factor receptor A (PDGFRA) can be used to identify secondary
glioblastomas (Alifieris and Trafalis, 2015). Regardless of these
mutations, both clinical forms, primary and secondary have similar
end results as the signalling pathways are altered and response to

standard treatment methods (Alifieris and Trafalis, 2015).

3.5.2.1 MOLECULAR SUBTYPES OF GBM
The Cancer Genome Atlas (TCGA) has subdivided this tumour into four
molecular subclasses due to the expanding research findings in the
molecular heterogeneity. These are classical, mesenchymal, neural
and proneural. Each molecular subtype harbours different genetic
alteration and mutations. A classical tumour is characterised by the
abnormal overexpression of epidermal growth factor (EGFR) receptor
which are proteins which send signals to keep growing, as well as
EGFR mutation and chromosome 10 loss (Aum et al., 2014). The
mesenchymal subtype is characterised by low level expression of NF1,
an NF1 gene deletion or point mutation (Bhat et al., 2013). Along with
the NF1 alteration, there is increased expression of tumour necrosis
factor (TNF) family genes, which explains the reason behind increased
levels of necrosis in the mesenchymal tumour also high levels of
expression in the genes involved in the NF-kB pathway (Bhat et al.,
2013). The neuronal subtype shows intermediate expression
characteristics between proneural and mesenchymal tumours.
However, there is unique expression of neuron marker genes, which
are associated with neuronal differentiation and shows
overexpression of EGFR like the classical tumours (Verhaak et al.,
2010). The proneural subtype is mostly associated with secondary
glioblastoma and it is characterised by point mutations in the

isocitrate dehydrogenase genes (IDH1 and IDH2) and mutations in the
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tumour suppressor gene, p53 (Goodenberger and Jenkins, 2012).
There is also high amplification of platelet derived growth factor
receptor A (PDGFRA); however in tumours that do not show PDGFRA
abnormalities, it has been found P13K mutations are commonly seen
(Verhaak et al., 2010). Furthermore, IDH mutated glioblastomas have
been studied to show unique DNA methylation pattern called CIMP
(CpG-island methylator phenotype) and usually CIMP positive
tumours are classified as proneural; however not all proneural
tumours have CIMP (Abel, T., K. Aldape, S. Clark, C. Vnencak-Jones,
2015). Some alterations are in multiple subtypes with different

expression levels (Verhaak et al., 2010).

3.6 DNA Methylation Patterns in GBM

Methylation in GBM has been and is still being extensively studied.
The heterogeneity and the epigenetic characteristics of glioblastoma
prompted many studies which discovered that the outcome of gene
expression and patterns possibly gives rise to the different glioma
subgroups (Zheng et al., 2011). Numerous studies have identified that
hypermethylation mostly occurs in secondary GBMs which led to the
hypothesis that this information could be used to distinguish between
secondary and primary GBMs. GBM are characterised by genome
wide hypomethylation along with specific regions of
hypermethylation (Thon, Kreth and Kreth, 2013). Due to this pattern
of methylation, there has been activation of oncogenes and silencing
of tumour suppressor genes such as TP53 and PTEN in conjunction
with increased levels of genomic instability (Thon, Kreth and Kreth,

2013).
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One of the characteristics of methylation in GBM is seen in O(6) —
methylguanine-DNA-transferase (MGMT), which is a DNA-repair gene
(McNamara, Sahebjam and Mason, 2013). MGMT is responsible for
the alkylation of guanine which induces cell death and apoptosis by
double-strands breaking and base mispairing, which protects normal
cells from carcinogenesis; however, the methylation on the promoter
of MGMT causes silencing impairing DNA repair (McNamara,
Sahebjam and Mason, 2013). Nonetheless, this factor has been taken
advantage of for treating patients with chemotherapy drugs
consisting of alkylating agents such as temozolomide, therefore the
silencing of the MGMT gene can allow the drug to damage the DNA of

tumour cells (McNamara, Sahebjam and Mason, 2013).

However, there are forms of methylation which do not have a
prognostic outcome. Moreover, it has been shown that there is more
promoter methylation occurring in secondary GBM than primary GBM
(Nagarajan et al., 2014). The Cancer Genome Atlas (TCGA) performed
a pilot study on the epigenetic alterations in GBM and identified
promoter methylation of DNA in groups of patients with repetitive
methylation pattern called glioma-CpG island methylator phenotype
(G-CIMP phenotype) (Roszkowski et al., no date). This
hypermethylation of G-CIMP is associated with a proneural subtype

and IDH mutations (Roszkowski et al., no date).

3.6.1 IDH MUTATIONS & GLIOMA-CIMP G-
CiMP

Mutations in IDH1 and IDH2 genes commonly occur in GBM. The
functions of these genes are to produce NADPH and alpha-

ketoglutarate. (Zhang et al., 2013) NAPDH is essential for cellular
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functions and defence against oxidative damage and alpha-
ketoglutarate plays a vital role as a cofactor for a family of oxygenases
such as ten-eleven translocation enzymes (TETs) (Zhang et al., 2013).
In GBM, it is reported that there is mutation in the IDH1, when the
arginine in R132, within the enzyme’s substrate binding site, is
replaced by histidine (R132H) causing the mutation. Very rarely in
IDH2, when the arginine in R172, also in the substrate binding site, is
replaced by lysine, methionine, glycine or tryptophan by point
mutation, causing the enzyme to lose its function. This loss in function
of the IDH1/2 causes reduced production of NAPDH and alpha-
ketoglutarate compared to the wild-type IDH1/2. Therefore, the loss
in alpha-ketoglutarate results in the TET enzyme not being provided
with oxygen which prevents demethylation by oxidation of 5mC to

5hmC (Ito et al., 2011).

IDH1 mutations are mostly harboured in secondary glioblastoma
occurring in younger patients and had improved prognosis as opposed
to older patients carrying wild-type IDH1 (Parsons et al., 2008). The
mutations in IDH1 is closely associated with G-CIMP positive tumours
(Fig ueroa et al., 2010). CIMP was first identified and is still being
studied extensively in colorectal cancer however it is now being used
to describe the increased methylation activity in CpG promoters for
other tumours such as GBM (Hughes et al., 2013). A glioma-CIMP (G-
CIMP) is a classification of glioma based on distinct clinical and genetic
features (Hughes et al., 2013). The mutations in IDH1 and the
production of 2-hydroxyglutarate (2-HG) has been hypothesised to
cause hypermethylation since 2-HG inhibits the TET enzyme activity
therefore not allowing demethylation to occur hence large regions of

genes stay methylated resulting in G-CIMP (Kondo et al., 2014).
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However, this still needs to be studied further to conclude that TET
enzyme activity inhibition is the major cause for aberrant DNA

hypermethylation, although studies do show a promising link.

3.7 Demethylation in GBM

Very recently, there have been studies to show the involvement of
active DNA demethylation in GBM causing the activation of
oncogenes and resulting in genomic instability (Tabu et al., 2008). An
example of an oncogene which undergoes hypomethylation in GBMs
is melanoma antigen gene, MAGEA1 (melanoma-associated antigen 1)
which belongs in the MAGE family (Cadieux et al., 2006). Moreover,
GBM also shows global hypomethylation of the tandem repeat
satellite (Sat2) and of the insulin-like growth factor 2 (/IGF-2) gene
causing it to activate gene activity therefore inducing tumour
development (Natsume et al., 2010). Activation of certain genes cause
increased proliferation of tumour cells resulting in rapidly increased
tumour mass, however the exact molecular pattern of
hypomethylation still needs extensive studies to understand the
process and alterations involved in the cause of activation of
demethylation (Nagarajan et al., 2014). Moreover, there have been
studies to show the effect of global hypomethylation on the activation
of certain stem cell markers such as CD133, also known as prominin-1,
as the hypomethylation pattern may be causing the development or
maintenance of brain tumour-initiating cells, BTIC (Tabu et al., 2008).
The expression of CD133 may serve as a marker for stem cell

populations such as cancer stem cells.
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3.8 Cancer Stem cells (CSCs)

Stem cells have the potential to self-renew and differentiate into
specialised cells (Yu et al., 2012). CSCs are known to be a
subpopulation of cells which obtain the stem-like properties to self-
renew and differentiate however also possess cancer cell
characteristics. CSC have been studied extensively for over 10 years
however their definition and importance are controversial (Rosen and
Jordan, 2009). CSCs can be distinguished by the different genetic
structure and alterations in the gene expression. The role of stem cells
within cancer began in 1994 in a study on acute myeloid leukaemia,
when AML initiating cells from AML patients were transplanted in
severe combined immune-deficient (SCID) mice (Lapidot et al., 1994).
Cancer stem cells can cause the re-occurrence of tumours preventing
traditional treatment methods from working effectively, as the
traditional treatments only have the capabilities to target the cells
within the tumours which are rapidly proliferating but not for the
slowly progressing cancer stem cells (Shukla et al., 2017). There have
been recent studies to show the presence of cancer stem cells in solid
tumours such as breast, brain, pancreas, liver, etc. using the cell
surface markers expressed which includes CD133, CD44, etc. (Munoz,
Iliou and Esteller, 2012). Also, these studies showed heterogeneous
cell populations within cancer stem cells which have the capabilities

of phenotypic changes within the CSCs as the tumour progresses.

3.9 Glioblastoma Stem cells (GSCs)

Glioblastoma has been one of the many tumours which have been
studied for the presence of CSCs suggesting that these cells are the

cause of the tumour presenting itself again after resurrection and
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chemo- and radio- therapy treatment (Bar, 2011). GBM stem cells
have been identified to display similar characteristics to normal neural
progenitors also expressing certain neural stem cell markers
(Schonberg et al., 2014). Along with the ability to self-renew and
prolonged proliferation rate, they also have the proficiency to form
neurospheres (Schonberg et al., 2014). Epigenetics plays a vital role in
the regulation of adult and embryonic stem cells by controlling
transcription to maintain differentiation patterns and self-renewal

(Herceg and Ushijima, 2010).

3.9.1 GLIOBLASTOMA STEM CELL MARKERS

One of the first markers proposed to be associated with GSCs is the
neural stem cell marker, CD133 (Lathia et al., 2015). Previous studies
have shown that the CD133 has the potential to cause the occurrence
of tumour growth when transplanted in-vivo into
immunocompromised mice (Singh et al., 2004). Nonetheless, there
has been emerging evidence of the presence of additional markers
which are expressed to enhance GBM, but CD133 remains to be the
quite popularly studied marker (Schonberg et al., 2014). Another
marker used to characterise GBMs is CD15, also known as stage-
specific embryonic antigen-1 (SSEA-1), which is initially expressed on
embryonic and adult CNS stem cells but is also expressed in GBM.
There are many other markers which are also expressed such as
transcription factors, cytoskeletal proteins, post-transcriptional
factors and Polycomb transcriptional suppressors (Jin et al., 2013).
Nonetheless, some of the other interesting markers i.e. SOX2, Nestin,
Olig2, Notchl and EGFR, which will also be studied in this project are

elaborated further.

Page 26 of 127



3.9.1.1 CD133

As a surface marker expressed on hematopoietic stem cells, CD133
has been studied extensively to be established as one of the
commonly identified CSC markers in many tumours, including GBM
(Sibin et al., 2015). It can be used to isolate neural stem cells from
human fetal brain (Essential, Stem and Maintenance, 2013). CD133
has been recently discovered to be able to change its subcellular
location between the cytoplasm and the plasma membrane of
neurosphere cells (Sibin et al., 2015). It was initially thought that in
GBM, only CD133+ positive cells can cause the reoccurrence of the
tumour when the tumour biopsy material was inserted into mice
(Tabu et al., 2008). However, recent studies have shown that CD133-
cells also have the capability to initiate the reformation of brain
cancer but the proliferation rate is not as rapid as with CD133+ cells

(Wang et al., 2008).

3.9.1.2 SOX2 (SEX-DETERMINING
REGION Y-BOX)

SOX2 is the commonly studied marker from the SOX family and it
belongs to the SoxB1 family (Feng, 2015). It is responsible for the
regulation of self-renewal of embryonic stem cells and maintaining
stems cells from the neural system and skin. SOX2 expression is
upregulated during early stages of embryonic development however
as the neural cells differentiate, the expression becomes
downregulated (Feng, 2015). It is also an important factor employed
for the generation of induced pluripotent stem (iPS) cells (Takahashi
and Yamanaka, 2006). The expression of SOX2 is controlled by
extracellular signals and intracellular cofactors and occurs in the inner

cell mass, initially beginning with expression in both the inner cell
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mass and the trophectoderm in the modular stage (Sarkar and
Hochedlinger, 2013). Previous studies have shown that epiblast
formation does not occur within the zygote after deletion of SOX2
therefore leading to early embryonic death, which suggests the
importance of SOX2 in embryonic development (Avilion et al., 2003).
During early stages of neural development, studies have shown the
expression of SOX2 is essential for the commitment of neural
progenitor cell (NPC) fate and this is regulated by the STAT3 signalling
pathway that subsequently regulates Nestin expression (Foshay and

Gallicano, 2008).

However, it has been reported that the expression of SOX2 is elevated
in cancer in relation to normal tissues. In GBM for instance there was
an increase in expression of over 85% (Alonso et al., 2011).
Immunohistochemistry studies showed the presence of SOX2 in the
nuclei of GBM cells (Annovazzi et al., 2011). A study performed on
breast cancer patients also showed these results when
immunohistochemistry was carried out on breast cancer cells; there
was strong SOX2 expression within the nuclei in comparison to weak
signalling in non-tumorigenic mammary epithelial tissues (Rodriguez-
Pinilla et al., 2007). Moreover, the expression of SOX2 in GBM
neurospheres correlates with the tumour grade (Berezovsky et al.,
2014). SOX2 is expressed in the proneural subclass of GBM and known
to have high levels of promoter hypomethylation (Berezovsky et al.,

2014).

3.9.1.3  NESTIN

A neural stem cell marker, Nestin, is classed as a grade 5 intermediate

filament protein, expressed in many cell types during development
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(Matsuda et al., 2013). The expression of Nestin is downregulated and
is replaced by neurofilament once differentiation occurs (Matsuda,
Hagio and Ishiwata, 2013). It is expressed mostly in migrating and
proliferating cells during early embryogenesis, however in adult
tissue, Nestin expression is mainly localised to specific tissues/organs
to support them to regenerate (Wiese et al., 2004). It has also been
acknowledged that Nestin expression can be used to identify
mesenchymal stem cells derived from the bone marrow and they
possess progenitor activities of mesenchymal stem cells such as
fibroblastic colony-forming units and CFU-Fs and also the proficiency
to self-renew and trilineage differentiation (Mendez-Ferrer et al.,
2010). Nestin has been seen to be re-expressed during many repair

processes such as infarcted myocardium (El-Helou et al., 2005).

Previous studies have also reported increased expression of Nestin in
various cancer cells, with a possible correlation with poor prognosis
(Matsuda et al., 2013). It is also a commonly expressed marker in
GBM (Lu et al., 2011). The increased expression in GBM has been
shown to result in lower survival rate due to higher grade glioma
occurrences. Therefore Nestin is now being used commonly as a
cancer stem cell marker due to its expression levels with the
progression of GBM (Lu et al., 2011; Bradshaw et al., 2016).
Moreover, studies have indicated that Nestin-positive cells migrate
into glioblastoma cells giving rise to vasculature of the tumour
therefore possibly characterising Nestin as a vital component within

the tumour environment (Najbauer et al., 2012).
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3.9.1.4 OLIG2

Olig2 is one of the members of the basic helix-loop-helix (bHLH)
transcription factors (Takebayashi et al., 2000). It is important for the
development of oligodendrocytes and a number of studies identified
that expression of Olig2 is observed within immature neuronal and
multipotential neuron/glia progenitors (Takebayashi et al., 2000).
These are usually identified during CNS development to give rise to
the motor neurons and oligodendrocytes (Malatesta et al., 2017). The
regulation and phosphorylation of Olig2 at a site within the bHLH
domain allows the ability to abruptly switch from maintaining
immature progenitors of motor neurons (pMN) to developing motor

neurons (Li et al., 2011).

Olig2 has a unique factor regarding its functions within development.
There are two classifications for bHLH transcriptional factors which
are anti-neurogenic (pro-mitotic), essential for the prevention of cell
cycle exit during early stages of development, and neurogenic (anti-
mitotic), essential for cell cycle arrest, specification and differentiation
(Kageyama and Nakanishi, 1997). However, Olig2 incorporates both
functional characteristics of these classifications. It behaves as a
neurogenic factor during differentiation of motor neurons and
oligodendrocytes, but functions as an anti-neurogenic factor when
maintaining the state of pMN progenitors to accomplish replication of
gliogenesis (Lee et al., 2005). This presence of anti-neurogenic factor
functions within Olig2 suggested the possible relationship between
Olig2 expression and the presence of “tumour-initiating” stem cells in
glioma (Meijer et al., 2012). Olig2 is not only expressed within stem
cell progenitors in the normal brain, but also in subpopulations of

gliomas (Verhaak et al., 2010). Furthermore it has been suggested
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that Olig2 plays a role in the defining molecular subclasses of
glioblastoma, for example, the removal Olig2 supposedly causes
change of proneural phenotype, where PDGFRA is enriched, to
classical phenotype, where EGFR is enriched, however further studies
are mandatory to understand this definitively (Leelatian and lhrie,

2016).

3.9.1.5 NOTCH1

The Notch gene was originally discovered in the Drosophila
Melanogaster in 1913, and it was identified as a sex-linked mutation

showing a phenotype for serrated wing margin (Dexter, 1914; Morgan

Figure 5: The Notch signalling
Ligand- pathway showing the simple
E;‘ﬁse”“”g '""acil‘;:lca; mechanism involving a cell with a
ligand inducing proteolytic
cleavage events in Notch receptor
Extracellular upon contacting another cell. The
TS Notch intracellular domain (NCID)
is released; translocates to the
Notch nucleus and binds to transcription
receptor factor, CBF1, suppressor of
] Hairless, Lag-1 (CSL) and
Mastermind-like (MAML)
transcriptional co-activator genes.
Recentor e T Together, transcription of Notch
E;Tlsen“"g space targets genes is activated.
http.//www.nature.com/nrd/journ
al/v13/n5/full/nrd4252.html
Nucleus (Andersson and Lendahl, 2014)

Notch ligand
(Delta-like,
Jagged)

Notch (14-Sept-2017)
NICD target

and Bridges, 1916). Since then, there has been an expansion in the
field of Notch and its role within biological evolution (Artavanis-

Tsakonas and Muskavitch, 2010).
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Notch1 is one of the four (Notch1-4) Notch family of transmembrane
proteins which serve as receptors for membrane-bound proteins,
Notch ligands (Yamamoto, Schulze and Bellen, 2014). There are two
classes of Notch ligands which are Jagged proteins and Delta-like
proteins (Andersson and Lendahl, 2014). These are involved in the
Notch signalling pathway which is responsible for development and
maintenance of self-renewing adult tissues (Kofler et al., 2011). Notch
signalling occurs during close cell-cell interaction due to the fact that
the cell membrane consists of the relevant ligands and receptors, in
the form of transmembrane protein, needed to activate the pathway

(Yamamoto, Schulze and Bellen, 2014).

There are three proteolytic steps involved in mechanism of the
canonical Notch signalling pathway, the first one being the S1
cleavage step mediated by Furin which results in a heterodimer form
of Notch on the cell surface consisting of the ligand binding Notch
extracellular domain (NECD) and the signalling domain, Notch
intracellular domain (NICD) (Lake et al., 2009). Following this is the S2
cleavage phase where the NECD undergoes lysosomal degradation
when they are internalised via endocytosis by the ligand-binding cell
(Bray, 2006). The S1 cleavage causes the S3 cleavage, where the NICD
is cleaved from the Notch1 receptor by y-secretase (Guo et al., 2015),
to translocate to the nucleus where it binds to the CSL and MAML and
initiates the transcription of the Notch target genes (D’souza, Meloty-

kapella and Weiaster, 2010).

Notch signalling’s involvement in cancer was initially shown in T-cell
Acute Lymphoblastic leukaemia (T-ALL) (Weng et al., 2004). Mutations

in Notch1 affected the C-terminal domain in Notchl1 which is
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responsible for the proteasome mediated degradation of Notch1l
(Thompson et al., 2007). Following this finding, involvement of Notch1
in the pathogenesis of other solid tumours (Lobry, Oh and Aifantis,
2011) such as GBM was discovered (Kanamori et al., 2007). Notch
signalling is important for the normal maintenance of brain
development such as neural stem cell renewal, differentiation,
memory, learning and gliogenesis (Lasky and Wu, 2005). Kanamori et
al. (2007) have proposed the idea that contribution of RAS-induced
transformation of glial cells to glioma growth and survival, may be
activated by Notch signalling pathway. It is also reported that Notchl
and its ligands, Jagged-1 and Delta-like 1 are being overexpressed in
GBM and vital for the growth of the tumour (Purow et al., 2005).
These results can demonstrate that Notch1l may represent a potential

oncogene (Teodorczyk and Schmidt, 2015).

3.9.1.6 EGFR

Epidermal growth factor receptor (EGFR) is part of the receptor
tyrosine kinase superfamily and detectable in cell membranes
(Wieduwilt and Moasser, 2008). The signalling pathway activated by
EGFR contributes in development and in maintaining mammalian cells
such as during growth, survival, proliferation and differentiation
(Wiley, Shvartsman and Lauffenburger, 2003). This growth factor
receptor located at the cell surface activates a tyrosine kinase when a
ligand is bound to it, which causes a number of phosphorylation
activities to occur leading to cell growth, DNA synthesis and
expression of certain oncogenes (Voldborg et al., 1997). There are a
number of ligands which can bind to EGFR such as EGF and

transforming growth factor-a (Marquardt et al., 1983).
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It has also been proposed that an amplification of EGFR signalling can
cause uncontrolled cell growth resulting in malignant phenotypes
(Voldborg et al., 1997). Studies have suggested EGFR and EGF-like
proteins are overexpressed in human cancer which possibly causes
cell transformation (Normanno et al., 2006). It has also been implied
that there are mutations within EGFR that causes the receptor to be
permanently activated in cancers such as glioma (Wong et al., 1992).
The mutation occurring within the gliomas are commonly in relation
to in-frame deletions which cause structural rearrangements in the

extracellular domain of the receptor (Ekstrand et al., 1992).

In GBM, EGFR overexpression has been shown to promote tumour
growth, migration, angiogenesis and metastasis (Tortora et al., 2007).
The overexpression of EGFR is commonly found in primary GBM
(Watanabe et al., 1996) and correlates with poor survival in GBM
patients (Shinojima et al., 2003). Studies have shown that glial
tumours which overexpress EGFR also overexpress its active mutant
variant, AEGFR, which contributes to induced tumour formation,
increased proliferation and reduces apoptosis (Nagane et al., 1996).
This possibly suggests that AEGFR can be an oncogene common in
GBM and can perhaps be a target for therapeutic treatment

(Nishikawa et al., 1994).

Our preliminary data demonstrated heterogeneous distribution of 5caC in
different cells of GBM culture, therefore we questioned if this heterogeneity
correlates with any of the GBM markers. In this study we aim to identify
the possible functions of the oxidative form of 5mC, 5caC, produced
during active DNA demethylation and its involvement in the

tumorigenesis in GBM and investigate any potential correlation
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between the levels of 5caC and cancer stem cell markers expression in

GBM.
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4. MATERIALS

Immunostaining

PBS Tablets

Anti-Olig2 Antibody, clone 211F1.1, Primary
Anti-Nestin Antibody, clone 10C2, Primary
NOTCH1 Monoclonal Antibody (A6), Primary
EGFR Monoclonal Antibody (H11), Primary

SOX2 Monoclonal Antibody (20G5), Primary

AlexaFluor 555 Donkey Anti-Mouse, Secondary
Alexa Fluor(TM) 633 Goat Anti-Mouse 1gG (H+L) highly
cross-adsorbed, Secondary

Donkey anti-Rabbit IgG (H+L), HRP, Secondary
TSA Plus Fluorescein System
Chamber Slide, Lab-Tek, Glass, 8-well

SLS Coverslip No 0, 22x64mm

Calbiochem 524650-IEA

Mouse mAb, Millipore
MABNS50

Mouse mAb, Millipore
MAB5326

Mouse mADb, Invitrogen
MA5-11961

Mouse mADb, Invitrogen
MA5-13070

Mouse mADb, Invitrogen
MA1-014

Invitrogen, T30954

Invitrogen, A-21052

Invitrogen, A-16035
Perkin Elmer,
NEL741001KT

Thermo Scientific Nunc,
177402

Scientific Laboratory
Supplies, MIC3208

RNA Extraction

RNeasy Mini Kit - mini spin columns, collection tubes
(1.5/2ml), RNase-free reagents & Buffers

Nanodrop

Centrifuge

PB Buffer

QlAgen, 74104

Eppendorf Centrifuge,
5424R
Qiagen 19066

cDNA Synthesis

Block Heater
5x first strand

GoTaq - gPCR master mix

SuperScript® Il Reverse Transcriptase

Deoxynucleotide (dNTP) Solution Mix

Stuart Blockheater,
SBH200D

Invitrogen, 1862765
Promega, A6001
Invitrogen, 18080044
NEB, N0447S
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Thermo Fischer,

Optical Adhesive Covers

PCR Machine

Random Hexamers N8080127
qPCR

Applied Biosystems (Life
MicroAMP Fast Optical 96-well Reaction plate Tech), 4346907

Applied Biosystems (Life
Tech), 4360954

7500 Real Time PCR
System & Software v2.0.6

Cell Culture

All chemicals and reagents were purchased from Sigma-Aldrich,

unless otherwise stated.

4.1Primer

Name of Primer

Sequence

Beta-Ill Tubulin F
Beta-Ill Tubulin R
CD15_SSEA1_FUTA F
CD15_SSEA1_FUT4 R
CD133_Promininl F
CD133 _Promininl R
GFAP F

GFAPR
GLAST_SLCI1A3 F
GLAST_SLC1A3R
Hesl F

Hesl R

Nestin F

Nestin R

NF1 F

NF1 R

Notchl F

Notchl R

Olig2 F

Olig2 R

PDGFRA F

CCTCAAGATGTCCTCCACCTTCAT
GTTCATGTTGCTCTCGGCCTC
GACGACTTCCCAAGTGCCTC
CAAGTTCCGTATGCTCTTGGGC
GAACTCCTTTTCAGGAGGGCAG
GTATCTTCTGGGAAATCACGCGG
GCCAGCTACATCGAGAAGGTTC
CTGTGCCAGATTGTCCCTCTC
GGCCAACGAAACGCTTGTG
CAAAGAACTCTCTCAGGGCCTG
GACCCAGATCAATGCCATGACC
CCCGTTGGGAATGAGGAAAGC
GGAAGAGGAAGAGAACCTGGGAAA
CTCAGATTCAGCTCTGCCTCATC
CAGTGCAACAGGTGGCTTG
GACAGCATCAGCATGTAGCG
CTTTGAGACTGGCCCACCTC
CCGCAGAGGGTTGTATTGG
GATGACCTTTTTCTGCCGGCC
GTGCTGGACGAGGATGACTTG
GAGATGCTTTGGGGAGAGTGAAG
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PDGFRA R GCCTGCCTTCAAGCTCATTCTC

SOX2 F CACATGAACGGCTGGAGCAAC
SOX2 R GTAGGACATGCTGTAGGTGGG
5. METHODS

5.1 Cell Culture
Four glioblastoma cell lines; U251, LN18, LN229 and U87MG; one
medulloblastoma cell line, UW228-3; one fetal brain cell line, FB83,
provided by City Hospital, Nottingham and one human induced
pluripotent stem cell (hiPSCs), Rebl-Pat were used. LN18 and LN229
were cultured in DMEM supplemented with 10% fetal bovine serum
(FBS). U87MG and U251 were cultured in DMEM supplemented with
10% FBS. HiPSCs were cultured in E8 media. Cells were incubated
overnight at 37°C and 5% CO,. Media was replenished 2-3 times per
week for cancer cells until they reach 70-80% confluence at which
point they are further passaged and split into sub cultures. For Rebl-

Pats, media is changed every day and split every 2 days using TryplE

5.2 Primer Design
Gene sequences were obtained from Ensembl and inputted into
SnapGene to create primers with 50-60% GC content, 50-60°C melting
temperature and approximately 200 bp long. All primers were

checked using OligoCalc, NCSI Blast and UCSC genome browser.

5.3 RNA Extraction
RNA extraction was performed using an RNeasy® Mini Kit, Qiagen® as
per the manufacturers protocol. The cell pellet was lysed in 350 ul RLT

buffer to which 1 volume of 70% ethanol was added and mixed by
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pipetting. This mixture was then added to a Mini spin column and
centrifuged for 15s at 28000 x g. After discarding the supernatant,
350ul Buffer RW1 was added to the column and was centrifuged again
for 15s at 28000 x g. The supernatant was discarded and 10ul of
prepared DNase | stock solution combined with 70 ul Buffer RDD
following gentle inversion, was added. The DNase mix was added to
the column and left at room temperature for 15 mins. Following this,
350 ul Buffer RW1 was added to the column and centrifuged at the
same settings. The supernatant was discarded and 500 ul Buffer RPE
was added and centrifuged at the same setting. The supernatant was
discarded and further 500 ul Buffer RPE was added and centrifuged
for 2 mins at 28000 x g. The supernatant was discarded and the
collection tube was replaced and centrifuged for further 1 min. The
column was then replaced into a 1.5 ml collection tube and 50 ul
RNase-free water was added to column membrane and centrifuged
for 1 min. The RNA was collected in the 1.5 ml collection tube. RNA
was quantified using Nanodrop™ spectrophotometry measurements
at 260/280nm and 230/260nm and obtained samples with values >2

to determine purity and contamination.

5.4 cDNA Synthesis
Combined 2 ug RNA, 1 ul dNTPs, 2 ul Random hexamers and made up
total of 14 ul with RNase/DNase free water and heated at 65°C for 5
mins. Following this, the mixture was put directly onto ice and 4 ul of
5x first strand Buffer, 1 ul DTT (0.1M) and 1 ul RT (Superscript Ill) was
added and mixed and the mixture was left at room temperature for 5
mins. It was placed in a block heater for 1 hour at 50°C followed by 15
mins in a block heater at 70°C. Then, it was further diluted cDNA by
10X by adding 180 ul RNase/DNase free water.
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5.5 qPCR
Gene expression of LN229, LN18, U251, U87MG and Rebl-Pat was
measured via gPCR, experiments were performed using an Applied
Biosystems FAST 7500 Real Time PCR machine. A 10 ul reaction
volume was prepared with 5ul GoTaq Mastermix, 0.25ul forward and
reverse primers of a 10 uM stock (final concentration 0.25 uM), 2.5 ul
RNase/DNase free water and 2 ul sample cDNA. Gene expression was
measured using comparative CT standard 2hour run at 40 cycles with
denaturation at 95°C, annealing at 60°C and extension at 72°C. Gene

expression was normalised relative to the levels of GAPDH expression.

5.6 Immunostaining
Immunostaining was performed according to a protocol detailed by
Abakir, Wheldon & Ruzov (2015). Cells seeded onto 8 well chamber
slides were fixed in 4% PFA. They were permeabilised with PBX and
depurated in no HCl and 4N HClI for 1 hour. Between these steps, the
slides are washed several times with PBS. Following washes with PBS,
slides were then incubated in humidity chamber with blocking
solution (10% FBS in PBS), primary antibodies and secondary
antibodies for 1 hour with PBT washes in between each incubation.
Slides are then incubated in tyramide amplification solution, 1:200
dilutions, for 2 mins, as opposed to 3 mins as per protocol, and
immediately washed several times with PBT. Removing any excess,
DAPI containing mounting medium was added drop-wise to the slides

before being covered with cover slip and sealed with nail polish.

5.7 Confocal Microscopy
The generation of images and analysis of images was carried out as in

the previous study (Ramsawhook A H. et al, 2017).
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5.7.1 GENERATION OF CONFOCAL IMAGES
Following immunostaining, mounted slides were viewed under the
confocal microscope using a 63X oil lens. To compare intensity
profiles between cells lines for each marker, laser power and gain

remained the same for each channel within each set of analysis.

Laser

Power Gain ()
DAPI (ON) 2.0 625
5caC (488) (4N) 2.5 720
. 4N 2.0 715
Nestin (555) oN 20 625
4N 2.0 865
Notch1 (555) oN 20 275
. 4N 3.0 900
Olig2 (555) ON 20 875
4N 2.0 800
SOX2 (555) ON 2.0 750
4N 2.0 900
EGFR (555) ON 2.0 795

5.7.2 INTENSITY PROFILING
In the ZEN black, images are analysed in the “Imaging Processing”
section. On each image obtained, a line was drawn through several
cells (2-3). This line populated a table with the intensity
measurements for pixel intensity of the two or three different
channels: red, green and blue fluorescence. This table was saved as a
.txt file in the appropriate location by right click and save. This process
was carried out in triplicate to obtain three profiles. An intensity
profile was also generated for a cell of interest, by drawing a line from
one end of cell to the other. The table populated was saved the same
way. This data was imported and analysed via Excel and PRISM

followed by statistical analysis (One/Two-Way ANOVA).
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5.7.3 2.5D INTENSITY PLOTS
In ZEN black within Image Processing, an image was opened and a cell
of interest was selected and a rectangle drawn around it, and that
region was cut, producing a new image of the cell of interest. After
saving this image, it was sent to ZEN Blue. Within this software, once
this image had loaded, on the right, “2.5D” option was clicked,
producing a visualization of a 2.5D image of the cell of interest. To
save this image, a print screen was taken and pasted into Microsoft

Paint where it was cropped and saved.

5.8 Co-localization Analysis
5.8.1 ZEN BLAcK

In ZEN Black within Image Processing, with the image of interest on
the left side of the software, tab labelled “Coloc” was clicked. In the
lower half of the screen with tools, there was an option for a tool
called “Closed Bezier” which was used to encircle a cell of interest.
Values for this cell appeared in the table below. A scatter plot was
also generated for red versus green channel. This process was
repeated, encircling subsequent cells until dataset completed. The
table was exported via right click and save to appropriate location.

The scatter plot was exported as a TIF file.

5.8.2 FuiImMAGE)
The image of interest was dragged and dropped into the Image)
software. Under the “Image” section in the “Colour” tab, the channels
within the confocal image are split into two images for each channel
in black and white. Following this, under “Analyze”, in the
“Colocalization” tab, the Coloc2 analysis programme is opened.

Without altering the default settings, the analysis was clicked to run.
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This generated a PDF file which was saved in the appropriate location.
In this PDF file, there was 2D histogram and the value for Pearson’s
correlation coefficient value, which was used for analysis of the

correlation.

5.8.3 PEARSON’S CORRELATION COEFFICIENT —
ENnDMEMO

Each image of interest is used to generate intensity profiles for each
individual nucleus as described in “Intensity Profiling”. The tables
generate profiles for each channel — the “raw data”. In the
programme online, there is a box for two variables, x and y. In each
variable, the values for each channel were inputted. For x variable,
the red channel data was inputted and for y variable the green
channel data was inputted. Clicking generate, the Pearson’s
correlation coefficient was calculated along with a scatter plot graph

which were used for analysis of correlation.

5.9 Statistical Analysis
All graphs were statistically analysed in GraphPad PRISM 7, with one-

way or two-way ANOVA.
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6. RESULTS

6.1 5caC staining is heterogenous in glioblastoma
cell lines but not in induced pluripotent stem
cells (iPSCs)

GBM is known to be a heterogeneous tumour, as indicated in its name
“multiforme”. Previous studies have reported positive 5caC levels
within glioma tissues which may suggest that there is involvement of
active DNA demethylation in the pathogenesis of brain tumours
(Eleftheriou et al., 2015). We revisited this data by performing
immunostaining of 5caC on U87MG. To denature the DNA, U87MG
was treated with 4N HCI, which allows the 5caC and 5hmC primary
antibodies to bind onto the 5caC and 5hmC on DNA effectively, hence

the positive staining within the nucleus and no staining present in the

cytoplasm (Fig 5).

H
60000 -

40000

20000 -

0 ‘.L.M.

0 7.18414.3691.5538.73735.92143.106

Figure 5: A Immunostaining of 5caC and 5hmC on
U87MG B-D Representative images of cells with high
and low signal intensity levels of 5caC (green channel)
E-G 2.5D plot graphs of representative images of cells
presenting location of signal within the nucleus H
Profile intensity graph presenting pixel signal strengths
of the different channels for 5ShmC and 5caC
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The varying signal strengths of 5caC staining intensity on U87MG
presents subpopulations of cells with high and low signal strengths
which can indicate the possible heterogeneity of 5caC staining in
U87MG (Fig 5). These results are in line with results shown by
Wheldon et al. 2014, which indicate the heterogeneous pattern of
5caC staining within mouse embryonic stem cells (mESCs) and
embryonic brain in comparison to the uniform staining of 5caC shown

in induced pluripotent stem cells (iPSCs) from human.

6.2 Studying the expression levels of stem cell
markers in GBM and medulloblastoma cell
lines by qPCR

As the aim of the study is to see any potential correlation between

stem cell markers and 5caC levels. We chose to identify the
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expression of different stem cell markers in GBM cell lines. The gPCR
revealed the expression levels of a selected choice of markers, B3T,
PDGFRA, Rb1, MS1, NF1 (Supplementary information, Fig 1), Nestin,
EGFR, Notch1, SOX2 and Olig2 (Fig 6) on GBM cell lines, LN18, LN229,
U87MG and U251 and a medulloblastoma cell line, UW228-3; results
obtained from the qPCR were normalised against the control, a
human fetal brain cell line, FB83. We conducted the experiment in
three biological repeats and obtained a representable average. The
gPCR graphs exhibit high expression levels of all markers in U251 in
comparison to FB83. However, UW228-3 displays low expressions of
all markers in comparison to FB83. There is notable variation within
the levels of expression of each marker in each cell line. In comparison
to all the markers, Notch1 exhibits consistently increased expression
on all GBM cell lines which possibly indicates its involvement in
providing GBM cell lines with stem-like characteristics, reaching up to

a relative quantification level of 100.

We selected five markers, EGFR, Nestin, Notch1, Olig2 and SOX2, for
further analysis to understand their spatial expression and its
suggestive relationship with 5caC distribution in GBM and
medulloblastoma cells. The other markers, B3T, PDGFRA, Rb1, MS1
and NF1, all show high transcript levels in GBM and medulloblastoma
cell lines, which may deem interesting to be further researched in

future studies.

6.3 Validation of the antibodies for these
markers

To further understand the spatial distribution of these markers, we

performed an immunostaining of the markers on GBM and
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Intensity

medulloblastoma cell lines (Supplementary information, Fig 2-26). The
immunostaining confirms the positive expression of the markers
within each cell line as also indicated in the previous qPCR study (Fig

7).

The levels of expression of Nestin, Notch1, Olig2 and SOX2 is
significantly higher in most of the cells line in comparison to EGFR as

the average intensity strength is <16000.
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Figure 7: a-e Profile intensity graphs of average immunochemical signals of each of the markers and statistically
analysed against FB83 as control. Representing the statistical significance of the marker expression in GBM stem
cell lines and FB83. 1* being low statistically significant and increasing significance as stars increase.

As the aim of the study is to confirm any possible correlation between
the expression of markers with the presence of 5caC, we co-stained
the markers on each cell with 5caC. This was carried out by the cell
lines being treated with HCl which allows the disulfide bonds to break
within the DNA which allows specific binding of 5caC primary
antibodies. The co-stain results depict the presence of expression of
cell markers with a positive staining of 5caC (Fig 8). However, there is
no clear representation of the possible correlation between the

markers and 5caC. Further analyses are conducted using the results
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Intensity

obtained by immunostaining, such as 2.5D plots and fluorescence
intensity graphs, to develop a better understanding. These will
measure the strength of the signal intensity provided by the marker
according to the level of expression and how this correlates with the
signalling strength of the presence of 5caC, also possibly explaining

the heterogeneity of GBM.
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Figure 8: a-e Profile intensity graphs of average signals expressed by each marker and 5caC and statistically analysed against each other.
Representing the statistical significance between the presence of 5caC and the expression of markers within each GBM stem cell line.
Increased stars indicate high significance of results, therefore indicating possible reliable results.
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6.3.1 The spatial distribution of the
markers’ immunostaining in the cells
lines

All the markers (EGFR, Nestin, Notch1, Oligl and SOX2) have shown
high staining levels in GBM and medulloblastoma cell lines.
Immunostaining each individual marker on the cell lines
independently allowed us to understand the pattern of markers’
distribution and whether this can possibly identify whether there is a

pattern in signal strength when they are co-stained with 5caC.

As EGFR is a transmembrane protein, the results we had obtained
depicted the staining pattern for EGFR to be present on the outer
membrane of the nucleus. Although there was presence of EGFR
staining in the cytoplasm, the signal strength within the outer

membrane seemed much stronger (Fig 9).

Visually and in the signal intensity profiles, the signal strength of EGFR
in U251 is stronger than that presented by the other cell lines with
possibly a lower signal strength in LN18. Moreover, Olig2 also shows
increased signal strength within U251 and lower signal strength within
LN18. The presence of the signalling is observed strongly in the
cytoplasm with fluctuating strengths within the nucleus (Fig 10).
Notch1 also shows cytoplasmic positive staining, as the Notch
signalling pathways consists of receptors and ligands which are

transmembrane proteins (Bray, 2006) (Fig 11).
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However, there are significantly different staining patterns for SOX2
and Nestin within the cell lines. SOX2 portrayed a clear nuclear
staining with very little signal intensity present in the cytoplasm or the
outer membrane (Fig 12), which is expected results for a transcription
factor. Staining intensity for each cell line is weaker in comparison to

the control, FB83. Additionally, LN229 also depicts low levels of

FB83 LN18 LN229 U251 U87MG Uw228-3

g
pOum
—_——
v i &

Figure 9: Immunostaining images of the expression of EGFR in GBM and medulloblastoma cell lines. Consists of merge of both
DAPI and EGFR (blue and red channels) and split channels in grayscale.

signalling intensity within the cytoplasm as well as the nucleus
(Supplementary information, Fig 22-26). Moreover, staining for Nestin

positively showed the filament-like structure
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FB83 LN18 LN229 U251 UB7MG UW228-3

%

was . L t fi -Q - o
Figure 10: Immunostaining images of the expression of Olig2 in GBM and medulloblastoma cell lines. Consists of merge of
both DAPI and Olig2 (blue and red channels) and split channels in grayscale.

FB83 LN229 U251 US7MG UwW2283
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Figure 11: Immunostaining images of the expression of Notchl in GBM and medulloblastoma cell lines. Consists of merge of
both DAPI and Notch1 (blue and red channels) and split channels in grayscale.
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Figure 12: Immunostaining images of the expression of SOX2 in GBM and medulloblastoma cell lines. Consists of merge of both
DAPI and SOX2 (blue and red channels) and split channels in grayscale.

FB83 LN18 LN229 U251 U87MG Uw228-3

Figure 13: Immunostaining images of the expression of Nestin in GBM and medulloblastoma cell lines. Consists of merge of both
DAPI and Nestin (blue and red channels) and split channels in grayscale.
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as Nestin is an intermediate filament protein (Fig 13). The staining is
present within the cytoplasm. The clarity of the signal intensity for
Nestin staining is visible in all the GBM and medulloblastoma cell
lines, with varying strengths between each cell line. The analysis
showed a positive, statistically significant (p<0.006), expression of
Nestin within each cell line in comparison to FB83 (Supplementary

information, Fig 7-11).

6.3.2 Studying potential correlation
between the signal intensities of
5caC and cancer stem cell markers’
patterns in GBM and
medulloblastoma cell lines

To understand whether the expression of each marker correlates with
the presence and levels of 5caC we co-stained GBM and
medullablastoma with antibody against 5caC, after treatment of the

samples with 4N HCl.

EGFR, Notch1 and Nestin showed varying signal strengths between
the cell lines (Supplementary information, Fig 12-14). EGFR generally
displayed a statistically significant (p<0.0001) trend, as there was a
negative correlation between 5caC and EGFR according to the
fluorescence intensity graphs shown particularly in LN229 and
UW228-3 (Supplementary information, Fig 12). Moreover, Nestin’s
filament staining intensity visually decreased post-HCl treatment.
However, the signal intensity of Nestin in comparison to 5caC
exhibited an increasing pattern, therefore as Nestin signal intensity
increased, 5caC intensity also increased. This pattern is portrayed

mostly in LN18 and U87MG. The significant difference in staining
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pattern was observed in Notchl, as post-HCl treatment, there was
presence of increased signal intensity in the nucleus but there is no
identifiable trend present between the staining intensities of Notchl

and 5caC.

Nonetheless, SOX2 and Olig2 displayed interesting trends and
patterns between the staining intensities of the markers and 5caC.
Further analysis was conducted using colocalization of pixel intensity
and this data was used to calculate the Pearson’s correlation
coefficient to analyse potential correlation. Pearson’s correlation
coefficient suggests that when the values are closer to -1 or +1, then
the correlation is present, but it is either negative or positive. When
the values are close to 0, then this concludes there is no correlation.
Pearson’s correlation coefficient measures the strength of any
potential linear relationship between two variables (Sedgwick, 2012),
in this case that would be the green channel’s pixel intensity (5caC)

and the red channel’s pixel intensity (marker).

The signal intensity observed for Olig2 showed correlation with 5caC
signal intensity in UW228-3 (Fig 14). There is presence of Olig2 within
all the cell lines however it displays no distinctive trend or pattern. In
UW228-3, the pattern observed shows Olig2 signal intensity

increasing and the signal intensity of 5caC also increases. This pattern

is also reciprocated when the signal intensity decreases for Olig2, it
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also decreases for 5caC. Based on these results alone, we hypothesize

that there may be a positive correlation between Olig2 and 5caC.
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Figure 14: A-G Immunostaining images of UW228-3 expressing Olig2 marker and showing the presence of 5caC following treatment with 4N HCI. i-ii
Single cells representing different levels of 5caC signals. Consists of merge of green and red channels and splits of both channels in grayscale. H-I
2.5D plots of i and ii showing the location of staining for both channels. J-K Fluorescence intensity graph showing signals from both channels for i
and ii with high and low levels of 5caC and the difference in marker expression.

To further investigate the possible correlation between 5caC and
cancer stem cell markers expression, we conducted studies on
medulloblastoma cell line, UW228-3. Medulloblastoma is a paediatric
brain tumour mostly occurring in the cerebellum and potentially
spreads to the brain and spinal cord (Rutka 1997). Previous studies
suggested high 5caC levels in medulloblastoma (Ramsawhook et al.
2017). Previous studies have indicated the possible presence of
neuronal cells which suggests a link between neural stem cells and
medulloblastoma development (Manoranjan et al. 2012). According
to our study, there are high levels of Nestin present within UW228-3.

There was also a positive indication of possible correlation between
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5caC and Nestin as when 5caC levels are showing high intensity
values, the Nestin signal within the cytoplasm shows a low intensity
value. This can suggest that the expression of Nestin may be driven by

the presence of high levels of 5caC.

Following the analysis of signalling intensities between SOX2 and 5caC
shown in the average profile intensity graphs (Fig 15), we had
concluded that there may be a potential correlation between the level
of 5caC signal intensity being produced and the expression of SOX2.

Thus, when 5caC levels decreased, SOX2 expression also decreases.

LN18 SOX2 4N HCI (I)
200

\ — SOX2
. sl IU\ f | — 5caC
§ %. “,‘V 1,‘\'_‘ %‘ (‘ ﬂ(“ \
SE il TN
= ‘I\H‘.“ TR v |
504/ h'ﬂkﬁ‘ff |’J ]Jl\vj\
“ \
c0 100 200 300
Distance pm
K ii
LN18 SOX2 4N HCI (ll)
100 — SOX2
80 I 5caC
qé > ‘l |
k] 60 [ ‘
g5 N ‘|' |
SE 4 CE R (T A
z (L D{I { l"v‘ ,’ﬁ‘ A ‘l”“w;il/\"‘b‘ i
20 Mﬁ AL "M'
) ANVl "
0 100 200 300

Distance pm

— SOX2

Figure 15: A-G Immunostaining images of LN18 expressing SOX2 marker and showing the presence of 5caC following treatment with 4N HCI. i-ii Single
cells representing different levels of 5caC signals. Consists of merge of green and red channels and splits of both channels in grayscale. H-1 2.5D plots
of i and ii showing the location of staining for both channels. J-K Fluorescence intensity graph showing signals from both channels for i and ii with high
and low levels of 5caC and the difference in marker expression.

Page 56 of 127



To gain a better understanding of the possible correlation pattern, we
conducted a colocalization analysis of SOX2 and Olig2 using ZEN Black
(Fig 16D). The histogram scatter plot graph generated for the cells
showed no conclusive trend as the values are dispersed along the
Green channel (bottom of the graph). Moreover, the table generated
coefficient values for each cells pixel intensity and the average of the
coefficient R is ~ 0.0009. According Ramsawhook et al. 2017,
coefficient R denotes the Pearson’s correlation coefficient
(Ramsawhook and Lewis, 2017). Therefore, this result suggested the

absence of correlation between 5caC and SOX2 levels.

Performing this analysis on Fiji Imagel via Coloc2 (Fig 16C), the
Pearson’s correlation coefficient value was equal to 0.79 (Fig 16C),
significantly different to that produced by ZEN Black software.
Considering this value, we can conclude that there is a positive
correlation between the level of 5caC and SOX2 expression. The
histogram generated by Fiji Imagel (Fig 16C) is similar to the one
produced by ZEN Black, which can indicate that when the pixel
intensity for 5caC increases (green channel), the pixel intensity for

SOX2 (red channel) also increases.

As the coefficient values are significantly different for both sets of
results (Fig 16C & 16D), we performed similar analysis on a different
platform. Using the online Pearson’s correlation coefficient calculator
by EndMemo (http://www.endmemo.com/statistics/cc.php), we
obtained a Pearson’s coefficient R value of ~ 0.53 (Fig 16B). This value
is relatively closer to that provided by Fiji Imagel. It’s a positive
correlation however slightly weaker. The scatter plot graph generated
by the calculator shows a trend of increasing 5caC level of intensity

and an increasing SOX2 intensity, therefore increasing expression.
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Figure 16: A Merged channel images of SOX2 in LN18 with 5caC and Olig2 in UW228-3 with 5caC used to generate correlation data. B Correlation coefficient
generated by inputting raw data into Pearson’s Correlation coefficient calculator on EndMemo (online software); Scatter graph produced by EndMemo
showing SOX2 and Olig2’s correlation pattern. C Correlation coefficient generated by Fiji Image) Coloc2 software; 2D histograms produced by Fiji Image)
Coloc2 showing SOX2 and Olig2’s correlation patterns. D Correlation coefficient generated by ZEN Black software; Histograms produced by ZEN Black showing
correlation pattern of SOX2 and Olig2

Using the ZEN Black software, we conducted an analogous analysis on
UW?228-3 for 5caC and Olig2 and obtained R of ~ 0.066 (Fig 16D).
Taking into consideration the correlation R value denotes the
Pearson’s correlation coefficient, then this value is close to 0
therefore there is no potential correlation. However, performing this
analysis on Fiji Imagel, the value for Pearson’s correlation coefficient
was 0.81 (Fig 16C) thus suggesting that there is a possibly strong
positive correlation between the level of 5caC and the expression of
Olig2. According to the 2D histogram produced by Fiji Image) (Fig

16C), it shows a positive trend with increasing pixel intensity of green
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and red channel. Also, this histogram looks similar to that produced

by ZEN Black (Fig 16D).

The EndMemo generated value for this was equal to ~ 0.76 (Fig 16B).
This value is relatively close to the value generated by Fiji Imagel.
Moreover, the scatter plot graph (Fig 16B) reciprocates a similar trend

shown in the histogram produced by the other two software.

The ZEN black colocalization analysis possibly produced alternative
results because the formula used to generate the correlation
coefficient value may vary from the original Pearon’s correlation
coefficient formula. Furthermore, as the histograms/scatter plot
graphs produced by all the analysis are similar, it can also suggest the

difference in the formula used via ZEN black.
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7. DISCUSSION

Each marker has a specific involvement within GBM and its
functionality. There are studies which have shown EGFR
overexpressed in glioblastoma causing a number of downstream
signalling effects such as impaired apoptosis, angiogenesis and
necrosis (Taylor, Furnari and Cavenee, 2012). Moreover, formerly
recognised as a neural stem cell marker, studies have shown the
presence of expression Nestin in tumour stem cells from brain
tumours contributing to the tumorigenicity and resistance to
therapies in GBM (Chinnaiyan et al., 2008). The Notch signalling
pathway has also shown to contribute in the pathogenesis of cancer,
it takes part in the control of cancer stem cell renewal, differentiation,
apoptosis and angiogenesis. The Notch pathways may have a
contributing factor to cancer stem cells activities such as its growth
and invasiveness within GBM (Cenciarelli et al., 2017). Furthermore,
the presence of Olig2, a transcription factor, occurs mostly during
linear specification of progenitor cells to neuronal subtypes,
therefore during the early stem cell stage of central nervous system
development (Ligon et al., 2007). Studies have shown that Olig2 is
suggested to be a specific marker for glioblastoma stem cells (GSCs)
(Trépant et al., 2015). Likewise, there is evidence of SOX2 suggestively
being involved in the maintaining of the “stemness” capabilities of
cancer stem cells which is potentially associated with GBM (Garros-
Regulez et al., 2016). A previous study confirmed the overexpression
of SOX2 within GBM may be caused by promoter hypomethylation
(Alonso et al., 2011).

In our study, we investigated the spatial distribution of 5caC, a DNA

modification that is usually associated with active DNA demethylation
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in GBM and medulloblastoma cell lines. Active DNA demethylation is
important in several biological processes; however, the exact
biological role of 5caC intermediate is not clearly understood (Song &
He 2013). Therefore, this study was conducted to understand the
potential role of 5caC and its relationship with potential cancer stem

cell populations in GBM.

Studies have indicated GBM consists of sub-population of cells which
are highly proliferative and some slow proliferative which are believed
to be the glioma stem cells (Faria et al. 2006) possibly giving rise to
the different subgroups in GBM. It has been previously shown that
5caCis present in a subpopulation of cells of paediatric brain tumours
such as medulloblastoma and ependymoma (Ramsawhook et al.
2017). We believed that active DNA demethylation pathway might be
involved in tumorigenesis possibly regulating the activities of cancer
stem cells. However, there are significant variations in the
heterogenic staining of 5caC in the different cell lines, this may be due

to the cell lines being derived from different subtypes of GBM.

The protein markers chosen for this study mark stem cell populations
regulating either their proliferation potential and or their
differentiation into neuronal or glial lineages. As shown in our study,
there is expression of all markers within GBM. However, the variation
of expression of the markers in each cell line can possibly determine
the characteristics of the tumour subtypes. Relative expression of the
genes in GBM was compared to their expression in FB83, as fetal
tissue is known to contain stem cells and progenitor cells (Ishii & Eto
2014). As identified in gPCR and immunostaining, there is presence of
all the marker expression in FB83. Previous studies have showed the

presence of stem cells within GBM (glioma stem cells). The co-
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expression of markers with 5caC may indicate GBM to possess
stemness characteristics such as differentiation, proliferation and self-

renewal.

Nonetheless, to visualize the level of the 5caC oxidative derivative of
active DNA demethylation in cancer cells we performed
immunocytochemistry experiments. We co-immunostain at the same
conditions for protein markers; however due to high concentration of
HCI the protein structures of some of our markers were affected.
Possibly disrupting the protein structure to disrupt and affecting the
results. This may have occurred with Nestin as the signal in the
cytoplasm decreases following treatment with 4N HCI, due to the

structure disruption.

These suggestions stated above can potentially coincide with the
results depicted by Notch1 staining with 5caC as it is known that the
Notch1 signalling pathway consists of extracellular and intracellular
activities (Bray 2006). The increase of the Notch1 expression as well
as the increase of 5caC levels in the nucleus may suggest the
possibility Notch1 signalling pathway is interpreting active DNA
demethylation possibly promoting tumorigenesis of GBM. As Notch1
maintains proliferation and differentiation, permanent activation may
cause decreased differentiation hence leading to tumour formation as
suggested by previous studies (Stockhausen et al. 2010). This may also
suggest that the increased expression can be shown as a permanent
activation of Notch1 which is possibly driven by the levels of 5caC,
however further studies need to be carried out to confirm this

hypothesis.
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7.1The possible correlation between increased
levels of 5caC and increased expression of
SOX2 and Olig2

SOX2 expression is a characteristic of early human development,
however there have been studies that have detected the expression
of SOX2 in adult and has seen its presence within neural stem cells
throughout its lifespan (Brazel et al. 2005). SOX2 is expressed in many
malignant tumours where it is involved in sustaining growth and self-
renewal of tumour adult stem cells (Fong et al. 2008)(Suh et al. 2007).
Several previous studies have detected the heterogeneity of cells in
gliomas at different stages of differentiation correlating with the
variable expression of SOX2, ranging from 6-80% in different glioma

samples (Schmitz et al. 2007)(Rita et al. 2009).

A previous study conducted by Alonso et al., (2011) to investigate the
effect of SOX2 and its contribution towards the malignancy of GBM,
shows the presence of hypomethylation occurring in the CpG islands
of the promoter regions of SOX2 (Alonso et al. 2011). In our study, we
had identified the possible positive correlation between increased
expression of SOX2 and the presence of increased levels of 5caC. The
correlation also corresponds with decreased levels of 5caC, as the
expression of SOX2 also decreases. The correlation shows that as
SOX2 is a cancer stem cell marker, 5caC may also be a marker of
cancer stem cells. This potential correlation pattern can indicate that
5caC levels drives the expression of SOX2 therefore promoting

tumour proliferation and self-renewal.

Additionally, Olig2 has also shown characteristics to possibly
identifying diffuse glioma tumour cells and the non-diffuse glioma,

pilocytic astrocytoma according to a previous study (Utt et al. 2004).
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Olig2 is crucial for determining oligodendrocytes and their
specification and it has been reported that overexpression of Olig2
can cause differentiation within oligodendrocyte progenitor cells
(OPCs) (Wegener et al. 2015). The expression of Olig2 has been
suggested to also identify the classes and subtypes of gliomas (Utt et
al. 2004) this can possibly indicate the cause of heterogenic cell

population within glioblastoma.

A study conducted by Utt et al., 2004, had described
medulloblastoma, derived from cerebellar neuronal progenitor cells,
showed mostly Olig2-negative cells however there were focal areas of
the tumour which consisted of rare Olig2-positive cells. Considering
our finding, there is a potential positive correlation between the
increased levels of 5caC and Olig2-positive cells which may suggest
that the rare expression of Olig2 can be driven by the presence of
active DNA demethylation. In our observation, there is a possible
positive correlation between Olig2 expression and 5caC levels in
UW228-3. When the level of 5caC increases, the levels of Olig2 also
increases. As previous studies have indicated, the presence of Olig2
maintains the tumorigenic state of medulloblastoma as it is found in
the progenitors of granule cells in the tumour cells which indicates
Olig2 may influence formation and proliferation of cancer cells
(Schiiller et al. 2008). Therefore, 5caC is present at high levels in
cancer stem cells (CSCs) and the following concludes that active DNA

demethylation probably occurs in CSC.

To confirm this conclusion of positive correlation between increased
levels of 5caC in association with increased expression of SOX2 and
Olig2, neurosphere assays can be produced. Neurosphere assays are

conducted to enrich for the cancer stem cells from brain tumour.
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These stem-like cells possess characteristics of neural stem cells found
in normal human brain (Ignatova et al. 2002). This assay will mimic
and recapitulate the tumour environment of GBM, providing us more
accurate information about tumour characteristics. Using these
culture conditions, further experiments can be performed such as
immunostaining for the stem cell markers to evaluate their presence
in the neurospheres. Moreover, DNA immunoprecipitation can be
conducted followed by gPCR to identify the presence of 5caC in the
promoter regions of the cancer stem cell markers. Another possible
experiment to conduct would be to transiently knockdown SOX2 and
Olig2, to examine whether the levels of 5caC are altered and how

active DNA demethylation is affected.

In conclusion, this study indicates the potential role of active DNA
demethylation in GBM CSC. It is considered due to the heterogeneity
of 5caC levels in GBM which shows possible correlating patterns with
the expression of CSC markers. These protein markers, i.e. SOX2 and
Olig2, are involved in the maintenance and regulation of stem cells
and development. Therefore, indicating the stem-like state in GBM
cancer cells may contain population of GSCs which are characterised
by high levels of active DNA demethylation. With further experiments,
these markers may provide support into comprehending the
stemness characteristics within GBM and the functional role of 5caC
in active DNA demethylation to define the characteristics portrayed
by the stem-like cancer cells and potential future implications for

diagnostics and therapy of the brain tumours.
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9. SUPPLEMENTARY INFORMATION
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Supplementary Figure 1: gPCR graphs presenting
average biological repeats of B3T, PDGFRA, Rb1,
MS1 and NF1 on GBM, medulloblastoma and fetal
brain cell lines.
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Supplementary Figure 2: a-d Immunostaining images from confocal microscope representing EGFR in LN18 with no treatment of HCl, includes merge of

DAPI and EGFR (blue & red channels) and grayscale single cell (arrowed) images of split channels of DAPI (blue channel) and EGFR (red channel). e

Fluorescence intensity graph representing signal produced by the single cell (arrowed) for red and blue channels. f 2.5D plot of single cell (arrowed)

showing location and intensity of staining. Page 92 of 127
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Supplementary Figure 3: a-d Immunostaining images from confocal microscope representing EGFR in LN229 with no

treatment of HCI, includes merge of DAPI and EGFR (blue & red channels) and grayscale single cell (arrowed) images of split
channels of DAPI (blue channel) and EGFR (red channel). e Fluorescence intensity graph representing signal produced by the
single cell (arrowed) for red and blue channels. f 2.5D plot of single cell (arrowed) showing location and intensity of staining.
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Supplementary Figure 4: a-d Immunostaining images from confocal microscope representing EGFR in U251 with no treatment
of HCl, includes merge of DAPI and EGFR (blue & red channels) and grayscale single cell (arrowed) images of split channels of
DAPI (blue channel) and EGFR (red channel). e Fluorescence intensity graph representing signal produced by the single cell
(arrowed) for red and blue channels. f 2.5D plot of single cell (arrowed) showing location and intensity of staining.
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Supplementary Figure 5: a-d Immunostaining images from confocal microscope representing EGFR in U87MG with no treatment of HC, includes
merge of DAPI and EGFR (blue & red channels) and grayscale single cell (arrowed) images of split channels of DAPI (blue channel) and EGFR (red
channel). e Fluorescence intensity graph representing signal produced by the single cell (arrowed) for red and blue channels. f 2.5D plot of single cell
(arrowed) showing location and intensity of staining.
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Supplementary Figure 6: a-d Immunostaining images from confocal microscope representing EGFR in UW228-3 with no treatment of HCI, includes
merge of DAPI and EGFR (blue & red channels) and grayscale single cell (arrowed) images of split channels of DAPI (blue channel) and EGFR (red
channel). e Fluorescence intensity graph representing signal produced by the single cell (arrowed) for red and blue channels. f 2.5D plot of single

cell (arrowed) showing location and intensity of staining.
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Supplementary Figure 7: a-d Immunostaining images from confocal microscope representing Nestin in LN18 with no treatment of HCI, includes merge of
DAPI and Nestin (blue & red channels) and grayscale single cell (arrowed) images of split channels of DAPI (blue channel) and Nestin (red channel). e
Fluorescence intensity graph representing signal produced by the single cell (arrowed) for red and blue channels. f 2.5D plot of single cell (arrowed) showing
location and intensity of staining.
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Supplementary Figure 8: a-d Immunostaining images from confocal microscope representing Nestin in LN229 with no treatment of HCI, includes
merge of DAPI and Nestin (blue & red channels) and grayscale single cell (arrowed) images of split channels of DAPI (blue channel) and Nestin (red
channel). e Fluorescence intensity graph representing signal produced by the single cell (arrowed) for red and blue channels. f 2.5D plot of single cell
(arrowed) showing location and intensity of staining.
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Supplementary Figure 9: a-d Immunostaining images from confocal microscope representing Nestin in U251 with no treatment of HCI, includes
merge of DAPI and Nestin (blue & red channels) and grayscale single cell (arrowed) images of split channels of DAPI (blue channel) and Nestin (red
channel). e Fluorescence intensity graph representing signal produced by the single cell (arrowed) for red and blue channels. f 2.5D plot of single
cell (arrowed) showing location and intensity of staining.
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Supplementary Figure 10: a-d Immunostaining images from confocal microscope representing Nestin in U87MG with no treatment of HCl, includes merge of
DAPI and Nestin (blue & red channels) and grayscale single cell (arrowed) images of split channels of DAPI (blue channel) and Nestin (red channel). e
Fluorescence intensity graph representing signal produced by the single cell (arrowed) for red and blue channels. f 2.5D plot of single cell (arrowed) showing
location and intensity of staining.
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Supplementary Figure 11: a-d Immunostaining images from confocal microscope representing Nestin in UW228-3 with no treatment of HCl, includes merge
of DAPI and Nestin (blue & red channels) and grayscale single cell (arrowed) images of split channels of DAPI (blue channel) and Nestin (red channel). e
Fluorescence intensity graph representing signal produced by the single cell (arrowed) for red and blue channels. f 2.5D plot of single cell (arrowed) showing

location and intensity of staining.
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Supplementary Fig 12: Analysis of each of cell line stained for EGFR and 5caC; 2.5D .
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Supplementary Fig 13: Analysis of each of cell line stained for Notch1 and 5caC;
2.5D Plots representing staining location for Notch1 and 5caC on a single cell
within each cell line; Fluorescence intensity graph representing strengths for each
signal emitted by Notch1 and 5caC with average values from different cells within
each cell line.
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Supplementary Figure 15: a-d Immunostaining images from confocal microscope representing Notch1 in LN18 with no treatment of HCI, includes
merge of DAPI and Notch1 (blue & red channels) and grayscale single cell (arrowed) images of split channels of DAPI (blue channel) and Notch1 (red
channel). e Fluorescence intensity graph representing signal produced by the single cell (arrowed) for red and blue channels. f 2.5D plot of single cell
(arrowed) showing location and intensity of staining.
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Supplementary Figure 16: a-d Immunostaining images from confocal microscope representing Notchl in LN229 with no treatment of HCI, includes merge
of DAPI and Notch1 (blue & red channels) and grayscale single cell (arrowed) images of split channels of DAPI (blue channel) and Notch1 (red channel). e
Fluorescence intensity graph representing signal produced by the single cell (arrowed) for red and blue channels. f 2.5D plot of single cell (arrowed)
showing location and intensity of staining.
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Supplementary Figure 17: a-d Immunostaining images from confocal microscope representing Notch1 in U251 with no treatment of HCI, includes merge of
DAPI and Notch1 (blue & red channels) and grayscale single cell (arrowed) images of split channels of DAPI (blue channel) and Notch1 (red channel). e
Fluorescence intensity graph representing signal produced by the single cell (arrowed) for red and blue channels. f 2.5D plot of single cell (arrowed) showing
location and intensity of staining.
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Supplementary Figure 18: a-d Immunostaining images from confocal microscope representing Notch1 in U87MG with no treatment of HCI, includes
merge of DAPI and Notch1 (blue & red channels) and grayscale single cell (arrowed) images of split channels of DAPI (blue channel) and Notch1 (red
channel). e Fluorescence intensity graph representing signal produced by the single cell (arrowed) for red and blue channels. f 2.5D plot of single cell
(arrowed) showing location and intensity of staining.
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Supplementary Figure 19: a-d Immunostaining images from confocal microscope representing Notchl in UW228-3 with no treatment of HCI, includes
merge of DAPI and Notch1 (blue & red channels) and grayscale single cell (arrowed) images of split channels of DAPI (blue channel) and Notch1 (red
channel). e Fluorescence intensity graph representing signal produced by the single cell (arrowed) for red and blue channels. f 2.5D plot of single cell
(arrowed) showing location and intensity of staining.
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Supplementary Figure 20: a-d Immunostaining images from confocal microscope representing Olig2 in LN18 with no treatment of HCI, includes merge
of DAPI and Olig2 (blue & red channels) and grayscale single cell (arrowed) images of split channels of DAPI (blue channel) and Olig2 (red channel). e
Fluorescence intensity graph representing signal produced by the single cell (arrowed) for red and blue channels. f 2.5D plot of single cell (arrowed)
showing location and intensity of staining.
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Supplementary Figure 21: a-d Immunostaining images from confocal microscope representing Olig2 in LN229 with no treatment of HCI, includes merge
of DAPI and Olig2 (blue & red channels) and grayscale single cell (arrowed) images of split channels of DAPI (blue channel) and Olig2 (red channel). e
Fluorescence intensity graph representing signal produced by the single cell (arrowed) for red and blue channels. f 2.5D plot of single cell (arrowed)
showing location and intensity of staining.
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Supplementary Figure 19: a-d Immunostaining images from confocal microscope representing Olig2 in U251 with no treatment of HCI, includes merge
of DAPI and Olig2 (blue & red channels) and grayscale single cell (arrowed) images of split channels of DAPI (blue channel) and Olig2 (red channel). e
Fluorescence intensity graph representing signal produced by the single cell (arrowed) for red and blue channels. f 2.5D plot of single cell (arrowed)
showing location and intensity of staining.
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Supplementary Figure 22: a-d Immunostaining images from confocal microscope representing Olig2 in U87MG with no treatment of HCl,
includes merge of DAPI and Olig2 (blue & red channels) and grayscale single cell (arrowed) images of split channels of DAPI (blue channel) and
Olig2 (red channel). e Fluorescence intensity graph representing signal produced by the single cell (arrowed) for red and blue channels. f 2.5D
plot of single cell (arrowed) showing location and intensity of staining.
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Supplementary Figure 23: a-d Immunostaining images from confocal microscope representing Olig2 in UW228-3 with no treatment of HCI, includes
merge of DAPI and Olig2 (blue & red channels) and grayscale single cell (arrowed) images of split channels of DAPI (blue channel) and Olig2 (red channel).
e Fluorescence intensity graph representing signal produced by the single cell (arrowed) for red and blue channels. f 2.5D plot of single cell (arrowed)
showing location and intensity of staining.

Page 114 of 127



e LN18 SOX2 ON HCI

3001
— SOX2
— DAPI
(]
(&)
c - 2001
L =
o n
n <o
L2
o £
= 1001
w
0 r r "
0 100 200 300

Distance um

Supplementary Figure 24: a-d Immunostaining images from confocal microscope representing SOX2 in LN18 with no treatment of HCl, includes merge of
DAPI and SOX2 (blue & red channels) and grayscale single cell (arrowed) images of split channels of DAPI (blue channel) and SOX2 (red channel). e
Fluorescence intensity graph representing signal produced by the single cell (arrowed) for red and blue channels. f 2.5D plot of single cell (arrowed) showing
location and intensity of staining.
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Supplementary Figure 25: a-d Immunostaining images from confocal microscope representing SOX2 in LN229 with no treatment of HCI, includes merge of
DAPI and SOX2 (blue & red channels) and grayscale single cell (arrowed) images of split channels of DAPI (blue channel) and SOX2 (red channel). e
Fluorescence intensity graph representing signal produced by the single cell (arrowed) for red and blue channels. f 2.5D plot of single cell (arrowed)
showing location and intensity of staining.
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Supplementary Figure 26: a-d Immunostaining images from confocal microscope representing SOX2 in U251 with no treatment of HCI, includes merge of
DAPI and SOX2 (blue & red channels) and grayscale single cell (arrowed) images of split channels of DAPI (blue channel) and SOX2 (red channel). e
Fluorescence intensity graph representing signal produced by the single cell (arrowed) for red and blue channels. f 2.5D plot of single cell (arrowed)

showing location and intensity of staining.
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Supplementary Figure 27: a-d Immunostaining images from confocal microscope representing SOX2 in U87MG with no treatment of HCl, includes merge
of DAPI and SOX2 (blue & red channels) and grayscale single cell (arrowed) images of split channels of DAPI (blue channel) and SOX2 (red channel). e
Fluorescence intensity graph representing signal produced by the single cell (arrowed) for red and blue channels. f 2.5D plot of single cell (arrowed)
showing location and intensity of staining.
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Supplementary Figure 28: a-d Immunostaining images from confocal microscope representing SOX2 in UW228-3 with no treatment of HCI, includes merge of DAPI
and SOX2 (blue & red channels) and grayscale single cell (arrowed) images of split channels of DAPI (blue channel) and SOX2 (red channel). e Fluorescence intensity
graph representing signal produced by the single cell (arrowed) for red and blue channels. f 2.5D plot of single cell (arrowed) showing location and intensity of
staining.
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