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                          Abstract 

 

5-methylcytosine (5mC) is an epigenetic modification usually associated 

with transcriptional repression. The TenïEleven Translocation proteins 

(Tet1/2/3) can oxidise 5mC to 5-hydroxymethylcytosine (5hmC), 5-

formylcytosine (5fC) and 5-carboxylcytosine (5caC) in vertebrate DNA. 

These modifications have not been well characterised but have been 

detected during embryogenesis, in somatic adult healthy and malignant 

tissues. Transcription factor and tumour suppressor/ oncogene Wilmôs 

Tumour protein 1 (WT1), though not expressed in healthy brains displays 

over-expression in high grade neoplasms including Glioblastoma 

multiforme (GBM) and has been associated with poor patient prognosis. 

Interestingly, WT1 possesses preferential binding affinity for 5mC and 

5caC over unmodified cytosines, 5hmC and 5fC in vitro. Thus we 

speculate that a WT1-5caC relationship may exist within a DNA 

demethylation associated and possible a transcriptional regulatory 

context in brain tumours. Utilising a range of techniques including 

genome editing and Next Generation Sequencing, we demonstrate that 

5caC is enriched in brain tumour cell lines, is depleted upon WT1 

mutagenesis and may share genomic occupancy on gene regulatory and 

intragenic sequences. Additionally, we demonstrate a compromised 

neurosphere formation phenotype evident in WT1 zinc finger mutant 

GBM cell lines which correlates with perturbed extracellular matrix and 

cell adhesion gene expression, and is correlated with reduced tumour 

formation in vivo.    
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General Introduction 

To fully appreciate DNA demethylation mechanisms and their 

implications on gene expression via effecting transcriptional machinery 

and chromatin conformation, rudiments of DNA methylation must first be 

understood.  

 

1.1 DNA Methylation 

DNA methylation, a well-documented mechanism associated with 

transcriptional regulation, entails modification of cytosine residues in a 

CpG dinucleotide context via the addition of methyl group (-CH3) to the 



36 

 

5¡- carbon atom of the cytosine pyrimidine ring to form 5-methylcytosine 

(5mC) (Bird, 2002). Approximately 70% of CpGs are methylated which 

constitutes only 1% of mammalian genomes as they are depleted of this 

palindromic sequence owing to 5mC mutagenic propensity to 

spontaneously deaminate to thymine (Youssoufian et al, 1985). 

The presence of methyl groups on gene promoter sequences shows 

strong correlation with transcriptional repression in vertebrates (Klose & 

Bird, 2006). Addition of these methyl groups is catalysed predominantly 

by highly conserved DNA methyltransferase (DNMT) enzymes DNMT3a, 

3b, 3C and 3L, and DNMT1 which modify CpG cytosines in de novo and 

maintenance methylation contexts respectively (Kim et al, 2002; Barau 

et al, 2016).  

 

1.1.1 De novo Methylation 

Methylation modifications on DNA are not inherited from parent to 

offspring and therefore must be re-established de novo following 

demethylation post fertilization (Santos et al, 2002). De novo methylation 

is performed by DNMT3A, B, C and L which catalyse transfer of methyl 

groups to unmethylated palindromic CpG residues (Santos et al, 2002; 

Barau et al, 2016). In mice, DNMT3A/B share structural similarity with 

another methyltransferase, DNMT2 which is functionally redundant 

(Reik, Kelsey & Walter, 1999). DNMT3A/B exhibit elevated expression 

during development in embryonic stem cells and in the epiblast however 

diminished expression is observed following pluripotent cell lineage 

commitment to somatic fates during differentiation (Okano, Bell & Haber, 
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1999). DNMT3a/b mutagenesis resulting in functionally null proteins in 

mouse embryonic stem cells fail to establish methylation profiles 

commensurate with those departing stemness towards lineage 

commitment (Okano, Bell & Haber, 1999). This is reflected in DNMT3a/b-

/- maintenance of Oct3/4 expression. Additionally, DNMT3a/b-/- mouse 

NIH3T3 fibroblasts cannot methylate viral DNA - an evolutionary hallmark 

of cellular defence mechanisms against exogenous nucleic acids 

(Okano, Bell & Haber, 1999). Whilst sharing functional redundancy, 

DNMT3a and 3b display tissue-specific expression patterns with 3a 

detected uniformly in mouse embryos but 3b predominantly localised to 

neuroectoderm and chorionic ectoderm tissues (Okano, Bell & Haber, 

1999). Consequent of non-overlapping expression, DNMT3a-/- mutants 

survive 2-3 weeks postnatal whereas DNMT3b-/- mutants are 

embryonically lethal, failing to undergo gastrulation and terminating at 

embryonic day 9.5 (E9.5) (Li, Bestor & Jaenisch, 1992 & Okano et al, 

1999). The de novo DNA methyltransferase DNMT3C was recently 

discovered to methylate promoters of transcriptionally active 

retrotransposons in the genomes of male mice (Barau et al, 2016).  

DNMT3L is an auxiliary factor which complexes with DNMT3a/b to 

enhance their activity but possesses no methyltransferase activity of its 

own. However, DNMT3L null mutant mice are infertile (Hata et al, 2002) 

as its expression is highest in wildtype primordial germ cells post 

migration to genital ridges, highlighting the importance of de novo 

methylation in gamete maturation (Bourcôhis et al, 2001).          
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1.1.2 Maintenance Methylation 

Methylation signatures can be inherited during mitosis from somatic and 

parent to daughter cells (Eckhardt et al, 2006) and in primordial germ 

cells on repetitive elements prior to meiosis (Lees-Murdock et al, 2008).  

Maintenance methylation involves DNMT1 facilitated modification of 

CpG cytosine residues existing in hemi-methylated palindromes on 

double-stranded DNA (Hermann, Goyal & Jeltsch, 2004). DNMT1 can be 

recruited to DNA at replication forks (Sharif et al, 2007) and 

consequently, genomic methylation levels peak during S phase of the 

cell cycle (Brown et al, 2007). DNMT1 methylates unmodified cytosines 

thereby demarcating nascent synthesized DNA strands, promoting 

recognition of self/ non-self genetic material as defence against viruses, 

X-chromosome inactivation and maintains transcriptional repression 

profiles (Lin et al, 2000). Through recognition of hemi-methylated DNA 

CpG sequences, DNMT1 maintains established patterns of methylation 

demarcated by de novo methylation e.g. repression of Long Interspersed 

Nuclear Element 1 (LINE 1) retrotransposon promoters to inhibit its 

potentially carcinogenic propagation (Chalitchagorn et al, 2004). 

Although possessing hemi-methylated DNA preferential binding affinity, 

DNMT1 can methylate unmethyated CGI sequences in DNMT3a/b -/- 

mutant cells, fulfilling an emergency de novo methylation role (Fatemi et 

al, 2002). Thus owing to the semi-conservative nature of DNA replication 

(Gruenbaum et al, 1982), maintenance methylation can faithfully 

recapitulate methylation signatures from parent to daughter cell (fig 1.1) 

(Dean, Santos & Reik, 2003). 
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The source of the methyl group is produced via cyclical methionine 

biosynthesis. Briefly, methionine adenosyl synthetase facilitated 

adenosine triphosphate (ATP) hydrolysis generates S-adenosyl 

methionine (SAM/AdoMet) which reacts with sulfonium lone pair 

electrons on methionine via nucleophilic substitution. Catalysis of 

polytriphosphate (PPPi) to adenosine diphosphate (ADP) and inorganic 

phosphate (Pi) is achieved through innate polyphosphotase activity of 

methionine adenosyl synthestase. The methyl group attached to 

methionine sulfonium is cleaved by methyltransferases and acts as a 

donor for DNA and RNA methylation at CpG and uracil residues 

respectively (Chiang et al, 1996). 

 

 

 

 

 

 

 

 

 

Figure 1.1 Schematic Representation of DNA Methylation Mechanism. 

DNA methyltransferase (DNMTs) enzymes 3a, 3b and 3c (DNMT3a/b/c) 

catalyse the transfer of methyl groups (red circles) to unmodified DNA 

molecules (orange horizontal bar) at CpG sites (blue boxes). Maintenance 
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methylation enzyme Dnmt1 only transfers methyl groups onto hemi-methylated 

DNA molecules resulting in double-stranded CpG methylation. (Original figure). 

 

1.1.3 Effect of DNA Methylation on Transcription 

To achieve 5-carbon atom methylation of cytosine, DNMTs must access 

the nucleotide situated within the concave conformation of DNA major 

grove (Arita et al, 2008) Ubiquitin-like containing pleckstrin homology 

domain (PHD) and Ring Finger domains -1 (UHRF1), recruits DNMT1 to 

replication forks at hemi-methylated CpG palindromes (Hashimoto et al, 

2009). The UHRF1 Set and Ring domain (SRA) catalyses the 180° base-

flipping and subsequent 65° rotation required to disrupt dipole-dipole 

base stacking forces (Cheng & Roberts, 2001) and grant DNMT1 access 

to the cytosine to be modified. Interestingly, the base flipping mechanism 

is not cytosine-specific but the SAM/AdoMet-dependent 

methyltransferase reaction is (Hashimoto et al, 2009). As posited by Watt 

& Molloy, 1988, methylation of CpG dinucleotides may attenuate gene 

transcription by occlusion of basal transcriptional machinery binding to 

CpG containing transcriptional regulatory sequences (Watt & Molloy, 

1988). However evidence revealing unperturbed binding of SP1 

transcription factor to high density (10 nucleotide) CG rich consensus 

sequence with or without methylation suggest the CpG methyl group 

transcriptional repressive effects may be minimal and or protein specific 

(Harrington et al, 1988). Kass, Pruss & Wolffe suggested an alternate 

mechanism of transcriptional repression in which methyl-binding domain 

containing transcription factors recognise and bind to methylated CpG 
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regulatory sequences thereby contributing to silencing of transcription 

(Kass, Pruss & Wolffe, 1997).    

 

Indeed, CpG methylation binding proteins can be classified into three 

families: (1) methyl-CpG binding domain (MBD) family such as Methyl-

CpG binding Protein 2 (MeCP2) and MBDs 1-6; (2) Kaiso and Kaiso-like 

family proteins such as Zinc finger and BTB domain containing (ZBTB) 

proteins ZBTB4 and ZBTB38 and (3) SET and RING Associated domain 

(SRA) family proteins such as UHRF1 (Fournier et al, 2012).  

Proteins such as MeCP2, MBD1, MBD2, MBD3 and MBD4 recognise 

methylated CpG sequences (Zou et al, 2011). The cysteine-rich histidine-

rich zinc finger proteins ZBTB4 and ZBTB38 are capable of binding to 

single methylated CpG containing motifs in a methylation-dependent 

manner, both with specificity for the methylated H19/Igf2 locus (Filion et 

al, 2006). Interestingly,  MBD3, MBD5 and MBD6 proteins cannot bind to 

methylated CpG sequences but instead complex with PolyComb Group 

(PcG) chromatin remodelling complex proteins (Baymaz et al, 2014) 

whilst protein arginine N-methyltransferase PRMT11 protein harbouring 

MBD7, is expressed in Arabidopsis thaliana (Scebba et al, 2007).  

 

Methyl CpG binding domains are highly conserved between members of 

the protein family and consist of loop L1, Beta Sheets B3, B4 and L2 

loops within the methyl-CpG binding pocket. Arginine 22 and lysine 46 of 

the peptide sequence form cationic electrovalent bonds with methylated 

cytosine whilst hydrogen bonding between opposite cytosine and 
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guanine and dipole base stacking forces between adjacent nucleotides 

produce a trifecta of interactions occurring at the DNA-methyl CpG 

domain interface (Zou et al, 2011). These interactions stabilise MBD 

proteins- DNA binding thus facilitating recruitment of nucleosome 

remodelling complexes (Hashimshony et al, 2003). These complexes 

such as Nucleosome Remodelling and histone Deacetylase (NuRD) and 

Sin3 consist of scaffolding proteins RbAp46 and RbAp48 mediating 

ATPase-dependent targeting of histones by histone deacetylase 

enzymes (HDACs) e.g. HDAC1/2 (Zhang et al, 1999). These enzymes 

catalyse removal of acetyl groups from histone tails at specific residues 

e.g. Histone 3 lysine 4 acetylation (H3K4ac) thereby effecting repressive 

chromatin conformations associated with repressive histone marks such 

as H3K9me3 (Denslow & Wade, 2007; Leighton & Williams Jr, 2019). 

NuRD and Sin3 complexes may convene at methyl-CpG sequences via 

interaction with MBD2 and MeCP2 respectively (fig 1.2), thus resulting in 

locus specific transcriptional silencing through nucleosome remodelling 

(Ahringer, 2000).  
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Figure 1.2 Multiple factors bind 5mC to influence transcriptional 

repression. DNA methylation (red circles) on CpG residues are recognised by 

methyl-binding domain (MBD) proteins which recruit chromatin remodelling 

proteins to create a condensed and transcriptionally repressive conformation. 

Proteins such as MBD2/3 are attracted to open chromatin but transcription 

factors (TF) and RNA polymerase (RNAP) which bind to transcriptionally 

permissive chromatin are precluded from binding to repressive chromatin. The 

repressive chromatin decorated with histone and DNA methylation is 

associated with NuRD complex proteins such as histone deacetylases 1 & 2 

(HDAC1/2), Retinoblastoma associated proteins 46 & 48 (RbAp46/48), 

chromatin helicase domains 3 & 4 (CHD3/4), GATA zinc finger domain 2 protein 

A (p66Ŭ) and Metastasis Associated protein 1/2/3 (MTA1/2/3). (Original figure).  

 

1.1.4 DNA Methylation is Dynamic 

During embryogenesis transcriptionally repressive methylation profiles in 

gametes undergo erasure by passive and active mechanisms to ensure 

activation of pluripotency and embryonic development genes whilst 

silencing terminal differentiation somatic ones (fig 1.3) (Wu & Zhang, 

2010). Studies performed by Monk, Boubelik and Lehnert using CpG 

methylation dependent differential cleavage by restriction enzymes MspI 

and HpaII (HpaII cannot cleave internal methylated Cytosine in 5'ï

CCGG-3' sequences to 5'ïCCï3' and 5'ïGG-3' whereas MspI can) 

followed by Ŭ-32P[dCTP] end-labelling, highlighted distinct patterns of 

methylation and its erasure occurring at landmark stages of embryonic 

mouse development (Monk, Boubelik & Lehnert, 1987). Analysis of 
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sperm, ovulated oocyte, 8-cell blastula, blastocyst, E6.5, E7.5 and E16.5 

post implantation DNA revealed significant methylation of sperm and 

blastula genomes compared to embryonic stem cells, E11-13 foetal germ 

cells and oocytes, the latter of which appeared hypomethylated. Highest 

methylation densities were observed in E7.5 embryos (Monk, Boubelik & 

Lehnert, 1987). Owing to high background signal attributable to high 

density unmethylated CGI sequences, global absolute methylation levels 

could not be achieved (Monk, Boubelik & Lehnert, 1987). Multiple studies 

corroborate these findings (Oswald et al, 2000; Dean et al, 2001; Iqbal et 

al, 2011 Wossidlo et al, 2011), facilitating refinement of the embryonic 

DNA dynamic methylation model. Distinct methylation profiles exist for 

oocytes and sperm with hypomethylated and hypermethylated genomes 

observed for the former and latter respectively. Upon pronuclear fusion 

in the fertilized zygote, paternal sperm derived DNA undergoes rapid 

global demethylation resulting in significantly reduced methylation levels 

which diminish throughout embryonic development until blastocyst 

formation at E3.5 in mice. In contrast, oocyte derived maternal DNA 

remains hypomethylated during this time and is maintained until E3.5. 

Global DNA methylation levels are lowest in E3.5 inner cell mass 

embryonic stem cells and re-methylation commences from E5.5 during 

uterine wall implantation until E7.5 at which highest global levels are 

observed (Smith et al, 2012). Methylation intensities exhibited during and 

post-gastrulation signify somatic ground state of DNA methylation which 

globally remains constant, only fluctuating in discrete cellular conditions 

(Smith et al, 2012).  
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Methylation erasure at fertilization does not occur uniformly throughout 

sperm and oocyte genomes, with specific sequences being refractory to 

demethylation whilst others yield to it (Barton et al, 2001 & Santos et al, 

2002). Interestingly, high resolution 100 base-pair tile methylome 

profiling of mouse gametes, zygotes and early embryos reveal 

methylation loss in sperm and oocyte is distinct with hypermethylated 

LINE1 retrotransposon elements and to a lesser extent, viral 

Intracisternal A protein Particle repeats (IAP) in sperm undergoing 

reduction to intermediate levels in zygotes (Lane et al, 2003). In contrast, 

these LINE1 sequences displayed low methylation in oocytes and were 

maintained after transformation to zygotes. 
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Figure 1.3 Patterns of DNA methylation erasure and replenishment during 

human development. DNA demethylation occurs bi-phasically during human 

development, firstly by rapid active and passively in sperm (black line) and 

oocyte (red line) genomes, ensuing during pre-implantation stages of 

embryogenesis (orange line). The second wave is (grey line) observed during 

primordial germ cell migration from the pluripotent epiblast to the genital ridges 

where gamete methylation is re-established to form sperm and oocyte 

signatures. Post blastocyst implantation into the uterine wall, foetal DNA 

methylation signatures are reconfigured during development especially in the 

brain (purple line), with the somatic genome methylation landscape gradually 

increasing in scale and magnitude as development ensues towards adulthood. 

(Original figure).  

 

Intergenic sequences on paternal sperm-derived, and housekeeping 

gene promoter sequences coinciding with CGIs in oocytes display 

dramatic fluctuation in methylation intensities throughout embryogenesis 

(predominantly at pro nuclear fusion- zygote transition stage) and 

represent differentially methylated regions (DMR). These DMRs are 

significantly more enriched (10 fold) in sperm than oocytes (Smith et al, 

2012). Epiblast derived primordial germ cells which number at 

approximately 35-40 at E7.5 display global 5mC DNA signatures 

commensurate with the somatic ground state but undergo two waves of 

demethylation during migration from the epiblast to the genital ridge 

during E11.5-12.5. Arrival at genital ridge at E13.5 coincides with erasure 

of random X-chromosome inactivation of maternal or paternal alleles 
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during migration at E12.5 and establishment of the germline ground state 

of methylation (Gkountela et al, 2015).  

While the requirement of DNA demethylation in erasure of repressive 

transcriptional modifications and thus permitting gene expression is 

evident, understanding the mechanics and machinery of demethylation 

is still in its infancy.  

 

1.2 DNA Demethylation Mechanisms 

1.2.1 Passive Demethylation 

As previously mentioned, erasure of established methylation marks is 

achieved by passive and active demethylation mechanisms (Wu & 

Zhang, 2010). At fertilization, oocyte DNA undergoes gradual passive 

demethylation facilitating removal of 5mC as cell division ensues unti l 

formation of embryonic stem cells in the blastocyst inner cell mass (Lane 

et al, 2003). Although genome-wide DNA demethylation occurs, regions 

of the maternal genome decorated by histone 3 lysine 9 dimethylation 

(H3K9me2) are protected from 5mC erasure owing to binding by 

PGC7/Stella to these transcriptionally repressed chromatin regions 

(Nakamura et al, 2012). As DNMT1 nuclear localisation is absent from 

zygote to blastocyst stages in mammals (Cardoso & Leonhardt, 1999), 

maintenance methylation on hemi-methylated nascent synthesized DNA 

stands cannot be performed. Owing to the semi-conservative nature of 

DNA replication (Gruenbaum et al, 1981; Gruenbaum et al, 1982), this 

results in passive dilution of 5mC marks from oocyte DNA (Lane et al, 

2003). In contrast, 5mC is rapidly lost from paternal sperm derived DNA 
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at fertilization in the zygote and is heavily depleted by the two-cell stage 

embryo. This highlights a DNA replication- independent active 

mechanism of demethylation as one cell division is insufficient for 

reduction of 5mC levels to this extent. (Wu & Zhang, 2010).  

 

1.2.2 Deamination Pathway 

Active DNA demethylation has been documented to occur via an 

activation induced deamination pathway in which activation-induced 

cytidine deaminase (AID) catalysed deamination of 5mC to thymine 

creates thymine: guanine mismatch (Arnott, Bond & Chandrasekaran, 

1980; Neuberger & Rada, 2007). Repair of the mismatch, facilitated by 

thymine DNA glycosylase (TDG) excise single mismatched nucleotides 

by contorting DNA 45° exposing the deoxyribose-nitrogenous base 

glycosidic bond for nuleophilic attack. Consequently, an abasic site is 

produced (Jacobs & Schar, 2012). Apurinic / apyrimadinic endonuclease 

(APE) family members e.g. APE1 hydrolyse deoxyribose-phophate 

phospho-diester linkages at the abasic site resulting in a single strand 

nick. DNA polymerase ß incorporates the correct cytosine base opposite 

guanine and DNA ligase III synthesizes the phospho-diester bond thus 

restoring T:G mismatch to C:G, effectively erasing the local 5mC 

presence (Ramiro & Barreto, 2015).  

 

1.2.3 Active Iterative Oxidation     

The Ten-Eleven Translocation (TET) proteins belong to a conserved 

family of dioxygenase proteins capable of iterative oxidation of methyl 
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groups on CpG residues (Ito et al, 2011). These Tet proteins, 

homologous to J-Base binding proteins (JBP) discovered in 

Trapanosome bruceii, recognise and bind modified DNA bases e.g. 5mC 

and oxygenate these residues to 5-hydroxymethylcytosine (5hmC), 5-

formylcytosine and 5-carboxylcytosine (5caC) (Tahiliani et al, 2009). Tet 

protein facilitated oxidation of 5mC results in stepwise conformati on 

change from methyl to hydroxyl, carbonyl and carboxylate configurations, 

of which 5fC and 5caC are compatible with TDG recognition and base-

excision repair (BER) machinery (He et al, 2011). Consequently, 

TDG/BER mediated oxygenated base removal and polymerase ß ï 

ligase III restoration to unmodified cytosine (figure 1.4) culminates in 

implicit expulsion of 5mC DNA occupancy (He et al, 2011). Interestingly, 

5caC is specifically recognised and excised by TDG but 5hmC is not. 

Likewise, 5hmC can be removed by Uracil DNA Glycosylase (UDG) and 

single stranded selected monofunctional uracil glycosylase (SMUG1) but 

not 5caC (He et al, 2011). 
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Figure 1.4 Mechanism of iterative oxidation mediated active DNA 

demethylation. Unmodified cytosine is methylated to 5mC either by de novo 

DNMT3A/B/C or by maintenance methylase DNMT1. 5mC is actively modified 

via oxidation by TET proteins to stable demethylation intermediate 5hmC which 

may undergo further oxidation to 5fC and subsequently 5caC (brown dashed 

circles) and removed by TDG in an active removal step and BER machinery, or 

passively diluted (PD) via semi-conservative DNA replication. TDG mediated 

5fC and or 5caC removal creates an abasic site capable of being restored by 

an unmodified cytosine residue, thus completing the cycle of methylation 

erasure. (Original figure).  

 

1.2.4 Mechanism of Oxidation 

Evolution of active DNA demethylation machinery may have occurred in 

response to absence of mammalian enzymes capable of directly cleaving 

covalent 5'carbon- methyl carbon bond to release the methyl group 

possibly due to stabilisation of the methyl group by the delocalised 

electron cloud within the cytosine aromatic ring (Xu et al, 2011; Franchini 

et al, 2012). The Tet proteins share strong sequence homology to Mixed 

Lineage Leukaemia (MLL) fusion protein in the DNA binding domain and 

to 2-oxoglutarate (2OG) dependent dioxygenase superfamily members 

(Tahiliani et al, 2009). Full-length TET1 & 3 proteins are 2039 and 1668 

amino acids in long respectively and both possess cysteine rich CXXC 

DNA binding domain at their N terminal (Wu & Zhang, 2011). Divergent 

evolutionary forces in pre-vertebrae ancestors resulted in chromosomal 

inversion of TET 2 CXXC generating a CXXC4/IDAX domain situated as 
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an upstream cis element transcribed in the reverse orientation to TET2 

open reading frame (Ko et al, 2013). CXXC and CXXC4 DNA binding 

domains possess a cysteine rich interface ordered around two zinc ions 

(Zn2+) in a tetrahedral coordinate configuration enabling binding to high 

density CpG sequences and discernment of unmethylated/methylated 

residues (Wu & Zhang, 2011). All three TET proteins share sequence 

homology of highly conserved cysteine rich regions contiguous with a 

downstream double stranded beta helical (DSBH, also known as 'jelly-

roll motif') motif at the C terminal (Ito et al, 2011). These regions comprise 

the 2-oxoglutarate/ Ŭ-ketoglutarate-dependent dioxygenase domain 

which harbour two non-haem catalytic iron (Fe2+) centres in octahedral 

coordinate configuration (Schofield & Ratcliffe, 2004). The ferrous ions 

in contact with two histidine and one aspartate residue create the 

stabilising dioxygenase interface required for nucleophilic attack of 

carboxylate group on aspartate towards the co-substrate 2-oxoglutarate 

1-carbon carboxylate and 2-carbon ketone groups. Dioxygenase 

catalysis produces oxidation of CpG 5mC to 5hmC, oxidation of Fe2+ to 

Fe3+, reduction of aspartate carboxylate group and decarboxylation of 2-

oxoglutatrate to succinate and liberation of carbon dioxide (CO2) 

(Schofield & Ratcliffe, 2004). Interestingly, 2-hydroxyglutarate an onco-

metabolite correlated with aberrant DNA methylation in multiple cancers 

acts as a competitive inhibitor of TET protein activity (Wu & Zhang, 2011).  

In attempts to characterize TET protein iterative oxidation activity, 

Tahiliana et al, and Ito et al employed Thin Layer Chromatography (TLC) 

and Mass Spectrometry (MS) to observe migration rates of analytes 
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following 20mer DNA oligonucleotide digestion with HpaII, MspI and TaqI 

restriction endonucleases capable of cleaving unmodified cytosines; 

unmodified, 5mC and 5hmC; and all modified methyl-cytosine derivatives 

respectively. Under combinatorial buffer conditions facilitating separation 

and migration of C, 5mC, 5hmC, 5fC and 5caC following 20mer CpG 

oxidation, TaqI cleavage, Calf Intestinal Phosphatase 5' phosphate 

removal and polynucleotide kinase catalysed 5' radioactive [ɔ-32P]ATP 

end labelling, analytes migration rates were examined (Tahiliana et al, 

2009 & Ito et al, 2011). Resolution of all oxidised forms was achieved 

and confirmed by species analysis using mass spectrometry (Tahiliana 

et al, 2009 & Ito et al, 2011). In vitro analysis of wild type TET 1 vs 

catalytically attenuated H1671Y and D1673A TET1 mutants revealed 

increased oxidised methyl cytosine species presence on 2D thin layer 

chromatography gels correlated with decreased 5mC presence. This was 

not observed in mutants as 5mC remained constant with undetectable 

oxidised forms (Tahiliana et al, 2009 & Ito et al, 2011). Incubation of TET1 

with 20mer oligos harbouring 5hmC and 5fC modifications generated 

migrating spots on 2D TLC identified by MS to be 5caC, implicating 5hmC 

and 5fC as viable substrates for oxidation in the demethylation process 

although oxidation efficiency is variable  according to substrate (Tahiliana 

et al, 2009 & Ito et al, 2011).  

 

1.2.5 TET Protein Expression and Distribution 

During development, TET proteins display differential expression 

patterns as embryogenesis commences. Rapid demethylation of 
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paternal pronuclear genome at fertilization and prior to pronuclear fusion 

is attributable to elevated TET3 expression. High TET3 presence 

correlates with increasing 5hmC concentrations and reduced 5mC levels 

which are all detectable by immunohistochemistry (Iqbal et al, 2011). In 

contrast to paternal pronuclear 5hmC presence, maternal pronuclear 

DNA is absent of 5hmC and enriched for 5mC indicating lack of TET 

protein facilitated active demethylation but consistent with slow 

replication-dependent passive demethylation mechanisms (Lee et al, 

2014). Maternal pronuclear DNA achieves immunity to TET3 regulated 

demethylation via expression of PGC7/Stella complex (Nakamura et al, 

2007). Interestingly, embryonic requirement for TET3 nuclear expression 

is curtailed past the 2-cell stage with expression rapidly diminishing. 

Remarkably, 5hmC concentrations at this point remain elevated 

suggesting redundancy in active demethylation protein activity and 

delayed TDG/BER induced removal of oxidised methyl cytosine marks 

(Iqbal et al, 2011). Indeed TET1 expression is significantly up-regulated 

from the morula to blastocyst stage where it peaks, commensurate with 

highest observed 5hmC, 5fC, 5caC levels and lowest 5mC levels 

(Wossidlo et al, 2011; Branco et al, 2012; Kohli & Zhang, 2013). 

Suggestive of roles in establishing and maintaining pluripotency, TET3 

and TET1 conditional knockouts in paternal pronuclei and embryonic 

stem cells respectively fail to oxidise 5mC present at paternal pronuclear 

genome Oct4 and Nanog promoters and LINE1 retrotransposon 

sequences. Moreover, TET1 knockout significantly perturbs NANOG 

expression resulting in departure from pluripotency towards extra -
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embryonic lineage differentiation (Gu et al, 2011; Dawlaty et al, 2013). 

TET2 expression displays parity with TET1 in mouse embryonic stem 

cells and TET1/2 double knockout results in complete abrogation of 

5hmC presence culminating in developmental defects but viable 

offspring. Intriguingly, TET1/2 double knockout embryonic stem cells 

remained pluripotent but displayed defective teratoma and chimeric 

embryo formation capabilities (Dawlaty et al, 2013). In primordial germ 

cells, TET3 has been demonstrated to actively induce erasure of 5mC 

from randomly imprinted and inactive paternal/maternal X-chromosomes 

as cells migrate from epiblast to genital ridges (Clark, 2015).  

 

1.2.6 Distribution of Oxi-methyl-Cytosine Modification 

A more informative indication of TET protein activity in understanding 

their regulation is studying the distribution and abundance of oxi-methyl-

cytosine marks. Nagae et al studied the 5mC distribution at -1.5kb 

upstream and 1.0kb downstream of promoter sequences across 7 

different tissues from primary patient samples. Using 27,578 double 

stranded cDNA hybridised to 500bp regions in and around promoters, 

microarrays, methylome profiling and bisulphite sequencing were 

performed to calculate the coverage of methylated CpGs at these 

regions. Their results revealed significant 5mC presence at CpG poor 

promoters in contrast to unmethylated CpG rich regions, the latter being 

characteristic of CGIs (Herman et al, 1996). Across tissues, highest 

tissue specific methylation was observed in brain, testis and blood whilst 

testis and oral mucosa exhibited greatest hypomethylation, indicating a 
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differential methylation pattern occurring at tissue specific promoters 

(Nagae et al, 2011). Owing to the inability of bisulphite sequencing to 

differentiate between 5mC and 5hmC, Song et al implemented ɓ-

glucosyltransferase facilitated transfer of glucosyl moieties to 5hmC 

hydroxyl group generating ɓ-glucosyl-5-hydroxymethylcytosine in the 

presence of uridine diphosphoglucose .ɓ-glucosyl-5-

hydroxymethylcytosine was subsequently tagged with biotin at the ɓ-

glucosyl-N3 position. Analysis of chemical addition on 11mer oligo 

substrates by matrix assisted laser desorption time of flight (MALDI-TOF) 

mass spectrometry followed by deep sequencing confirmed modification 

and detection of ɓ-glucosyl-5-hydroxymethylcytosine (Song et al, 2011). 

Dot blot assays employing detection via biotin-conjugated horseradish 

peroxidase tags exhibited enrichment of 5hmC in male and female 

postnatal mice cerebellum with highest levels detected at 2.5 and 10 

months in males and females (Song et al, 2011). 5hmC was readily 

detectable in mouse embryonic stem cells as expected but unexpectedly 

present at similar levels in adult mouse neural stem cells at 0.047 and 

0.036% of genomic nucleotides respectively (Song et al, 2011). HeLa 

and HEK293 cells exhibited negligible 5hmC levels. Deep sequencing 

analysis revealed enrichment of 5hmC within gene bodies and within and 

surrounding (-875 upstream and +100-200 downstream) promoter 

regions consistent with observations by Nagae et al (Song et al, 2011).   

Through utilising sensitive anti-5mC and anti-5hmC antibodies in 

selective methyl/hydroxymethyl DNA immunoprecipitation 

(meDIP/hmeDIP), and subsequent high throughput sequencing, Ficz et 
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al demonstrated high 5hmC occupancy at promoters, exons and LINE-1 

retrotransposon sequences which correlated with reduced 5mC levels at 

these locations in mouse embryonic stem cells. Inversely, greatest 5mC 

enrichment was observed at repetitive satellite sequences where 5hmC 

presence was limited (Ficz et al, 2011). 

Studies performed on human frontal lobe brain tissue reveal highly 

significant 5hmC enrichment, four fold higher than in mouse embryonic 

stem cells. In concordance with previous observations, high throughput 

sequencing of frontal lobe tissue illustrated majority (55-59%) of 5hmC 

signal localised at low density CpG promoter regions, 35-38% within 

gene bodies and approximately 6% occupancy at intergenic regions. In 

contrast, 5mC was enriched at intergenic regions (25-26%) and higher 

within gene bodies (52-5%) but reduced (22-24%) at promoter 

sequences (Jin et al, 2011a). These studies indicate abundance of 5hmC 

in embryonic stem cells and somatic tissue particularly the brain however 

investigations on 5fC and 5caC distributions are limited.  

Validation of TET2 propensity to synthesize 5caC from 5mC substrates 

on DNA oligos in vitro was confirmed via thin layer chromatography and 

quantitative mass spectrometry which identified 5caC species with mass/ 

charge ratio (m/z) of 270.0721 (He et al, 2012). In mouse embryonic stem 

cells, immunohistochemical probing demonstrates presence of 5caC and 

mass spectrometry analysis quantified its magnitude to 3.0x10-6, 

significantly reduced compared to 5hmC (1.3x10-3 per 106 cytosines). 

5fC was quantified slightly higher than 5caC at 2.0x10-5 per 106 

cytosines. The markedly diminished presence of 5caC in embryonic stem 
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cells can be enriched by TDG knockout which elevated 5caC 

concentrations nine fold relative to wild type cells however 5hmC levels 

remained constant (Ito et al, 2012). These observations suggest 5caC 

depletion may occur as a result of swift TDG facilitated excision of 5caC 

after synthesis and not solely as a consequence of diminished TET 

protein catalytic activity (Ito et al, 2011). Shen et al discovered a similar 

trend in which 5caC and additionally 5fC concentrations significantly 

increase (8 fold for 5caC and over 5 fold for 5fC) in TDG knockdown 

compared to wildtype mouse embryonic stem cells (Shen et al, 2013).   

Whist 5hmC concentrations are elevated in mouse and human cerebral 

cortex, brain stem, spinal cord and cerebellum (Globisch et al, 2010; 

Nagae et al, 2011) especially Purkinje neurons (Kriaucionis & Heintz, 

2009), 5fC and 5caC are undetectable in these tissues. However, recent 

evidence illustrates strong albeit heterogeneous 5caC presence 

compared to homogeneously enriched 5hmC staining in 12.5 days post 

coitum (dpc) embryonic mouse brains. Interestingly, 5hmC signal in adult 

mouse brain tissue was heterogeneous with high concentrations in 

positive cells which exhibited co-localisation of 5hmC with post mitotic 

neuronal marker NeuN, suggesting possible lineage or developmental 

maturity specific role of 5hmC (Abakir et al, 2016).  

The genomic distributions of 5fC and 5caC in embryonic stem cells are 

localised at enhancers, promoters, 5' and 3' Untranslated Regions (UTR) 

but predominate at intragenic exons and introns and, in contrast to 

5hmC, cluster at intergenic and repetitive satellite sequences, consistent 

with observations by Shen et al, 2013 (Lu et al, 2015). 5fC and 5caC 
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differ in their proportions of genomic DNA occupancy with greater 

presence at exons for 5fC and greater presence at introns for 5caC. Both 

5fC and 5caC enrichment correlated with poor (15-25%) 5mC and (10-

15%)5hmC levels at these regions suggesting terminal oxidation via TET 

proteins occurs preferentially at low CpG density regions (Lu et al, 2015).     

 

1.2.7 Functional significance of oxi-methylcytosine 

derivatives 

The scarcity of 5fC and 5caC marks relative to 5hmC genomic 

abundance as previously mention initially supported the notion of 5fC and 

5caC existing as terminal oxidised marks and simply intermediates in the 

active DNA demethylation process (Tahaliani et al, 2009, Ito et al, 2010, 

He et al, 2011, Ito et al, 2011). However, examination of the mechanism 

of mouse TET2-mediated 5mC oxidation suggested a sequential process 

of oximC derivation of 5fC and 5caC in which single TET2 enzymes may 

generate these TDG-excisable modifications without releasing 5hmC 

intermediates (fig 1.5) (Crawford et al, 2016). Mass spectrometric 

examination of oximC abundance at timed intervals of TET2 catalysis of 

5mC substrates on 27 nucleotide oligomers revealed no significant 

difference in proportion of 5hmC, 5fC and 5caC levels generated within 

the first minutes compared to conclusion of the assay 20 minutes later. 

These results provide an alternate possibility of oximC generation to the 

iterative model of 5fC and 5caC production contingent on successive 

TET enzyme recognition of free available 5hmC substrates within DNA 

recognition sequences (Crawford et al, 2016). This iterative model 
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implies 5fC and 5caC generation occurs only once stable 5hmC 

modifications are to be removed and thus 5hmC is enzymatically 

converted to a higher oxidised state facilitating TDG-mediated excision 

(Crawford et al, 2016). The sequential model, while revealing TET2 

mechanisms of oximC generation, also suggests (owing to the propensity 

for immediate formation of terminal oximC marks) distinct functional roles 

for 5fC and 5caC which are both chemically stable at steady state 

conditions (He et al, 2011) beyond DNA demethylation intermediates 

(Crawford et al, 2016).        

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.5 models of TET protein mediated 5mC oxidation. Catalysis of 

oximCs may follow an iterative mechanisms in which TET enzymes release 

5hmC residues which are freely exposed for subsequent further catalysis by 

another TET protein to higher oxidation states. Alternatively, in a sequential de 

novo model, TET enzymes may catalyse the formation of 5fC and 5caC marks 



60 

 

without releasing 5hmC and thus terminal oximC marks from continued 

catalysis through lower oxidation states. (Adapted from Crawford et al, 2016).  

 

Analysis of studies investigating 5hmC, 5fC and 5caC genomic 

distribution demonstrate overwhelming evidence of occupancy at 

transcriptionally relevant regions, strongly implicating these 

modifications in gene expression regulatory roles. Moreover, occupancy 

of these oxidised marks at these regions correlates with reduced 5mC 

levels implying erasure of the transcriptionally repressive modification 

facilitates opportunities for transcriptional activation. Indeed, promoters 

and exons harbouring 5hmC marks exhibited higher transcription levels 

than those with unmodified cytosines. Moreover, TET1/2 knockout 

resulted in depletion of 5hmC and transcription silencing of pluripotency 

associated genes, culminating in mouse embryonic stem cell departure 

from stemness (Ficz et al, 2011; Ito et al, 2011; Jin et al, 2011a; Nagae 

et al, 2011; Song et al, 2011; Wossidlo et al, 2011; Branco et al, 2012; 

He et al, 2012; Ito et al, 2012, Dawlaty et al, 2013; Lee et al, 2013 & Lu 

et al, 2015).  In TDG null mutant mouse embryonic stem cells, 5caC and 

5fC accumulation was mapped by DIP and high throughput sequencing 

to reveal enrichment at TET1-bound gene sequences of  Sox17, Esrrb 

and Tcl1 which was not observed in wild type cells (Shen et al, 2013). 

Additionally, 5fC/5caC peaks were observed at active promoters 

harbouring RNA polymerase II, distal regulatory regions, active 

enhancers bound to p300 histone acetyltransferase and transcriptionally 

permissive histone marks H3K27ac and histone 3 lysine 4 
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monomethylation (H3K4me1), consistent with observations by Lu et al, 

2015. Interestingly, this is in contrast to 5hmC patterns which locate at 

poised enhancers (Wen et al, 2014). Curiously, 5caC in TDG null 

mutants is not observed at sequences bound to basal transcriptional 

machinery such as TATA-Binding Protein or transcription factor IIB 

(TFIIB). However TDG null mediated 5caC enrichment occurred at Oct4 

and Sox2 bound promoters and Cohesin complex bound sequences 

(Shen et al, 2013).   

Recent evidence implicates preferential location of 5hmC on sense 

strands of DNA within gene bodies correlating with higher gene 

expression compared to transcriptional repression correlating with 5mC 

locating on antisense strands which may indicate an 'earmarking' 

mechanism of maintaining active transcription bubbles of the elongation 

complex (Wen et al, 2014).  Enrichment of 5hmC at exon-intron junctions 

may indicate demarcation of exons selected for silencing resulting in 

variant isoforms of transcripts. 5hmC congregation at exon-intron 

junction may elicit MeCP2 recruitment to these sites which in turn 

stimulates summoning of histone deacetylases to remove acetyl groups 

from H3K27ac histone tails at poised enhances. Consequently this may 

enable methylation of histone H3K27 by histone methyltransferases 

facilitating chromatin conformational change over exons to be silenced 

(Khare et al, 2012 & Wen et al, 2014).   

The significantly high levels of 5hmC in the mammalian brain (10-20% of 

brain 5mC and 40% of 5mC in Purkinje neurons) predominate in 

terminally differentiated mature neurons (Globisch et al, 2010 & Munzel 
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et al, 2010). The importance of DNA methylation and its erasure either 

through mutation of DNA methyltransferases or possibly by 

demethylation mechanisms can be observed in Rett syndrome mice 

which exhibit arrhythmic diaphragmatic motions leading to perturbed 

breathing (Guy et al, 2001). Conditional knockout of DNMT1 has been 

demonstrated to recapitulate the Rett phenotype (which usually develops 

due to MeCP2 deleterious mutations) in neonatal mice which exhibit 

hypomethylation of IAP retro-element sequences which should be 

transcriptional repressed via 5mC presence (Hutnick et al, 2009). 

Transcriptional induction of these elements correlates with cortical 

neuron apoptosis and concomitantly, activation of neural stem cell 

astrogliogenesis, observable through increased early astrocyte marker 

glial fibrillary acidic protein (GFAP) expression at the cortical plate 

(Hutnick et al, 2009). The 5mC hypomethylation perturbs MeCP2 

facilitated transcriptional repression via chromatin remodelling and this 

effect may be mimicked by 5hmC over enrichment as negative 

correlations have been observed between 5hmC and MeCP2 (Szulwach 

et al, 2011). Interestingly, abrogation of MeCP2 activity to 

transcriptionally repress JAK-STAT associated gene and early astrocyte 

gene e.g. GFAP promoters impairs neurogenesis and pushes neural 

stem cells towards glial lineage differentiation (Martinwich et al, 2003 & 

Fan et al, 2005).       

During development and differentiation, 5caC has been shown to 

accumulate as neural stem cells differentiate towards glial lineage but 

not towards neuronal lineages (Wheldon et al, 2014). Wheldon et al 
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examined mouse and human embryonic stem cells, developing mouse 

embryos and adult mouse brains for presence of 5caC. They discovered 

enrichment in both mouse and human embryonic stem cells and 5caC 

presence was observable in 6.5 dpc mouse embryo distal visceral 

endoderm and multiple issues in sagittal sections of 9.5 dpc embryos  

(Wheldon et al, 2014). Curiously, 5caC was only observed 

heterogeneously in the sub-ventricular zone of adult brain lateral 

ventricles and not in the hippocampal dentate gyrus or neocortex. 

Staining of embryonic mouse forebrains revealed a transient 

accumulation of 5caC between embryonic days 11.5-13.5 where 5caC 

absence was observed at 11.5, peaked at 12.5 and diminished by 13.5 

dpc (Wheldon et al, 2014). This effect was recapitulated by adult neural 

stem cell induction to glial lineages whereby 5caC absence was 

observed on day 0, peaked at day 1 and diminished at day 3. However 

the same pattern was not observable for adult neural stem cells 

differentiating to neuronal lineages (fig 1.6). Analysis of 5caC physical 

occupancy at promoters of neuronal genes Galanin, Neuroglobin and 

Adenosine Triphosphate Synthase Peripheral stalk unit D  (Atp5h) by 

DNA Immunoprecipitation (DIP) revealed 5caC enrichment even though 

its presence was not notably detectable in adult neural stem to neuronal 

differentiation by immunohistochemistry (Wheldon et al, 2014). Upon 

TDG knockdown by siRNA in adult neural stem cells differentiating to 

glial lineages, 5caC was 4-5 fold enriched and DIP confirmed this by 

illustrating 5caC occupancy at promoters of glial markers e.g. GFAP, 

Olig1, Olig2, GLAST and Msi1, to name a few (fig 1.7) (Wheldon et al, 
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2014). This data suggests a lineage specifying role of 5caC in 

differentiation and development by possibly marking promoters of genes 

perhaps already in a poised transcriptional state in progenitor cells thus 

enabling rapid expression of lineage specific genes (Wheldon et al, 

2014).  

 

Figure 1.6 Transient accumulation of 5caC as adult mouse neural stem 

cells differentiate towards glial lineages. 5caC is undetectable in mouse 

neural stem cells (D) but is enriched heterogeneously (E and F) during glial 

differentiation. 5fC and 5caC levels peak (red dashed circle) during cell lineage 

specification. (Adapted from Wheldon et al, 2014). 

 

 

Figure 1.7 Physical 5caC occupancy on glial gene promoters correlates 

with their transcriptional up-regulation. (A) DNA immunoprecipitation (DIP) 

Glial genes 

Black - methylated  

White- unmethylated 
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of 5caC on neural stem cells versus differentiating progenitors. (B) Schematic 

of 5caC presence on glial promoters in adult neural stem cells vs differentiating 

progenitors. (C) QPCR analysis of glial gene expression (Adapted from 

Wheldon et al, 2014).  

 

Oxidised forms of 5mC may also function through modulation of 

transcription factor binding to consensus sequences as observed 

through the interactions of 5hmC, 5fC and 5caC with C/EBPɓ basic helix-

loop-helix (bHLH) transcription factor. C/EBPɓ recognises and binds to 

the 8 nucleotide consensus sequence 5'-TTGCGTCA-3' but this binding 

is diminished if the central CG dinucleotide is oxidised from 5mC to 

5hmC. However the C/EBPɓ-DNA complex interaction is strengthened 

by the presence of 5fC and 5caC (Sayeed et al, 2015). Interestingly, 

circular dichroism and thermodenaturation studies demonstrate 5caC 

enhances binding of bHLH transcription factors to DNA most strikingly, 

the Tcf3/Ascl1 heterodimer binding to 5'-CGCAG GTG-3' E-Box motif 

was 10-fold higher, an interaction specific to 5caC, but not other oxidised 

5mC derivatives (Golla et al, 2014). An explanation for these 

observations may reside in circular dichroism and x-ray crystallography 

studies which implicate oxidised forms of 5mC i.e. 5fC and 5caC but not 

5hmC as producing a B to Z-DNA transition effect (Wang et al, 2013; 

Lercher et al, 2014). B-DNA possesses a more relaxed, stable and open 

conformation whilst Z-DNA has a relatively compressed conformation 

with backbone phosphate groups in close proximity to another 

contributing to Z-DNAôs energetic instability (Wang et al, 2013; Lercher 

et al, 2014). Z-DNA is generally located at high CpG clustered promoter 
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sequences and is associated with transcriptional activity as RNA 

polymerase is able to translocate efficiently along Z-DNA (Wang et al, 

2013; Lercher et al, 2014). 5fC and 5caC may preferentially facilitate this 

B to Z-DNA transition owing to the presence of carbonyl oxygen in their 

structures which, being highly electronegative, induce intramolecular 

hydrogen bonding between them and hydrogen atoms of the amine 

group (Wang et al, 2013; Lercher et al, 2014). These observations 

highlight an intriguing dimension of epigenetic modulation of transcription 

by 5mC derivatives in which a single transcription factor binding 

sequence can switch accessibility to specific transcription factors by 

presence or absence of oxi-methylcytosine modifications (Wang et al, 

2013 & Lercher et al, 2014). 5fC and 5caC have also been demonstrated 

to influence RNA polymerase II activity by reducing the kinetic catalytic 

rate, increased pausing / stalling during elongation and more frequent 

RNA transcript cleavage and backtracking (Kellinger et al, 2012; Wang 

et al, 2015). Considering 5fC and 5caC can be located at poised and 

active enhancers, this effect of pausing, slowing and backtracking RNA 

polymerase II may mediate induction and binding of histone remodelling 

proteins e.g. p300 and downstream members of demethylation 

machinery e.g. TDG as well as 5caC specific protein readers (Kellinger 

et al, 2012; Wang et al, 2015). 

 

1.2.8 Readers of Oxi-methylcytosine Derivatives 

5hmC is the most stable oximC mark and present at magnitudes 10-

1000-fold higher than those of 5fC or 5caC modifications, especially in 
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the mammalian brain (Kriaucionis & Heintz, 2009; Ito et al, 2011). 

Considering the limitations of TET-assisted bisulphite sequencing (TAB-

Seq) in discriminating 5fC from 5caC, chemical protection labelling of 

5hmC prior to formyl group reduction on 5fC was performed to 

characterise the distribution of 5fC within mouse ESC genomes (Song et 

al, 2011). 5hmC modifications were protected by reacting with ɓ-

glucosyltransferase to conjugate an unmodified glucose moiety to the 

hydroxyl group of 5hmC. 5fC was reduced via treatment with sodium 

boro-hydride (NaBH4) to 5hmC which was subsequently reacted with 

azide-modified glucose group and finally biotin conjugated to facilitate 

affinity capture pull-down (Song et al, 2011). Immunoprecipitation, mass 

spectrometric validation and sequencing in comparison with previously 

bisulphite- and TAB-Sequenced genomes at comparable sequencing 

depth revealed common localisation of 5fC peaks with those of 5hmC. 

However, multiple 5fC unique peaks were observed at enhancers 

annotated by bivalent histone marks Histone 3 lysine 4 trimethylation 

(H3K4me3) and histone 3 lysine 27 trimethylation (H3K27me3), 

characteristic of poised chromatin (Song et al, 2011). Interestingly, the 

depletion of 5hmC at these 5fC enriched sites coupled with the 

association of poised chromatin with regulation of cell differentiation 

(Fisher et al, 2011; Xi et al, 2011; Kim et al, 2018) lends credence to the 

notion of oximC marks interacting with possible epigenetic reader 

proteins to facilitate chromatin conformational changes (Song et al, 

2011). Indeed, the formyl group of 5fC in particular facilitates the 

interaction between amino acid residue amine groups within proteins to 
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form Schiff bases which anchor DNA binding proteins to specific DNA 

motifs (Song et al, 2011). 

Identification of protein readers capable of recognising and binding to 

oximC marks in mouse ESCs, neuro-progenitor cells (NPCs) and adult 

mouse brains was achieved by implementing stable isotope labelling by 

amino acids in cell culture (SILAC) coupled with affinity capture pull-down 

and subsequent in-gel trypsinisation and liquid chromatography coupled 

tandem mass spectrometry (Spruijt et al, 2013). Briefly, this process 

entailed labelling of two identical cell cultures with either heavy or light 

isotopes of carbon e.g. 13C vs 12C or nitrogen 15N vs 14N prior to 

incubation with sepharose or agarose bead conjugated to streptavidin. 

'Bait' molecules consisting of DNA oligonucleotides possessing either 

unmodified or modified (5mC/5hmC/5fC/5caC) cytosines conjugated to 

biotin tags were incubated in heavy or light isotope cell cultures to bind 

with prey proteins capable of binding to the unmodified or modified 'bait' 

DNA sequence (Spruijt et al, 2013). The bait bound proteins precipitated 

by pull-down on affinity columns, trypsinised in gels and resolved and 

subsequently identified by liquid chromatography and mass 

spectrometry respectively (Spruijt et al, 2013). While many protein 

readers capable of detecting 5mC (Kruppel-Like Factors 2,4 and 5, 

KLF2, KLF4, KLF5; Methyl CpG binding Protein 2, MECP2; Ubiquitin-like 

containing PHD and RING Finger domains 1, UHRF1; Methyl-Binding 

Proteins 1 and 5, MBD1, MBD5; Regulatory Factor X1, RFX1 and Zinc 

Finger Homeobox 3, ZFHX3) and 5hmC (Thymocyte protein 1, Thy28; 

WD Repeat containing protein 36, WDR36; Chromosome 3 Open 
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Reading Frame 37, C3orf37 and MECP2) were identified in mouse 

ESCs, the screen also revealed dynamic nature of some proteins e.g. 

KLF4 displaying weak affinity for unmodified cytosine substrates in 

mouse ESCs but exhibiting high affinity for 5mC marked bait substrates 

in neuro-progenitors, suggesting context sensitive expression and 

functional roles in cellular reprogramming (Spruijt et al, 2013). 

Interestingly, interrogation of proteins precipitated and identified in 

response to 5fC and 5caC modified bait substrates revealed TDG as the 

only protein common to both higher oxidised 5mC derivatives which was 

validated by GFP-TDG pull down on 5fC and 5caC modified substrates 

and by electro-mobility shift assays (EMSA) (Spruijt et al, 2013). Proteins 

discovered to bind uniquely to 5fC modified baits included P53 whilst 

5caC modified ones interacted with DNMT1 and SWI/SNF-Related 

Matrix associated Actin dependent Regulator of Chromatin subfamily C 

2 (SMARCC2) exclusively. Differentiation of mouse ESCs to NPCs 

demonstrated an enrichment of chromatin modifying proteins such as 

Lysine Demethylase Binding protein 2 (KDMB2), Mixed Lineage 

Leukemia protein (MLL) and their respective factors BCL6 Corepressor 

(BCOR) and RING1A/B as well Retinoblastoma Binding Protein 5/ ASH-

Like protein (RBBP5/ ASH2L) were found to precipitate with unmodified 

cytosine bait in NPCs (Spruijt et al, 2013). Proteins including Kaiso, 

UHRF1 and MBD4 displayed affinity for both unmodified cytosine and 

5mC whereas DNA glycosylases Nei Endonuclease VIII Like 1 and 3 

(NEIL1 and NEIL3) exclusively bound 5hmC in NPCs. Curiously UHRF2 

which was absent in mouse ESCs exhibited increasing expression upon 
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differentiation to NPCs and displayed affinity towards 5hmC modified 

baits (Spruijt et al, 2013). Adult mouse brain tissue depict the expression 

of proteins possessing preferential affinity for 5hmC modifications in 

contract to mouse ESCs and NPCs in which protein binding to 

unmodified or methylated residues was favoured. Brain enriched 5hmC-

binding proteins included but was not limited to Pleiotrophin, Zinc Finger 

Protein 385B, Zinc finger and BTB domain containing 4, Nuclear Factor 

Erythroid 2-Like 1, F-Box protein 11, ASH1-Like, Thanatos associated 

domain-containing Apoptosis-associated Protein 1, Methyl CpG Binding 

Domain protein 2,  Snf2 Related CREBBP Activator Protein, RNA 

Binding Motif Protein 6, SMAD Nuclear Interacting Protein 1, 

Phosposerine Phosphatase 1 and Hepatocyte growth factor Regulated 

tyrosine kinase Substrate (PTN, ZFP385B, ZBTB4, NFE2I1, FBXO11, 

ASH1I, THAP11, MBD2, SRCAP, RBM6, SNIP1, PSP1 and HRS  

respectively) (Spruijt et al, 2013). Taken together, these results indicate 

cytosine and cytosine modification specific affinities and binding 

preferences of numerous proteins. These proteins may exhibit temporally 

and spatially sensitive dynamics of expression which, depending on the 

nature of cytosine modification present at cognate DNA binding 

sequences, may influence distinct functional outputs (Spruijt et al, 2013). 

An unbiased whole transcription factor-modified DNA sequence screen 

known as digital affinity profiling via proximity ligation (DAPPL) was 

performed by creating Glutathione-S-transferase fusions of 1235 

different transcription factors purified from yeast cells and affixed to 

glutathione beads (Song et al, 2019). The fixed transcription factors were 
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then fused to unique DNA oligo barcode identifiers via fusion with anchor 

oligos consisting of a maleimide 'click' chemistry group conjugated to a 

reverse oligo primer (primer 1) complementary to a primer sequence on 

the barcode oligo (Song et al, 2019). Utilisation of bead conjugated 

Klenow DNA polymerase facilitated double strand synthesis of the 

conjugated anchor oligo which, during denaturation and renaturation with 

the mixed in barcode oligo, enabled hybridisation of the anchor oligo 

reverse primer sequence to barcode oligo complementary forward primer 

(primer 1) sequence, thereby creating a joint transcription factor-DNA 

oligonucleotide complex (Song et al, 2019). The inclusion of a BsaI 

restriction site on the 3' terminal of the barcode oligo was crucial for 

proximity ligation facilitated the joining of the transcription factor-fused 

barcode to one of 1.0x1012 randomly symmetrically or hemi-modified 

20mer- DNA library sequences flanked a 5' BsaI site and a 3' sequencing 

primer (primer 2) (Song et al, 2019). Ligation of BsaI-digested libraries 

and barcode oligos, contingent on library sequence binding to 

Glutathione bead captured transcription factors facilitated the 

identification of bound transcription factor to unmodified or modified DNA 

sequences via powerful next generation sequencing of DNA library-

barcode oligo annealed constructs following transcription factor 

separation (Song et al, 2019). Consequently, this technique identified 44 

5mC, 97 5hmC, 84 5fC and 107 5caC symmetrical modification binding 

transcription factors whilst 99 5mC, 103 5hmC, 118 5fC and 139 5caC 

hemi-modification recognising transcription factors were also discovered 

(Song et al, 2019). Although considerable overlap between transcription 
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factors recognising multiple distinct oximCs in both symmetrical and 

hemi-modified configurations, 1 5mC, 27 5hmC, 16 5fC and 42 5caC 

symmetrical and 7 5mC, 9 5hmC, 17 5fC and 35 5caC hemi-modified 

uniquely binding transcription factors were identified (Song et al, 2019). 

Depending on the modification, configuration and spacing, 

5mC/5hmC/5fC or 5aC presence augmented transcription factor 

association with a particular DNA template by either increasing, 

decreasing or modifying transcription factor affinity and or specificity, as 

discovered through binding kinetics and affinity analysis (Song et al, 

2019). 5caC DNA occupancy significantly increased Homeobox -contain 

1 (HMBOX1) binding affinity to template sequences compared to all other 

oximCs or  unmodified cytosine, a feat observed for and common to all 

Meis homeobox 1/2/3 (MEIS1/2/3) homologues binding to symmetrical 

and hemi-modified 5caC configurations. In contrast, 5hmC and 5fC 

significantly reduced MEIS1/2/3 homologue affinity for the same DNA 

sequence (Song et al, 2019). All cytosine modifications reduced Ovo-

Like zinc finger 2 (OVOL2) binding affinity relative to unmodified cytosine 

on the same DNA sequence. Remarkably, 5caC presence augmented 

the binding affinities of HMBOX1 and Protein C-ETS1 (ETS1) 

transcription factors for DNA sequences significantly different from their 

consensus cognate binding motifs. These findings were corroborated by 

EMSA and ChIP-Seq experiments (Song et al, 2019). Taken together, 

these results indicated that oximC modifications may increase 

transcription factor binding kinetics thereby improving rates of gene 

expression while additionally preferentially specifying activation or 
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repression of certain target genes (Song et al, 2019). These oxidised 

derivatives may have indeed evolved as method of competitively 

selecting one transcription factor over another which share cognate 

sequence motif recognition e.g. Wilmsô Tumour protein 1 (WT1) and 

Early Growth Response protein 1 (EGR1) (Hashimoto et al, 2014). 

Indeed, Hashimoto and colleagues described WT1 as putative oximC 

'reader' owing to its preferential binding affinity to 5caC over other oximC 

derivatives, a phenomenon not shared by EGR1 (Hashimoto et al, 2014; 

Hashimoto et al, 2016). 

 

1.3 Epigenetic Aberrations in Brain Tumours 

Historically, brain tumour classification, as published by the World Health 

Organisation (WHO) has been reliant on clinical behaviours such as 

cellular proliferative ability and invasiveness or circumscription of 

tumours which indicated the probability of resection (Zulch, 1979). 

Subsequent updates to the classification occurred in 1993, 2000 and 

2007 in which histological examination of tissue to assess and score 

indices such as cellularity, nuclear atypia, necrosis, micro-

vascularisation and endothelial cell presence were included to stratify 

tumours based on grade (I-IV) of biological severity to predict patient 

prognosis and clinical outcome (Kleihues, Burger & Scheithauer, 1993; 

Sallinen et al, 2000; Thurnher, 2007). Distinctions in cellular proliferative 

ability differentiated lower grade I and II tumours such as pilocytic 

astrocytoma exhibiting low proliferation from high grade III-IV highly 

proliferative tumours such as glioblastoma (Sallinen et al, 2000). The 
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presence of necrosis and micro-vascularisation categorised tumours into 

grades III-IV however accurate detection of these morphological features 

was largely dependent on clinician experience and therefore diagnoses 

were often subjective (Coons et al, 1997; Sallinen et al, 2000). 

Consequently, immunohistochemical detection coupled with in silico 

analysis aimed at standardising measures of necrosis and cellular 

proliferation detection (Sallinen et al, 2000). More recently, and owing to 

the limitations of microscopic tumour morphology examination, the WHO 

published new guidelines which included molecular parameters of 

tumour grading such as genetic mutations and chromosomal 

abnormalities (Louis et al, 2016). These genetic indices have, in the 

instance of glioblastoma multiforme, enabled distinction between 

secondary pro-neural and primary classical subtypes which display 

different mutation profiles e.g. IDH gene mutational status (Louis et al, 

2016). Moreover, epigenetic aberrations have also gained traction as a 

classifying parameter with DNA methylation landscapes of tumour 

genomes exhibiting disparate profiles capable of delineating primary 

from secondary glioblastoma subtypes with the overall aim of refining 

tumour diagnosis and patient treatment modalities (Capper et al, 2018).        

 

1.3.1 Perturbed DNA Methylome Landscapes Are Often 

Characteristic of Malignancy 

While histopathological and molecular signalling pathway analysis have 

been well established in cancer research (Louis et al, 2007), the 

epigenetic landscape of tumours is only beginning to be unravelled 
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(Modena et al, 2006). The transcriptionally repressive DNA modification 

5mC has been well characterized and its presence at gene promoters 

correlates with H3K27me3 repressive chromatin marks (Fuks, 2005). 

Methylation patterns must be carefully regulated to prevent the onset of 

malignancy (fig 1.8) (Fuks, 2005). Typical tumour suppressor genes 

subject to promoter methylation mediated repression in cancers include  

Cyclin Dependent kinase Inhibitor 2A (CDKN2A), Tumour Protein 53 

(TP53), Adenomatous Polyposis Coli (APC), Breast Cancer Type 1 

susceptibility protein (BRCA1) and Multi homologue 1 (hMLH1) to name 

a few (Robertson & Jones, 1998; Esteller et al, 2000).  Multiple 

neoplasms including breast, prostate, renal, colon, both non-small cell 

and small cell lung cancer and glioma cell lines display aberrant promoter 

CpG methylation of tumour suppressor CDKN2/p16 (Herman et al, 1995; 

Merlo et al, 1995). The p16 protein inhibits cyclin-dependent kinases 

(CDKs) 4 and 6 from complexing with cyclin D during G1 phase of the 

cell cycle. Consequently, Retinoblastoma susceptibility protein, pRb 

remains unphosphorylated, preventing cellular transition from G1 to S 

phase and ultimately cell cycle arrest at G1/S checkpoint (Herman et al, 

1995; Merlo et al, 1995). Aberrant methylation of CDKN2 promoter 

represses CDKN2 transcriptional activation and hence p16 expression, 

thus preventing G1/S checkpoint arrest (Herman et al, 1995; Merlo et al, 

1995).  Therefore any accumulated deleterious mutation may 'escape' 

screening prior to irreversible entry into S phase possibly resulting in 

tumorigenesis (Herman et al, 1995; Merlo et al, 1995). 
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Figure 1.8 Aberrant DNA methylation landscapes common in cancer. 

Normal healthy tissues possess unmethylated CpG island sequences (yellow 

boxes) typically coinciding with house-keeping gene or tumour suppressor 

promoters. Mutagenic repetitive elements (green boxes) such as 

retrotransposons are hypermethylated (red circles) to prevent their propagation 

throughout the genome. Malignant tissues possess a reversed epigenetic 

profile in which CGIs which may coincide with tumour suppressor genes 

become silenced by hypermethylation and repetitive elements are activated by 

hypomethylation. (Adapted from Pfeifer, 2018).   
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1.3.2 Multiple Factors May Influence Adult Glioblastoma 

Multiform Methylome 

Glioblastoma Multiforme (GBM) is the most prevalent and lethal adult 

brain tumours and associated with poor prognosis (15 months survival 

following diagnosis) even after surgical intervention, chemo- and 

radiotherapy and Temozolomide regimen (Parsons et al, 2008). 

Temozolomide is frequently prescribed to patients suffering from GBM 

tumours possessing methylguanine methyltransferase (MGMT) 

promoter hypermethylation (Martinez & Esteller, 2009). The MGMT gene 

encodes O6-methylguanine methyltransferase, an enzyme capable of 

repairing alkylating adduct damage targeted to the O6 position on 

guanine residues wrought by alkylating chemo-therapeutic agents (Hegi 

et al, 2005). Hypermethylation of the MGMT promoter silences MGMT 

expression, preventing BER-mediated removal of alkylation adducts at 

O6 positions on guanine residues, the accumulation of which, results in 

DNA base mismatch and sensitises GBM cells to undergo apoptosis 

(Zhang, Stevens & Bradshaw, 2012). GBM tumours are aggressive 

astrocytomas which in 75% of cases do not exhibit mutations in IDH1/2 

genes or the CIMP prevalent in low grade gliomas (Turcan et al, 2012). 

However, the glioma CIMP (G-CIMP) and MGMT hypermethyla tion 

phenotypes represent two (pro-neural and classical respectively) of four 

distinct GBM transcriptional subtypes characterised by comparative 

genome hybridisation, RNA microarray and RNA-Seq analysis (Verhaak 

et al, 2010). The four subtypes include pro-neural, characterised by over-

expression, deletion or mutation of Isocitrate Dehydrogenase 1 (IDH1), 
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Platelet Derived Growth Factor Receptor Alpha (PDGFRA), TP53, 

Oligodendrocyte transcription factor 2 (OLIG2), CDKN1A, 

Phosphatidylinositol-4,5-bisphosphate 3 Kinase  (PIK3CA), Sex 

Determining Region Y Box 2 (SOX2), Transcription Factor 4 (TCF4),  

Dublecortin X (DCX), Delta-Like Ligand 3 (DLL3) and Achaete-Scute 

homologue 1 (ASCL1); neural, characterised predominately by 

Neurofilament Lght (NEFL), Synaptotagmin 1 (SYT1), Gamma 

Aminobutyric Acid Receptor Alpha 1 (GABRA1) and Potassium 

Cotransporter A5 (SLC12A5); classical, which possessed over-

expression of NESTIN (NES), GLI family zinc finger protein 2 (GLI2), 

Smoothened (SMO), Growth Arrest-Specific protein 1 (GAS1), NOTCH 

receptor 3 (NOTCH3), Jagged Canonical Notch Ligand 1 (JAG1) and 

Epidermal Growth Factor Receptor (EGFR) and EGFR vIII mutation, wild 

type TP53, homozygous deletion of CDKN2A and mutations in 

Retinoblastoma protein 1  (RB1), CDK4 and Cyclin D1 (CCND1); and 

mesenchymal, which exhibited high expression of Neurofibromatosis 1 

(NF1), Phosphatase and Tensin homologue 1 (PTEN), Chitinase 3-like 

protein 1 (CHI3L1), Cluster of Differentiation 44 (CD44), MER proto-

oncogene Tyrosine Kinase (MERTK), Tumour necrosis factor Receptor 

type 1 Associated Death Domain (TRADD), RELB Proto-oncogene 

necrosis factor kappa Beta (RELB) and TNFRSF1A (Verhaak et al, 

2010). 

The transcriptional profile subtype of glioblastoma contingent on 

mutational status of specific genes may influence the treatment modality 

administered which consequently may significantly affect the tumour 
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epigenetic landscape (Mazor et al, 2016). This paradigm is exemplified 

by studies in which low grade IDH1 mutant gliomas biopsied from 

patients were compared with recurrent secondary glioblastoma biopsies 

from the same patient following resection and temozolomide therapy 

approximately 11 years later (Johnson et al, 2014). Whole exome 

sequencing of tumour samples from 23 patients revealed a spectrum of 

genetic divergence between primary glioma and recurrent GBM with 4 

patients possessing recurrent tumours sharing 75% of mutations with the 

initial glioma while 3 patients displayed secondary tumours with less than 

25% of mutations in common with the primary low grade glioma (Johnson 

et al, 2014). These cases typified linear and branching models of tumour 

clonal evolution and the 16 remaining patients within the cohort 

possessed tumours represented varying degrees of both models at play 

(Johnson et al, 2014). Interestingly, all cohort members possessed 

primary gliomas with IDH1 mutations but only 54% of patient recurrent 

tumours shared mutations (TP53, ATRX Chromatin Re-modeller ATRX 

and SWI/SNF Related, Matrix Associated, Actin Dependent Regulator of 

Chromatin, Subfamily A, Member 4 SMARCA4) with the primary glioma. 

This is suggestive of powerful tumour evolutionary mechanisms 

contributing to intra-tumour heterogeneity but also may be confounded 

by sampling errors during biopsies (Johnson et al, 2014). Considering 

the frequency with which secondary recurrent glioblastoma originates 

from IDH1 mutant low grade glioma subject to Temozolomide therapy, 

the alkylating agent itself may be a driving force of tumour evolution in 

minority of cases (Johnson et al, 2014). 



80 

 

 

In light of the association of IDH1 mutations and the resulting G-CIMP 

profile with the pro-neural transcriptional subtype common to secondary 

glioblastoma (Turcan et al, 2012; Mansouri et al, 2017), investigations 

pertaining to the recapitulation of the primary glioma methylome 

signature in the secondary GBM tumour have been explored (Mazor et 

al, 2016). Methylome analysis utilising Illumina Infinium 450K methylation 

bead arrays and validated by Methylight Assay profiled 1536 CpG sites 

representing 807 genes in low grade gliomas, their pair-matched 

recurrent secondary anaplastic astrocytoma or glioblastoma, de novo 

primary glioblastoma and control healthy region brain tissue (Laffaire et 

al, 2011). Profiling results identified hypermethylation of low grade glioma 

CpG shores relative to control genomes and hypomethylation of primary 

GBM CpGs at the same loci relative to healthy brain genomes (Laffaire 

et al, 2011). Hierarchical clustering of array data delineated methylation 

signatures into three groups with healthy control in one group, de novo 

glioblastoma in the second and low grade glioma, anaplastic astrocytoma 

and secondary glioblastoma in the third (Laffaire et al, 2011). The 

members of the third group were linked by IDH1 mutations, MGMT 

promoter methylation and overall hypermethylated phenotype 

suggesting a shared evolutionary early IDH1 mutant cell of origin which 

by linear clonal evolution culminated in a pro-neural glioblastoma 

transcriptional subtype (Laffaire et al, 2011). Analysis of 450K 

methylation data combined with Affymetrix microarrays aimed at 

correlating the gene expression levels at differentially methylated targets 
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between low grade glioma and recurrent GBM revealed that Thyroid 

hormone Receptor Interactor Protein 6 (TRIP6), Left-Right Determination 

Growth Factor (LEFTY) and Glial Fibrillary Acidic Protein (GFAP) were 

hypomethylated in GBM relative to glioma and displayed high expression 

levels (Laffaire et al, 2011). In contrast, hypermethylated and down-

regulated targets in GBM relative to glioma included oncogenes 

Fibroblast Growth Factor 3 (FGF3), KIT proto-oncogene receptor 

tyrosine kinase (KIT), Janus Kinase 3 (JAK3), MET tyrosine protein 

kinase (MET) and Transforming Growth Factor Beta 2 (TGFB2) and 

tumour suppressors Caveolin 2 (CAV2), Fatty Acid Binding Protein 3 

(FABP3) and Transmembrane Protein with EGF Like And Two Follistatin 

Like Domains 1 (TMEFF1) (Laffaire et al, 2011). In contrast to these 

findings, similar studies investigating the methylome profiles between G-

CIMP low grade gliomas and their recurrent secondary glioblastoma 

discovered an overall CpG hypomethylation profile with 1953 sites 

hypomethylated, 50 of which existed within a glioma G-CIMP context 

(Mazor et al, 2016). These hypomethylated sites correlated with active 

chromatin marks H3K4me3 and H3K27ac and correlated with increased 

gene expression in GBM relative to glioma samples (Mazor et al, 2016). 

Additionally, non G-CIMP contextualised genes exhibiting 

hypomethylation were over-represented by cell cycle related genes 

specifically in GBM. Take together these results may be indicative of a 

different tumour evolution model e.g. neutral evolution in which G-CIMP 

related mutations and targets may be selected against and hence under-

represented in recurrent tumours (Mazor et al, 2016).  
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1.3.3 5hmC Genomic Distribution in Glioblastoma 

Multiforme    

High-performance liquid chromatography (HPLC) analysis of 5mC 

distribution between different tissues detected highest levels in the brain 

(Kriaucionis & Heintz, 2009). Isotope labelled liquid chromatography-

coupled mass spectrometry studies investigating 5mC levels in the adult 

human brain depicted significant differences in the distribution of this 

epigenetic mark (Kraus et al, 2012). Frontal and occipital lobes of the 

cerebral cortex scored highest for 5mC levels whilst frontal and occipital 

white matter tracts exhibited significantly lower 5mC presence (Kraus et 

al, 2012). Clues as to the nature of this observed disparity in 5mC yield 

between different organs and even distinct regions of the same tissue 

may be attributable to the relatively recent discovery of oxidised forms of 

5mC and the mechanism governing their generation (Khare et al, 2012).      

In experiments examining the quantity and distribution of 5mC and 5hmC 

between healthy brain and brain tumour specimens, mass spectrometry-

validated immunohistochemical analysis revealed no significant 

difference in 5mC levels between healthy brains and tissue matched 

tumours of varying grades and isolated from multiple locations (Kraus et 

al, 2012). Brain tumours representing all World Health Organisation 

(WHO) classifications (grades I-IV) were interrogated for the presence 

and magnitude of 5mC and 5hmC marks Kraus et al, 2012). The WHO 

tumour grades increase with disease severity as characterised by tumour 

cell proliferative index, nuclear abnormality, necrosis, micro-
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vascularisation, invasiveness and anti-correlate with patient prognosis 

and survival rate (Louis et al, 2007). Tumours ranging from low to high 

grade glioma were interrogated for 5hmC quantification (Kraus et al, 

2012). Overall, immunostaining illustrated heterogeneous 5hmC 

signatures with greater proportion of positive staining in lower (grade I) 

tumours (16.7%) relative to higher (grade IV) ones (1.43%). Highest 

5hmC signal intensity (5hmC/dG ratio) captured via mass spectrometry 

was observed also in grade I tumours (0.22%) whereas grade IV tumours 

exhibited the lowest 5hmC signal intensity (0.078%). Frontal and occipital 

cortex regions and even their lower white matter tracts scored 

considerably higher 5hmC levels relative to all brain tumours analysed 

(Kraus et al, 2012). Restriction endonuclease enzyme-facilitated 

oligonucleotide probe array hybridisation mapping at single base 

resolution data corroborates earlier evidence for 5hmC distribution and 

magnitude within healthy human brains relative to organs such as liver, 

kidney, pancreas, and heart (Khare et al, 2012). 

Bisulphite and oxi-bisulphite sequencing technologies aim to delineate 

precise genomic locations of 5mC and oxi-mC marks respectively. 

Bisulphite and oxidative bisulphite sequencing employing sodium 

bisulphite and potassium perruthenate chemistries respectively facilitate 

the discrimination of 5mC from unmodified cytosine and 5fC from 5hmC 

(Johnson et al, 2016). Sequencing of methylated and demethylation 

intermediate attached bases is possible at single base resolution and has 

consequently revealed the overall depletion of 5hmC from glioblastoma 

cells (Johnson et al, 2016). Examination of 30 glioblastoma cell lines and 
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primary tissues exposed distinct 5hmC occupancy at CpG oceans and 

shelves which are comprised of low density CpG frequency relative to 

CGI and shores and thus possess intermediate levels of 5mC 

enrichment. This highlights a DNA demethylation intermediate role for 

5hmC as 5mC erasure from sequences augments transcriptional status 

of genes under regulation (Johnson et al, 2016).  The CpG shelves which 

displayed highest 5hmC enrichment (75%) localised within a window of 

approximately 5 kilobases (Kb) upstream from transcriptional start sites 

coinciding with enhancer and super-enhancer territory (Johnson et al, 

2016). These genomic features characterised by association with active 

chromatin elements such as histone 3 lysine 27 acetylation (H3K27Ac), 

positively correlated with transcription of pathogenicity related genes in 

the aggressive glioblastoma cell line U87MG (Johnson et al, 2016). In 

concurrence with previously mentioned studies highlighting the 

correlation of 5hmC levels depleting as tumour grade increases, 

Recursive Partition Mixture Model (RPMM) clustering analysis of 5hmC 

occupancy occurring genome wide in glioblastoma cells linked the 

cytosine modification to prolonged patient survival, an index associated 

with pro-neural subtypes of glioblastoma (Verhaak et al, 2010; Johnson 

et al, 2016). Despite 5hmC depletion within aggressive brain tumour 

grades, its presence within genomic features appears critical to 

glioblastoma pathogenicity with 5hmC marks identified in gene regulatory 

regions upstream of core glioblastoma signalling genes such as 

epidermal growth factor receptor vIII (EGFRvIII) and cyclin-dependent 

kinase 6 (CDK6) (Johnson et al, 2016). 
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More recently, combined analysis using the Illumina Infinium 450K 

methylation bead array, oxi-bisulphite sequencing and TET-assisted 

bisulphite sequencing (TAB-Seq) of healthy normal brains versus glioma 

samples attempted to characterise hydroxymethylation signatures 

prevalent during malignancy (Fernandez et al, 2018). In concordance 

with findings of other groups (Kraus et al, 2012; Turcan et al, 2012; 

Kondo et al, 2014; Kraus et al, 2015; Johnson et al, 2016), 5mC and 

5hmC magnitudes were significantly diminished in glioma relative to 

healthy controls. Interrogation of 5mC and 5hmC levels at LINE-1 and 

AluYb8 retrotransposons and peri-centromeric repeats alpha satellites 

and NBL-2 sequences demonstrated 5mC and 5hmC presence at 

greater magnitudes in normal tissue relative to gliomas (Fernandez et al, 

2018), which was consistent with previous literature (Jin et al, 2011). 

Computational methods utilising the cancer genome atlas (TCGA) array 

data from different groups combined with Fernandez et al 450K and oxi-

bisulphite sequencing results together with 5hmC DIP-Seq data 

generated a map of 5mC and 5hmC distributions between healthy brain 

and glioma (Fernandez et al, 2018). Overall, 7423 CpGs were 

hypermethylated compared to 44 974 hypohydroxylated CpGs, 4627 of 

which overlapped with hyper 5mC loci. 5hmC distributions between 

glioma and healthy control cells anti-correlated in their genomic patters 

of enrichment. 5hmC reduced loci possessed 5mC hypermethylation in 

a non-canonical methylation context (Fernandez et al, 2018). 

Furthermore, this non-canonical hypermethylation (occurring at 4627 
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sites) was unexpectedly commensurate with the localisation of 

transcriptionally active histone marks such as H3K4me1 and H3K36me3 

while anti-correlating with canonical 5mC repressive histone marks 

H3K27me3 and H3K9me3 (Fernandez et al, 2018). Considering the 

semi-conservative nature of DNA replication and the hemi-methylation 

mechanism of maintenance methylation by DNMT1, coupled with the 

increase in 5mC at both canonical and non-canonical loci, the global 

5hmC diminishment observed in glioma may not necessarily be 

attributable to increased cellular proliferation of malignant cells but 

maybe be due to reduced TET gene expression and activity (Fernandez 

et al, 2018).     

Indeed, IDH1 and IDH2 gene mutations common in low grade glioma and 

secondary pro-neural glioblastoma have a reduced catalytic ability to 

generate Ŭ-ketoglutarate (Xu et al, 2011; Duncan et al, 2012). 

Specifically in the case of IDH1 R132H substitution mutation of arginine 

by histidine, confers a gain of function enzymatic activity to isocitrate 

dehydrogenase to generate 2-hydroxyglutarate instead of TET protein 

co-factor Ŭ-ketoglutarate, thereby reducing TET protein 5mC oxygenase 

activity resulting in global genomic hypermethylation (Xu et al, 2011; 

Duncan et al, 2012). Curiously, the hypermethylation profile of G-CIMP 

glioblastoma may itself result in transcriptional repression of TET gene 

promoters thereby perpetuating the global 5hmC depletion in IDH1 

mutant gliomas (Carella et al, 2019). 
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However, conflicting reports demonstrate increased 5hmC abundance at 

CpG loci in IDH1 mutant glioma compared to IDH1 wildtype tumours 

(Glowacka et al, 2018). While distribution of 5hmC in IDH1 mutant 

gliomas and glioblastoma samples aligned with literature reports of 

enrichment at CpG shores, promoters and enhancers (Johnson et al, 

2016; Fernandez et al, 2018), the differentially hydroxymethylated probe 

set newly identified 5hmC enrichment within gene bodies which 

correlated to their increased gene expression relative to the same genes 

in IDH1 wildtype tumours (Glowacka et al, 2018). Interestingly, 

examination of top 1% differentially expressed genes with 5hmC 

localised to enhancer sequences annotated by H3K27ac presence and 

validated via H3K27ac ChIP-Seq illustrated unique gene pathways 

prevalent in IDH1 mutant and wildtype tumours. IDH1 mutant glioma 

5hmC probes displayed enrichment in genes pertaining to apoptosis and 

transforming growth factor beta receptor (TGFRɓ) signalling pathways 

whilst IDH1 wildtype glioblastoma tumours exhibited 5hmC enrichment 

in pathways relating to WNT, HEDGEHOG, NOTCH, Extracellular 

Regulated Kinase (ERK) signalling as well as embryonic stem cell 

network genes (Glowacka et al, 2018). This may be indicative of a 5hmC 

signature overlap between pluripotent stem cells and IDH1 wildtype 

grade IV glioblastoma cells (Glowacka et al, 2018).    
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1.3.4 5mC and 5hmC Distributions within Glioma Stem 

Cells 

A hallmark of glioma stem cells is their ability to efflux chemotherapeutic 

agents during patient therapy following resection which is often 

consequent in tumour resistance to radio- and chemotherapy treatment 

modalities culminating in tumour recurrence (fig 1.9) (Lathia et al, 2015; 

Liebelt et al, 2016; Sattiraju, Sai & Mintz, 2017). The glioma stem cell 

hierarchy, in which stem cells reside at the apex, describes the nature of 

multipotent glioma stem cells to self-renew, recapitulate tumours from 

clonal density in an irradiated orthotopic xenograft species and generate 

progenitor cells of restricted plasticity but capable of differentiating 

towards neuronal, astrocytic and oligodendrocytes lineages (Lathia et al, 

2015; Liebelt et al, 2016; Sattiraju, Sai & Mintz, 2017).  
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Figure 1.9 Glioma stem cells may be tumour initiating cells. The lateral 

ventricular zones of the mammalian neocortex represent neural stem cell 

niches producing multipotent neural stem cells and progenitors possessing 

multi-lineage differentiation capacity. Mutation in neither neural stem nor 

progenitor cells may instigate the formation of glioblastoma tumours exhibiting 

poorly differentiated cells with chemo- and radio-therapeutic resistance, 

contributing to poor patient prognosis. (Original figure).     

 

Multiple attempts to define glioma stem cells by marker expression have 

identified discrete stem-like populations staining positively for Cluster of 

Differentiation 15 (CD15), epidermal growth factor receptor EGFR, 

CD44, L1 Cell Adhesion Molecule (L1CAM) and Cluster of Differentiation 

133 (CD133, Prominin-1) (Hemmati et al, 2003; Liu et al, 2006; Bao et 

al, 2008; Son et al, 2009; Lathia et al, 2015). While adult neural stem 

cells strongly resemble glioma stem cells in multipotency, self-renewal 

marker expression such as SOX2, EGFR, NESTIN and NOTCH1, they 

do not exhibit cell surface glycoprotein CD133 (Reya et al, 2001; 

Hemmati et al, 2003; Tunici et al, 2004). Intriguingly, hierarchical 

clustering of a 500 gene array panel of 17 glioblastoma cancer stem cell 

lines delineated populations as being CD133+ or CD133- which 

correlated with a foetal neural stem cell (type I) or adult neural stem cell 

(type II) profile (Lottaz et al, 2010). Type I glioma stem cells possessed 

properties such as adherent growth in culture, neurosphere formation 

and unresponsiveness to TGFɓ signalling and segregated with a pro-

neural glioblastoma transcriptional subtype whereas type II glioma stem 
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cells exhibited semi-adherent growth, lack of neurosphere formation, 

heavily express bone morphogenetic proteins (BMPs) and are 

responsive to TGFɓ signalling, segregating with a mesenchymal 

glioblastoma transcriptional profile (Lottaz et al, 2010). Moreover, 

analysis of transcriptional signatures between type I and type II 

glioblastoma stem cells revealed no activation in cancer related tumour 

invasion or survival pathways but did highlight a communal reduction in 

differentiation pathway signalling and increased proliferative potential 

(Lottaz et al, 2010). This is suggestive of adult stem cells possibly 

activating a foetal neural stem cell transcriptional profile upon 

tumorigenesis in the brain stem cell niches (Lottaz et al, 2010). 

 

 The subventricular-ventricular zone of the lateral ventricles is a major 

site of mammalian neurogenesis which, together with sub-granular zone 

of the hippocampal dentate gyrus continue to generate neurons and glia 

into adulthood (Temple, 2001). During embryonic neurogenesis, 

ectodermal derived neuroepithelium cells differentiate into radial glial 

cells in the subventricular zone of the developing cortex (Merkle et al, 

2004). Excitingly, immunohistochemical detection of 5hmC illustrated 

enrichment in the vertebrate subventricular zones but weakly in 

hippocampal dentate gyrus in murine models (Diotel et al, 2017). 

Moreover, TET1 expression which commences at embryonic day 12 

(E12) coincides with neurogenesis at the subventricular zone as do TET2 

and TET3 (Diotel et al, 2017). All TETs exhibit diminished expression at 

E18 however expression resurges during postnatal day 7 (P7), 
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illustrating a bimodal pattern of TET expression (Diotel et al, 2017). 

Although TET mRNA and 5hmC presence was weakly detected in the 

hippocampus using fluorescent in situ hybridisation (FISH), both high 

5hmC signal and TET1 expression was detected in neurons in cortical 

regions at E16.5 however TET1 and 5hmC signals anti-correlated with 

intensity of proliferating cell nuclear antigen (PCNA) staining, indicative 

of 5hmC dilution in actively replicating cells and enrichment in post-

mitotic neurons (Diotel et al, 2017). Curiously, conditional over-

expression of IDH1 R132H mutant genes in neural stem cell marker 

positive cells in the adult mouse subventricular zone produced 

significantly greater numbers of proliferative neural stem cells and GFAP 

positive progenitors within the subventricular zone as well as increased 

neuroblast migration and invasion into the surrounding brain 

parenchyma culminating in increased brain mass in injected mice relative 

to controls (Bardella et al, 2016). Moreover, subventricular zone lesions 

appear in IDH1 R132H mutant mice but not in controls. Furthermore, 

consistent with observations of increased subventricular neural stem cell 

and progenitors in vivo, IDH1 R132H injected mice neural stem cell 

culture generated greater and large neurospheres in vitro with a greater 

proliferation rate (Bardella et al, 2016). Interestingly, global 5hmC and 

5mC levels were decreased and increased respectively which correlated 

with a tumorigenesis profile and gene set enrichment analysis of 

subventricular zone cells indicated the activation of glioblastoma 

signalling pathway genes (Bardella et al, 2016). In summary, oxidised 

5mC derivatives play a significant role in maintaining the somatic 
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genome landscape with the adult mammalian brain and aberrations of 

TET gene activity may reconfigure terminally differentiated post mitotic 

state to a stem cell phenotype, demarcated by aberrant oximC genomic 

profile (Bardella et al, 2016). Commensurate with these findings, IDH1 

R132H mutations resulted in pluripotent stem cell gene activation and 

transcriptional permissive chromatin conformation in glioblastoma cells 

(Kim et al, 2019).      

  

1.4 Wilmôs Tumour 1 Biology 

1.4.1 Developmental basis for aberrant expression of 

Wilmsô Tumour protein 1 in cancers 

Wilmsô Tumour protein 1 (WT1) is a Kruppel-like transcription factor 

important for development of the mammalian embryonic kidney, 

urogenital system and epicardium (Roberts, 2005) that exhibits 

developmental and tissue specific expression patterns in mammals 

(Dressler, 2009).  

 

Onset of WT1 expression in murine embryos commences at 9 days post 

coitum (dpc) where the protein is detectable in the parietal epithelium 

lining the coelomic cavity (Armstrong et al, 1992). At this stage WT1 

mRNA transcripts (Pritchard-Jones et al, 1990) localise to the 

intermediate mesenchyme/mesoderm (Pelletier et al, 1991; Vize et al, 

1997). At 11 dpc, WT1 expression is detected in the metanephric 

mesenchyme, presumptive spinal cord motor neurons, gonads and 
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ureter (Armstrong et al, 1992). Significant increase in WT1 expression is 

observed in the metanephric mesenchyme and nephrogenic 

condensates at 12.5 dpc, whereas gonadal WT1 expression remains 

level at this stage (Armstrong et al, 1992). Between 13.5 and 15 dpc, 

developing epicardium, podocytes of the glomerulus, endothelial and 

stromal cells of the ovaries and uterus, Sertoli cells of the testis, retinal 

ganglia of the eye and ependymal cells of the fourth ventricle in the brain 

all possess positive immunostaining for WT1 (Sharma et al, 1992). 

 

In  a developmental context, during embryonic kidney formation, WT1 

functions as a proto-oncogene, inducing proliferation of metanephri c 

mesenchyme pluripotent progenitor cells required to respond to inductive 

WNT9b signals from the invading uretic bud to undergo mesenchymal to 

epithelial transitioning (MET) into glomerular podocytes (Hohenstein & 

Hastie, 2006). 

 

Approximately 5-20% of Wilmsô Tumours cases exhibit somatic WT1 

gene mutations which tend to be sporadic bi-allelic aberrations occurring 

in blastemal progenitors (Kaneko et al, 2015). The inherited nature of 

mono-allelic germline WT1 mutations or deletions occurring within 

chromosomal regions 11p13 predisposes individuals to Wilmsô Tumour 

formation and account for approximately 5% of WT cases (Charlton et al, 

2017). Nephrogenic rests (precursors to malignant Wilmsô tumours) 

formed as a consequence of mono-allelic inactivation transformed into 

the eponymous renal malignancy upon secondary WT1 allele 
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inactivation, a classic example of Knudsonôs two hit hypothesis 

(Ruteshouser et al, 2008; Royer-Pokora et al, 2010; Kaneko et al, 2015). 

The nephrogenic rests themselves occur more frequently as a 

consequence of somatic mono-allelic WT1 mutation in sporadic Wilmsô 

Tumours (90-95%) compared to familial Wilmsô tumour germline WT1 

mutations (1-2%) (Cardosa et al, 2013). 

 

Nephrogenic rests consist of primitive undifferentiated embryonic 

blastemal cells which are observed predominately in intralobar 

nephrogenic rests (ILNR) whereas undifferentiated mesenchymal 

stromal progenitors populate perilobar nephrogenic rests (PLNR) 

(Royer-Pokora et al, 2010; Charlton et al, 2017). WT1 mutations are 

associated with ILNR which persist in early kidney development (10 dpc) 

and is commensurate with induction of WT1 expression in pluripotent 

mesonephros during this time (Wilm et al, 2016). The absence of WT1 

mutations in PLNR may be due to a WT1-independent and restricted 

lineage differentiation potential of metanephric stromal progenitors (Wilm 

et al, 2016). Collectively, this is suggestive of a developmentally early 

WT1-dependent paradigm of patterning and differentiation of the 

intermediate mesoderm and metanephric mesenchyme (Pelletier et al, 

1999; Royer-Pokora et al, 2010). However, the increased cellular 

proliferation rate resulting in the formation of neoplasms with WT1 mutant 

genotype evident in 5-20 % of Wilmsô Tumour cases implicates a tumour 

suppressor role for WT1, indicating both proto-oncogene and tumour 

suppressor functions for this transcription factor (Algar et al, 1996; 
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Yamagami et al, 1996; Inoue et al, 1998; Menke et al, 1998; Tsuboi et al, 

1999; Loeb & Sukumar, 2002; Li et al, 2003; Tatsumi et al, 2008). 

 

1.4.2 Impact of ectopic WT1 expression on tumorigenesis 

WT1 wildtype mRNA has been detected in a range of malignancies 

including oesophageal, gastric, colorectal, pancreatic, biliary, lung, 

prostate, renal, breast, cervical, ovarian, endometrial, soft tissue and 

brain cancers, indicative of a possible oncogenic contribution of ectopic 

WT1 expression in tumorigenesis (Nakatsuka et al, 2006). Studies 

performed on mouse lung cancer cells revealed a WT1-dependent 

mechanism of oncogenic KRAS induced proliferation (Vincent et al, 

2010). Human and mouse lung cancer cells with ablated WT1 reduced 

proliferation and triggered senescence, highlighting anti-apoptotic 

consequences of WT1 ectopic overexpression (Vincent et al, 2010). 

These results have been corroborated by immunohistochemistry by both 

N- and C-terminus-specific WT1 antibodies (Nakatsuka et al, 2006). 

Interestingly, although WT1 is not expressed in astrocytes and is found 

only in brain endothelium in healthy adult humans (Bourne et al, 2010), 

its elevated expression is common for brain tumours such as pilocytic 

astrocytoma (grade I), anaplastic astrocytoma (grade III) and 

glioblastoma multiforme (grade IV) (Izumoto et al, 2008; Nakahara et al, 

2004; Chiba et al, 2010; Rauscher et al, 2014). Increasing WT1 levels 

are commensurate with increasing tumour grade and associated with 

poor patient prognosis (Izumoto et al, 2008; Nakahara et al, 2004; Chiba 

et al, 2010; Rauscher et al, 2014). Increased incidence of high WT1 
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expression levels have been observed to correlate with severity of 

tumour grade of paediatric ependymoma with highest levels present in 

grade III anaplastic ependymoma (Yeung et al, 2013). WT1 

overexpression was observed in 98 % of glioblastoma primary cell 

samples and 83 % of anaplastic astrocytomas compared to 53 % of 

grade II oligodendroglioma and pilocytic astrocytomas (Schittenhelm et 

al, 2008). Short hairpin RNA (shRNA) molecules targeting WT1 mRNA 

transiently silence WT1 gene expression and reduce glioblastoma cell 

proliferation, viability and invasion ability suggesting an oncogenic role 

for WT1 in these malignancies as opposed to the tumour suppressor role 

this protein plays in Wilmsô tumour (Schittenhelm et al, 2008; Clark et al, 

2010; Kijima et al, 2014).  

 

Closer inspection of the WT1 structure provides clues to its functional 

role in tumorigenesis. WT1 is encoded by the corresponding gene 

located on chromosome 11p13 that is composed of 10 exons with exons 

5 and 9 undergoing alternate splicing to form functionally different 

isoforms (Call et al, 1990). The WT1 gene harbours two ATG start 

codons, with one at the conventional +1 site and the second residing 

between exons 1 and 2, translation from which, synthesizes a curtailed 

protein variant at the N terminal (Dallosso et al, 2004). Full length WT1 

protein consists of an N terminal RNA recognition motif (RRM), 

dimerization domain, activation domain, alternatively spliced 17 amino 

acid auxiliary interaction domain encoded by exon 5 and 4 C-terminal 

Cysteine-Histidine (C2-H2) zinc finger domains (Bickmore et al, 1992). 
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Zinc fingers 1-4 are encoded by exons 7, 8, 9 and 10 respectively 

(Ladomery & Dellaire, 2002). Alternate splicing between zinc fingers 3 

and 4 generates two isoforms either possessing or absent for lysine-

threonine-serine (KTS+/-) amino acid triplet sequence located between 

zinc fingers 3 and 4 (Clark et al, 2007). WT1 Zinc fingers 1 & 2 can 

interact with p53 facilitating its sequestration and stabilisation for 

subsequent ubiquitination and proteolysis (Maheshwaran et al, 1995). 

Stabilisation of p53 by WT1 prevents induction of pro-apoptotic pathways 

(Maheshwaran et al, 1995) Full length WT1 DNA binding domain is 

required for its physical interaction with p53 and as such, only +KTS and 

not -KTS isoforms can bind to wildtype p53 to stabilise the protein 

(Maheswara et al, 1995). Surprisingly, studies in osteosarcoma models 

indicated that the pro-apoptotic effect of p53 expression can be inhibited 

by WT1 +KTS isoforms but not ïKTS isoforms (Maheswara et al, 1995). 

One explanation for this observation may include the WT1 facilitated 

inhibition of E6/E6AP mediated p53 ubiquitination and consequent 

proteolysis. Upon complexing with p53, WT1, may sterically prevent 

proteolytic degradation of p53 by occluding its ubiquitination sites from 

targeting by E6 ubiquitin ligase (Yamanouchi et al, 2014). In a murine 

model of ovarian cancer, transient overexpression of WT1 -17aa/-KTS 

isoform was linked to significant increases in cellular proliferation, 

migration and angiogenesis leading to a significant reduction of mouse 

survival time (Yamanouchi et al, 2014). These results were in stark 

contrast to over-expression of +KTS isoforms which did not significantly 

affect these parameters and the +17aa/-KTS splice variant which 
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induced apoptosis via suppression of EGFR transcription (Yamanouchi 

et al, 2014).  

 

1.4.3 WT1 may modulate epigenetic signatures in tumours 

Whilst WT1 over-expression and null mutations have both been 

documented in cancer, implicating its dual properties as a proto-

oncogene and tumour suppressor (Algar et al, 1996; Yamagami et al, 

1996; Inoue et al, 1998; Menke et al, 1998; Tsuboi et al, 1999; Loeb & 

Sukumar, 2002; Li et al, 2003; Tatsumi et al, 2008), recent evidence has 

begun to demystify potential epigenetic regulatory functions of this 

protein in malignant neoplasms (Akpa et al, 2015). Thus, according to 

several studies, WT1 is able to prime metanephric mesenchyme 

progenitors for differentiation triggered by inductive WNT9b signals from 

the uretic bud via the repression of Enhancer of Zeste Homologue 2 

(EZH2) transcription (Akpa et al, 2015). The consequent reduction of 

H3K27me3 enables transcription of beta-catenin (CTNNB1) in these 

progenitors and their subsequent nephrogenic differentiation (Akpa et al, 

2015). In Wt1+/- mutant cells, progenitors cannot respond to WNT9b 

induction and thus proliferate into nephrogenic rests that transform into 

malignant tumours upon wt1 ablation (Dressler, 2009; Akpa et al, 2015).  

According to a growing body of experimental evidence, oxidised forms of 

5mC may play specific roles in epigenetic regulation of gene expression 

(Wu & Zhang, 2010; Seisenberger et al, 2012; Hackett et al, 2013; Smith 

& Meissner, 2013; Guo et al, 2014; Hu et al, 2014; Lewis et al, 2017) and 

serve as intermediates in the DNA demethylation process (Jones & 
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Liang, 2009; Tahiliani et al, 2009; He et al, 2011; Shen et al, 2013; 

Dawlaty et al, 2014) and, therefore, may be functionally involved in 

tumorigenesis (Dawson et al, 2012; Ehrlich & Lacey, 2013; Eleftheriou et 

al, 2015; Tian et al, 2016). Correspondingly, TET proteins may display 

tumour suppressor activity and their mutations, generating defective or 

non-functional proteins may result in tumorigenesis (Ko et al, 2010). 

Thus, TET2 protein has been implicated in the development of 

haematological malignancies such as Acute Myeloid Leukaemia (AML), 

Chronic Myelomonocytic Leukaemia (CMML) and Myelodysplastic 

Syndrome (MDS) (Tefferi et al, 2009). Interestingly, WT1 has been 

demonstrated to bind directly to TET2 and TET3 and recruit them to their 

potential target sequences in acute myeloid leukaemia models where 

mutation of WT1 resulting in its inactivation is accompanied with 

significant locus specific diminishing of 5hmC levels, a phenotype 

mimicked by mutations in the isocitrate dehydrogenase genes (IDH1/2) 

(Verhaak et al, 2010; Rampal et al, 2014; Kelly et al, 2017). In AML and 

pro-neural glioblastoma, a G-CIMP is common (Noushmehr et al, 2010; 

Turcan et al, 2012) and hypermethylation of non-housekeeping genes 

has been observed (Sturm et al, 2012; Hughes et al, 2013; 

Weisenberger, 2014). Substitution mutations such as arginine 132 

replaced by histidine (R132H) mutate IDH1, erroneously converting 

isocitrate to 2-hydroxyglutarate instead of alpha-ketoglutarate, the 

canonical co-factor required by TET enzymes for oxidation of 5mC 

(Rampal et al, 2014). The consequent inhibition of TET enzyme activity 

correlates with significant 5mC hypermethylation and reduction in 5hmC 



100 

 

observed in Acute Myeloid Leukaemia cells (Rampal et al, 2014). Similar 

effects of hypomethylation and 5hmC reduction are characteristic of Tet2 

missense mutations that either result in its attenuated or abrogated 

catalytic ability (Konstandin et al, 2014). 

 

Interestingly, the aberrant methylation signatures observed in AML can 

be recapitulated in cells with wildtype IDH1&2 and Tet2 but mutant WT1 

(Rampal et al, 2014). Correspondingly, a negative correlation of IDH1&2 

and Tet2 mutations with mutations of WT1 was reported for a cohort of 

398 AML patients (Rampal et al, 2014). Moreover, a significant reduction 

in 5hmC levels was demonstrated for these WT1 mutants compared to 

IDH1 & 2, TET2 and WT1 wildtype AML background controls (Rampal et 

al, 2014). Furthermore, next generation sequencing-based analysis 

revealed the existence of differentially methylated and 

hydroxymethylated regions  between the wildtype AML controls and WT1 

mutants with the majority of 5hmC peaks localising to enhancers and 

distal regulatory regions whereas differential 5mC peaks between 

wildtype and mutants clustered around transcriptional start sites (Rampal 

et al, 2014). The 5hmC levels at differentially hydroxymethylated distal 

enhancers were lower in WT1 AML mutants compared to controls and 

differentially methylated regions at transcriptional start sites were more 

greatly enriched for 5mC in WT1 mutants (Rampal et al, 2014). This may 

suggest a transcriptional priming role for 5hmC in haematopoiesis which 

when perturbed by WT1 mutations, may contribute to tumorigenesis (Ko 

et al, 2010; Yang et al, 2013). In glioblastoma multiforme, WT1 over-
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expression may facilitate competition or co-operative binding with other 

transcription factors capable of recognising 5hmC occupancy at 

promoter and enhancer sequences (Takai et al, 2014). Intriguingly, DNA 

immunoprecipitation and subsequent sequencing (DIPSeq) 

investigations into the physical location of oxi-mC marks demonstrate 

possible interactions between cytosine modifications and protein 

complexes capable of 'reading' them and altering the transcriptional 

status of associated genes (Takai et al, 2014). Core GBM signalling 

pathway genes e.g. BRAF, AKT, EGFR & CDK6 possessed 5hmC 

enrichment at their promoters and intergenic regions which positively 

correlated with Chromatin Target of PRMT1 (CHTOP) promoter 

presence and binding and consequent transcriptional activation of these 

genes (Takai et al, 2014). Excitingly, WT1 and CHTOP share binding 

affinity for the same promoter sequence, implicating WT1 as a strong 

contender for influencing sustained pathogenic transcriptional signalling 

in glioblastoma (Hashimoto et al, 2015).    

 

In addition to its interaction with TET proteins, recent studies suggest that 

WT1 can also specifically bind certain oxi-mCs (Hashimoto et al, 2014; 

Hashimoto et al, 2016). WT1, a member of the Early Growth Response 

family (EGR) of transcription factors shares DNA binding consensus 

sequence 5'-GCG(T/G)GGGCG-3' (EGR-1 consensus) with its fellow 

family members EGR1 and Zif268 (Stoll et al, 2007). WT1 possesses 

oximC vs mC discrimination capabilities in contrast to 5mC vs unmodified 

cytosine recognition as demonstrated by EGR1 and Zif268 (Hashimoto 
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et al, 2014). Amongst oximC derivatives, WT1 displays preferential 

binding affinity for 5caC over 5hmC and 5fC. Additionally, preferential 

binding affinity for 5caC is enhanced by presence of asymmetric 

methylation on the same transcription factor ñrecognition strandò and by 

occupancy of 5mC at CpG sites on the complementary strand 

(Hashimoto et al, 2016). This is indicative of specific epigenetic 

configurations on DNA sequences which can be ñreadò by transcription 

factors such as WT1 (Hashimoto et al, 2016). Moreover, the markedly 

reduced binding affinity for 5caC and 5mC displayed by WT1 +KTS 

isoform may demonstrate a splice variant-specific requirement of certain 

gene promoters to undergo transcriptional activation (Hashimoto et al, 

2016). A significant discrepancy is observed between zinc finger binding 

affinities to 5caC in WT1: zinc finger 2 possesses higher affinity whilst 

zinc finger 4 possesses lower, depicted by their dissociation constants 

(KD) of approximately 50nm and greater than 12ɛm respectively 

(Hashimoto et al, 2014). Mapping of residues within WT1 protein 

structure revealed that arginine 366 (R366) with zinc finger 2 is able to 

contact with 3' guanine in the consensus sequence whilst Glutamine 369 

(Q369) amine group hydrogen bonds with carboxylate groups on 5caC 

at the 5' CG dinucleotide. The carboxylate within 5caC intrabase 

hydrogen bonds with its own amine group and Q369 rotates 

approximately 70° from the position it occupied for bonding with 5mC. 

This rotation of Q369 together with stabilisation by S365 and water 

molecules gives WT1 specificity to interact with 5mC, 5hmC, 5fC and 

5caC. In the +KTS isoform which possesses 5caC binding affinity, Q369 
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is involved in hydrogen bonding but the ïKTS isoform has perturbed zinc 

finger 4 binding and thus possesses a reduced dissociation constant 

(Hashimoto et al, 2014).   

 

WT1 is strongly implicated in neural progenitor differentiation to glial 

lineage. Considering Wheldon et al, 2014 findings on 5caC accumulation 

as adult neural stem cells differentiate towards glial lineages, we 

speculate that WT1 may be involved mechanistically in this 

accumulation, possibly by modulating TET function or by stabilising 5caC 

at promoter sequences. Ergo, this may suggest that oximC presence or 

absence on promoters and enhancers may perturb or enhance WT1-

contingent gene expression, thus contributing WT1-implicated 

pathologies (Wheldon et al, 2014; Hashmoto et al, 2016). Considering 

the observations across the board that 5hmC levels are significantly 

reduced in malignancies compared to their healthy matched tissue 

(Figueroa et al, 2010; Ko et al, 2010; Jin et al, 2011), the presence of 

detectable 5caC in the brain tumours may seem rather unexpected and 

may depend on certain specific features of their 

methylation/demethylation machinery influenced by overexpression of 

WT1 and or TET2 / IDH1 & 2 mutations in these cancers. 

 

Collectively, these studies imply two potential modes of WT1 interplay 

with TET-dependent 5mC oxidation that may influence tumorigenesis. 

Thus, WT1 can either (1) serve as a binding partner of TET proteins 

participating in their recruitment to target sequences (Wang et al, 2015) 
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or (2) act as a specific ñreaderò- of certain oxi-mCs (most notably 5caC) 

(Hashimoto et al, 2014; Hashimoto et al, 2016). Presently available 

experimental evidence suggests that both these scenarios may take 

place during the pathogenesis of brain tumours, particularly glioblastoma 

multiforme (Schittenhelm et al, 2008; Eleftheriou et al, 2015). 

Considering the high mortality rate of this tumour and an immediate need 

for an efficient strategy for its therapy (Smoll et al, 2013; Thakkar et al, 

2014; Ostrom et al, 2015), elucidating potential roles of WT1 and its 

potential interaction with TETs/oxi-mCs in glioblastomas should 

represent an important direction of the future research.            

 

 

1.4.4 Hypothesis and Aims 

Studies performed by Eleftheriou et al, 2015 examined low grade and 

high grade gliomas for the presence of 5caC as an indicator of elevated 

TET protein expression. Unexpectedly they discovered significant 

enrichment of 5caC in both low grade and high grade gliomas 

(Eleftheriou et al, 2015). Considering the observations across the board 

that 5hmC levels are significantly reduced in malignancies compared to 

their healthy matched tissue, 5caC presence is most unexpected (Jin et 

al, 2011). 

 

Following unexpected discovery of 5caC enrichment in low and high 

grade glioma primary tumours (Eleftheriou et al, 2015), analysis of 5caC 

presence was conducted in high grade glioblastoma cell lines LN18, 
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LN229 and U87MG (fig 1.10). HeLa and HEK293 cells display absence 

and negligible 5caC levels respectively whilst all three glioblastoma cells 

lines demonstrate heterogeneous enrichment of 5caC and uniform 

presence of 5hmC. Interestingly, confocal microscopy signal intensity 

analysis revealed strikingly similar nuclear distribution of 5hmC and 5caC 

signatures to 13.5 dpc embryonic brain (fig 1.11) in concordance with 

studies performed by Abakir et al.  Moreover, Quantitative PCR analysis 

of genes exhibiting 5hmC and more markedly, 5caC enrichment at their 

promoters were heavily up-regulated in U87MG cells compared to HeLa 

(fig 1.12). Notably, WT1 expression was greater than ten- fold higher in 

U87MG cells relative to HeLa. This observation, coupled with Wheldon 

et al reports on 5caC enrichment observed at pro-glial lineage promoters 

in TDG knockdown mouse neural stem cells suggested a WT1- 5caC 

interaction influencing transcription of pro-glial lineage genes and a DNA 

demethylation dependent mechanism regulating neural stem cell 

differentiation. 

 

Figure 1.10 Staining glioblastoma cell lines LN22, U87MG and LN18 for 

5caC presence against HeLa and HEK293T 5caC negative cells. Cells are 

stained for 5hmC (red) and 5caC (green). (Ruzov lab unpublished data).  
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Figure 1.11 2.5D Confocal Microscopy Nuclear Spatial distribution of 

5hmC (red) and 5caC (green) signal profiles in LN18 and U87MG 

glioblastoma cell lines vs 13.5 dpc mouse embryonic brain cells. (Ruzov 

lab unpublished data).   

 

 

Figure 1.12 Transcriptional profile of glioblastoma pathway genes 

expression relative to 5caC negative HeLa cells. Mean ± SD, N =1, (Ruzov 

lab unpublished data).  
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Considering absence WT1 of expression and 5caC presence in healthy 

adult mouse and human terminal differentiated glial cells but their 

significant up-regulation in embryonic brain and glioblastoma cells (which 

purportedly possess glial progenitor origins), we postulate a WT1-

dependent 5caC modulation of glial progenitor persistence and 

proliferation in glioblastoma. Consequently, we speculate that 

transcription of glioblastoma pathogenic genes may be dependent on 

WT1-5caC mediation and conversely, hypothesize depletion of WT1 

from glioblastoma cells may significantly diminish if not abrogate 

transcription of these genes. If correct, elevated WT1 expression in adult 

human glia may signify a potential early prognostic marker and novel 

therapeutic drug target for the treatment of gliomas and glioblastoma.  

As such we endeavour to verify 5caC presence in glioblastoma cell lines 

and examine WT1 expression levels in these cells. We subsequently aim 

to assess WT1 influence on transcription of core glioblastoma pathway 

genes (previously illustrated to possess 5caC occupancy) by small 

interference RNA (siRNA) specific to WT1. Following this, we intend to 

create wt1 null mutants by Clustered Recognition of Interspersed Short 

Palindromic Repeats, CRISPR cas9 technology. This should facilitate 

examination of effects of permanent WT1 depletion on 5caC gene 

sequence occupancy assessed by DNA immunoprecipitation, 

quantitative mass spectrometry and Next Generation Sequencing. 

Chromatin immunoprecipitation will be performed to investigate possible 

WT1-5caC interactions at glioblastoma genes of interest assessed by 
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quantitative PCR. Finally functional studies will be performed upon 

successful selection and isolation of WT1 null mutant GBM cells to 

assess WT1 depletion on cell proliferation, tumorigenicty, stemness and 

differentiation potential.   
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Materials & Methods 

All reagents used in this thesis can be found by referring to tables 2.11 ï 

2.24. 

 

2.1 Cell Culture 

 

2.1.1 Cryopreservation of cells 

1x106 cells were pelleted by centrifugation at 200g for 5 minutes. 

Supernatant was aspirated and pellets were resuspended in 1ml Foetal 

bovine serum (FBS) (Hyclone) and 5% dimethyl sulfoxide (DMSO) and 

promptly placed in a Mr Frosty freezing container to enable constant rate 

of cooling at -1°C/minute. Cells were immediately transferred to the -

80°C freezer for 24 hour incubation. Cells were then removed from Mr 

Frosty container and transferred to liquid nitrogen for long term storage. 

A summary of media formulations is compiled in table 2.1. 
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Table 2. 1 Media formulation 

 
Cell Line (serum culture) Media components 

U87MG, U251, LN229 & LN18 DMEM + 10% FBS 

FB83 DMEM + 15% FBS 

UW228-3 DMEM F12 + 10%FBS + 2 mL-Glutamine, 100 

g/mL streptomycin and 100 U/mL penicillin 

DAOY MEM/EBSS + 10% FBS + 2ml Glutamine + 1% 

sodium pyruvate + non-essential amino acids + 

100 g/mL streptomycin and 100 U/mL penicillin 

DKFZ, BXD1425-EP1N DMEM + 15% FBS + 100 g/mL streptomycin and 

100 U/mL penicillin 

Cell Line (serum-free culture) Neuro-basal media 

U251, FB83, LN18, LN229 DMEM F12 + 100ɛl of 100x N2 + 200ɛl of 50x B27 

+ 100 g/mL streptomycin and 100 U/mL penicillin + 

20ng/ml bFGF + 20ng/ml EGF (Sigma, Poole, UK ) 

U251, FB83, LN18, LN229 Neurogenic media 

 DMEM F12 + 100ul of 100x N2 + 200ul of 50x B27 

+ 100 g/mL streptomycin and 100 U/mL penicillin + 

0.5% FCS, 1ɛM retinoic acid (Sigma), 10 ng/ml 

BDNF). 

U251, FB83, LN18, LN229, U87 Gliagenic media 

 DMEM F12 + 100ul of 100x N2 + 200ul of 50x B27 

+ 100 g/mL streptomycin and 100 U/mL penicillin +  

5% FBS 

 

2.1.2 Passaging and sub-culturing of cells 

1 ml of 1x106 cells were rapidly thawed from liquid nitrogen for 2 minutes 

in a 37°C water bath and seeded into a T25 (NUNC) pre-warmed (37°C) 

flask containing 4ml of appropriate media (table 2.1). After 24 hours, 

fresh media was replenished to remove any residual DMSO from the 

growth conditions. Media was replenished every 2-3 days and cells were 

passaged upon reaching 70-80% confluence by washing with 10ml of 

Hankôs buffered saline solution (HBSS) (cat# 14170138) to remove 

residual media. Aspiration of HBSS and subsequent addition of 2ml of 

1X 0.25% trypsin and 0.53mM ethylene-diamine tetra-acetic acid (EDTA) 

(cat# 93283) dissolved in HBSS was performed and flasks were 
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incubated for 2-3 minutes in a humidified incubator at 95% humidity, 

37°C and 5% CO2. Following incubation, the flasks were tapped gently 

to agitate and dislodge adherent cells from the tissue culture plastic 

surface. Cell trypsinisation was neutralised using 8ml of complete 

(serum-containing) media. Cancer cells were seeded into new flasks at 

a ratio of 1:10 whilst foetal neural stem cells were split at a 1:3 ratio in 

their appropriate media.    

 

2.1.3 Preparation of complete media  

50ml of pre-warmed (37°C) 10% Foetal Bovine Serum (FBS) was added 

to pre-warmed 500ml of Dulbeccoôs Modified Eagles Medium (DMEM) 

1X (Gibco, Life Technologies). Solution was mixed, ready for use for 

U87MG, LN229, LN18 and U251 glioblastoma cell lines. 

 

BXD-1425EPN and DKFZ-EP1NS cell lines were cultured in DMEM 1X 

supplemented with 10% Foetal Bovine Serum and 1% 

Penicillin/Streptomycin (100 g/mL streptomycin and 100 U/mL penicillin). 

DAOY cells were cultured in Minimal Eagles Medium/ Earleôs Balanced 

Salt Solution (MEM/ EBSS) supplemented with 10% heat-activated foetal 

bovine serum, sodium pyruvate, non-essential amino acids (NEAA), 2mL 

Glutamine, 100 g/mL streptomycin and 100 U/mL penicillin. 

UW228 cells were cultured in DMEM/F12 (cat# 21331020) 

supplemented with 10% heat-activated foetal bovine serum, 2 mL-

Glutamine, 100 g/mL streptomycin and 100 U/mL penicillin. 
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2.1.4 Spheroid Culture 

U251, LN18, U87, LN229 and FB83 cells were passaged as previously 

described. Trypsinised cells were pelleted and resuspended in neuro-

basal media (DMEM F12, 1:1 B27, N2, 1% L-glutamatine, 20ng/ml bFGF 

and 20ng/ml EGF). Cells were seeded at a density of 500 -2000 cells in 

200ul per well of a 96 round bottom well ultra-low attachment plate 

(NUNC). Cells were incubated at 37°C, 5% CO2 in a humidified 

incubator. Media was changed every 2-3 days, avoiding agitation of 

growing spheroid. Spheroids were grown for 10 days until diameters of 

100-300ɛm were achieved.     

2.2 Molecular Biology 

2.2.1 siRNA Transfection 

siRNA transfection master mixes were formulated by dissolving 3.3nmol 

lyophilized WT1 or control scramble siRNA (Santa Cruz Biotech) in 330ɛl 

siRNA buffer to make a 10ɛM stock. Stock solutions were diluted 0.5Õl 

in 190µl serum-free Opti-MEM® (Life Technologies) and mixed with 0.2ɛl 

DharmaFECTÊ (Dharmacon GE Life Science) transfection reagent 

diluted in 198ɛl serum-free Opti-MEM®. This mixture was incubated for 

5 minutes at room temperature, dilutes in 1600µl complete media, 

incubated at room temperature and subsequently loaded onto U87MG 

passage 6 (p6) cells seeded in 24 well plates and 8 well chamber slides 

(NUNC). siRNA transfection master mix was added to 500µl on cells at 

seeding density 3.0 x 104 cells/well to make final siRNA concentration of 

25nM and 50nM per well. U87MG cells in 24 well plates and chamber 
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slides were incubated at 37°C and 5% CO2 for 24 hours after which the 

procedure was performed again and incubated for a further 24 hours. U-

87MG transfected cells were harvested for RNA extraction and reverse 

transcriptase PCR at 48 and 72 hours. U-87MG cells in chamber slides 

were harvested for immunohistochemical analysis at 72 hours only. 

 

2.2.2 RNA Extraction  

RNA extraction was performed using QIAGEN RNeasy RNA extraction 

kit as described by manufacturer. Briefly, cell pellets were lysed and 

homogenised by resuspension in 350ɛl of RLT buffer containing ɓ-

mercaptoethanol as instructed in the protocol. Samples were precipitated 

with 100% ethanol and on-column DNase digestion was performed to 

remove genomic DNA. Samples were washed with RW1 buffer, 

precipitated with RPE buffer and eluted in 30ɛl RNase-free water.   

 

2.2.3 cDNA Synthesis  

2ɛg of RNA of each sample was added to a 20Õl reaction mix containing 

10mM dNTPs (1µl) (Invitrogen), 10X random hexamers (Invitrogen) (2µl). 

Reaction mix was incubated at 65°C for 5 minutes followed by immediate 

ice incubation for 5 minutes. 5X first strand buffer (4µl), Dithiothreitol 

(DTT) 0.1M (1µl) and Superscript III Reverse Transcriptase (1µl) (both 

Invitrogen) were added to the reaction mix, vortexed, incubated at room 

temperature for 5 minutes followed by incubation at 50°C for 1 hour. 

Enzyme inactivation step occurred subsequently at 70°C for 15 minutes. 
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Reaction mix was diluted in sterile distilled water to make final volume of 

200µl. 

 

2.2.4 Quantitative Polymerase Chain Reaction  

Candidate genes (table 5.2) expression were measured via RT-qPCR 

performed on Applied Biosystems FAST 7500 RT-qPCR machine and 

software. 10µl reaction volumes contained 5µl 2X SYBR Green 

(Promega), 0.25µl forward and reverse primers (5µM) (Sigma Aldrich) 

(which were designed using www.Primer3.ut.ee and BLASTED for 

specificity using www.ncbi.nlm.nih.gov BLAST tools) and 2µl sample 

cDNA. Gene expression was measured using comparative Ct standard 

run at 40 cycles with denaturation at 95°C, annealing at 60°C and 72°C 

extension. Target gene expression was normalised to Glyceraldehyde 3-

phosphate dehydrogenase (GAPDH) or TATA-Binding Protein (TBP) 

expression.  

 

 

Table 2. 2 List of qPCR Primers 

Forward 

Primer 

Sequence (5'-3') Reverse 

Primer 

Sequence (5'-3') 

TUBB3-F CCTCAAGATGTCCTCCACCTTC

AT 

TUBB3-R GTTCATGTTGCTCTCGGCCTC 

CD15-F GACGACTTCCCAAGTGCCTC CD15-R CAAGTTCCGTATGCTCTTGGGC 

CD133-F GATGCCTCTGGTGGGGTATTTC CD133-R CGACTCCTTTTGATCCGGGTTC 

CDH1-F CTGCTCTTGCTGTTTCTTC    CDH1-R AGCTGGCTCAAGTCAAAG 

CDKN1A-F CAAGCTCTACCTTCCCAC CDKN1A-R GGGTACAAGACAGTGACA 

CTNNB1-F CCATCTGTGCTCTTCGTC CTNNB1-R GGACAAAGGGCAAGATTTC 

EGFR-F CATTTAGGGGTGACTCCTTCAC

AC 

EGFR-R GACGACTGCAAGAGAAAACTG

ACC 

FABP7-F CCAGCTGGGAGAAGAGTTTG FABP7-R CTCATAGTGGCGAACAGCAA 

GAPDH-F GATGCTGGCGCTGAGTACG GAPDH-R GCAGAGATGATGACCCTTTTG

G 
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GFAP-F GCCAGCTACATCGAGAAGGTTC GFAP-R CTGTGCCAGATTGTCCCTCTC 

GLAST-F GTGAATGGAGTCAATGCCCTG

G 

GLAST-R CTCCACAATCTTCCCAGCAATC

AG 

GNRHR-F CCTCTCCTGAACAGAATC GNRHR-R GGAAGAAAGTAACCGTCA 

HES1-F GTCTGAGCCAGCTGAAAACACT

G 

HES1-R CCAAGTGTGCTGGGGAAGTAC 

LINE-1-F GAGAACAAAGACACCACATACC LINE-1-R GGCATTTAGTGCTATAAATTTC

CC 

MDM2-F CCATGATCTACAGGAACTTG MDM2-R CTCACTCACAGATGTACC 

MS1-F GGTGGAATGTAAGAAAGCTCAG

CC 

MS1-R GAACTGGTAGGTGTAGCCAGG

G 

NANOG-F CAGCCTTTACTCTTCCTACCAC

CAG 

NANOG-R GTTATAGAAGGGACTGTTCCAG

GCC 

NESTIN-F GGAAGAGGAAGAGAACCTGGG

AAA 

NESTIN-R CTCAGATTCAGCTCTGCCTCAT

C 

NF1-F GCCCTAAAGAAGGTTGCGC NF1-R GTGGCCAAACTGCTGCTTTAC 

NOTCH1-F CAACTGCGAGATCAACCTGGAT

G 

NOTCH1-R GTGAAGCCATTGATGCCGTCC 

POU5F1-F CAGGCCCGAAAGAGAAAGCG POU5F1-R GTTGTGCATAGTCGCTGCTTGA

TC 

OLIG1-F ACTTCCTCCTCCTCCACGA OLIG1-R CTGAGTAGGGCAGGATGACC 

OLIG2-F GATGACCTTTTTCTGCCGGCC OLIG2-R GTGCTGGACGAGGATGACTTG 

PDGFRA-F GAGATGCTTTGGGGAGAGTGA

AG 

PDGFRA-R GCCTGCCTTCAAGCTCATTCTC 

RB1-F GGAAGCAACCCTCCTAAACC RB1-R TTTCTGCTTTTGCATTCGTG 

S100B-F ATTCTGGAAGGGAGGGAGAC S100B-R CGTGGCAGGCAGTAGTAACC 

SOX2-F CACATGAACGGCTGGAGCAAC SOX2-R GTAGGACATGCTGTAGGTGGG 

SOMATOSTA

TIN-F 

CTGGCCAAGTACTTCTTG SOMATOSTA

TIN-R 

GACAGATCTTCAGGTTCC 

SOMATOSTA

TIN R2-F 

GGCTATCCATTCCATTTG SOMATOSTA

TIN R2-R 

GCTTGTCAGGTCATAGTA 

TBP-F TATAATCCCAAGCGGTTTGC TBP-R GCTGGAAAACCCAACTTCTG 

TDG-F    CAGCTATTCCCTTCAGCA TDG-R GGAACTTCTTCTGGCATTTG 

TET1-F    CTTGGTATGAGTGGGAGTG TET1-R GAGCATTAAAGGTAGCAATTG 

TET2-F    GCAAGATCTTCTTCACAG TET2-R GCATGGTTATGTATCAAGTA 

TET3-F   CTCTGAAGTCAGAGGAGAA TET3-R GTCCAGGAAGTTGTGTTC 

TP53-F GCCATCTACAAGCAGTCA TP53-R CCATCGCTATCTGAGCAG 

WT1-F CCTTCATCAAACAGGAGCCG WT1-R GTAGGGCGCGTTAGGAAAC 

 

2.2.5 Standard polymerase chain reaction 

Standard PCR reactions were performed in 50ɛl reaction volumes in as 

detailed in table 2.3. All primers used were designed in-house, in silico 

and ordered commercially. Standard amplifications were performed 

using 10x thermostable Thermus aquaticus (Taq) polymerase buffer 
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(New England Biolabs (NEB), 10mM dNTPs (NEB) and Taq DNA 

polymerase (NEB). Stock 100µM primers were diluted to working 

concentrations of 10µM.  

 

Table 2. 3 Standard PCR reaction mix  

Component Volume (ɛl) 

Template DNA 

Thermo Taq pol buffer 10x 

dNTP mix 10mM 

Forw ard primer 10µM 

Reverse primer 10µM 

Taq DNA polymerase 

Nuclease ï free H2O 

50ng (genomic) 1ng (plasmid) 

5 

1 

2 

2 

0.5 

Up to 50 

 

Primer annealing temperature were calculated from individual primer 

sequences utilising thermodynamic equations described by Breslauer et 

al, 1986; Sugimoto et al, 1986 and Xia et al, 1998, as employed by 

Oligocalc oligonucleotide properties calculator 

(https//:biotools.nubic.northwestern.edu) and nearest neighbour 

temperatures were selected for  each primer pair. Polymerase extension 

phase time at 72°C was estimated as 1 minute per kilobase to facilitate 

adequate amplicon polymerisation. PCR reaction conditions are 

summarised in Table 2.4 and were performed on Tecne TC312 

thermocycler.  

Table 2. 4 Thermocycler conditions 

Condition Temperature °C Minutes/ seconds 

Initial denaturation 94 5 minutes 

Denaturation 94 30 sec 

Annealing variable 30sec 

Extension 72 variable 

Final extension 72 5 minutes 

Hold  4 indefinitely 
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Table 2. 5 CRISPR Cas9 construction primers (designed in-house) 

Primer Sequence 

WT1ex6F2 CACTTACTAGTATGAACCACAGCACAGGGTACGAGA 

WT1ex10R TATCGGAATTCTCAAAGCGCCAGCTGG 

KTS R GGGCTTTTCACTTGTTTTACCTGT 

7a3F2 GGATCTCATTAAAGGCAACCTCTCC 

7a3R GGCGCGCCGCATTAAGGCGCCGGATCTCATTAAAGGCAACCTCTCC 

9a3F2 GGCGCCTTAATGCGGCGCGCCGAGAGAAGGAATAGTGCGTGG 

9a3R TCTAGAAGCTTCACCAGCCTTGCAGAAAGC 

FLcas9F ACGCACTATTCCTTCTCTCGGGCAGCTAATGGACCTTCT 

FLcas9R GGTTGCCTTTAATGAGATCCGCCATAGAGCCCACCGCA 

sgRNA 8AF TTTCTTGGCTTTATATATCTTGTGGAAAGGACGAAACACCGACCAGCT

CAAAAGACACCAA 

sgRNA 8AR GACTAGCCTTATTTTAACTTGCTATTTCTAGCTCTAAAACTTGGTGTCT

TTTGAGCTGGTC 

7aRHAR AGTATGTTGGGAGGCGTAGG 

WT1RintgF TGGGAAGACAATAGCAGGCA 

WT1LintgR CTTCTCTAGGCACCGGTTCA 

RHRF CAGTCTCCTCATCTGTAAGATGGG 

In7ajncF CCTAGTAGGAGAGGTTGCCTT 

9ajncR GCCACGCACTATTCCTTCTCT 

WT1cDNAex4F TCAGATGAACTTAGGAGCCAC 

WT1ex10R GCCAGCTGGAGTTTGGTCA 

 

Table 2. 6 Phusion PCR conditions 

Component Volume per reaction ɛl 

Nuclease-free water 2 

5x Phusion GC Buffer 3 

10mM dNTPs - 

Fragment 1 x 

Fragment 2 x 

Phusion DNA polymerase  

Total 15 

 

2.2.6 Phusion PCR 

Phusion PCR oligonucleotides were designed with 20bp overlaps to 

ensure complementary sequence hybridisation the during 

denaturation/re-naturation step. Equimolar (100-1000ng) DNA template 

fragments with complementary 20bp overlaps were prepared in the 
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phusion PCR reaction mix (table 2.6) and incubated in the thermocycler 

under the following conditions (table 2.7): 

Table 2. 7 Denaturation / renaturation thermocycler conditions 

Step Temperature °C Time seconds/minutes 

Initial Denaturation 94 5 minutes 

Annealing Cycle 94 30 sec 

75 5 minutes 

52 5 minutes 

45 5 minutes 

Hold 4 - 

 

2.2.7 Gibson Assembly 

Gibson Assemblies were performed using the NEB Gibson assembly 

master mix and protocol.  

 

2.2.8 Restriction digests 

Restriction digests were performed on 2ɛg of plasmid DNA to ensure that 

sufficient quantity of DNA would remain following gel extraction and  

purification for subsequent subcloning. Digests were performed in 50ɛl 

reaction volumes in appropriate reaction buffers (NEB). DNA was 

digested with 1 unit of restriction enzyme per ɛg of DNA in the reaction 

mix incubated at 37°C in a water bath for 4 hours. Overnight incubation 

was performed when high-fidelity NEB enzymes were used to ensure 

complete digestion. Following incubation, restriction enzymes were 

deactivated by incubation of reaction mixtures at 70°C for 15 minutes.     

 

2.2.9 Agarose gel electrophoresis and gel extraction 

Detection of DNA of required size in base pairs was resolved by agarose 

gel electrophoresis. Gels of either 1% or 1.3% were cast to separate DNA 
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band sizes of 500 ï 8000bp and 100 ï 500bp respectively. Molecular 

grade agarose (Sigma) was dissolved in 1X TAE buffer by heating at 

maximum power for 3-4 minutes in a microwave. Molten gel was cooled 

prior to addition of ethidium bromide (Invitrogen) at a final concentration 

of 250ug/ml was poured into electrophoresis trays with well combs in 

place and allowed to set for 15 minutes. DNA samples were mixed with 

6x loading dye (NEB) at a sample to dye ration of 6:1. For verification of 

band presence or absence, 5ɛl of sample/dye mixture was loaded into 

set electrophoresis gels submerged in 1X TAE running buffer whereas 

50ɛl of sample/dye mix was loaded for bands requiring subsequent gel 

extraction. 200ng of DNA molecular weight quick-load hyper ladder 

markers of either 1kb or 100bp (NEB) were run in parallel with samples 

of appropriate band size. Gels were run at 80-90 volts, 400mA for 1 hour 

and visualised on Fujifilm LAS 4000 UV transilluminator. Pictures were 

captured using LAS 4000 image acquisition software version 2.1. Gel 

bands were extracted using clean scalpel and forceps and purified using 

QIAGEN gel DNA purification kit. DNA was eluted in 30ul and quantified 

by nanodrop spectrophotometer.  

 

2.2.10 Quantification of nucleic acid yield and purity 

Quantification of DNA and RNA samples was performed by measuring 

UV absorbance at 260nm using Nanodrop 1000 spectrophotometer. 

Absorbance ratios of DNA and RNA were calculated as a ratio of nucleic 

acid: protein at 260/280nm. Protein contamination was measured as an 

absorbance ratio of 260/230nm.  
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2.2.11 Ligation  

Ligations were performed in 10ɛl reaction volumes consisting of vector 

and insert DNA at a ratio of 1:3 (10-100ng) respectively. Phosphodiester 

bond linkage between insert and vector backbones was catalysed by T4 

DNA ligase (NEB) as summarized in table 5.8. Ligations were performed 

overnight at room temperature.  

Table 2. 8 DNA Ligation conditions 

Reagent Volume ɛl 

Vector DNA x 

Insert DNA 3x 

T4 DNA ligase Buffer 1 

T4 DNA ligase 1 

Nuclease-free water Up to 10 

 

2.2.12 Bacterial Transformation 

Transformations were performed using One-shot Top 10 chemically 

competent DH5Ŭ Erechia coli bacteria (Invitrogen). Bacterial cells (50ɛl) 

were thawed on ice for 10 minutes before addition of 5ɛl of ligation mix 

or 1ul of plasmid (50ng). Cells were gently mixed and incubated on ice 

for 30 minutes. Cells were heat-shocked at 42°C for 30 seconds and 

immediately placed on ice for 2 minutes. Cells were then resuspended in 

250ɛl of pre-warmed (37°C) SOC media (Invitrogen) and incubated for 1 

hour at 37°C under shaking conditions at 225RPM. Cells in suspension 

were plated onto agar plates inoculated with the appropriate antibiotic 

selection (amplicilin 100ug/ml or kanamycin 50ug/ml). Plates were 

incubated overnight for 16-18 hours. Bacterial colonies were scored and 

harvested for starter culture and subsequent plasmid mini-prep 

extraction.    
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2.2.13 Starter culture 

Individual transformed bacterial colonies were picked from agar selection 

plates using a sterile P10 pipette tip and used to inoculate 5ml of Luria 

Bertani (LB) broth with antibiotic selection in a 15ml falcon tube. Each 

colony picked was placed in a separate tube for incubation overnight for 

12-16 hours at 37°C until an optical density at 600nm (OD600) was 

achieved, measured by spectrometer. Starter cultures were centrifuged 

at 8000rpm for 5 minutes and supernatants were discarded. Pellets were 

either frozen for mini-prep plasmid extraction or resuspended in 100ml 

LB broth for midi-prep plasmid extraction.  

 

2.2.14 Overnight culture 

Bacterial cell pellets were resuspended in 100ml of antibiotic selection 

LB broth and incubated in an orbital shaker at 225 revolutions per minute 

(rpm) overnight at 37°C. Cell suspensions were centrifuged to pellet cells 

from which plasmid DNA was extracted using midi-prep kits.  

 

2.2.15 Plasmid mini-prep 

Alkaline lysis plasmid mini-prep was performed by using Promega 

Wizard Plus SV Miniprep DNA Purification System according to the 

manufacturerôs protocol.  
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2.2.16 Plasmid midi-prep 

Plasmid midi prep DNA extraction was performed using Macherey Nagel 

Nucleobond Xtra Midi-prep kit according to the manufacturerôs protocol.  

 

2.2.17 Chromatin Immunoprecipitation (ChIP) 

ChIP experiments were optimised on RBLPAT induced pluripotent stem 

cell WT1 control cell line. Two 80% confluent T75 flasks of U251 cells 

per biological repeat were used as staring material for ChIP.Chromatin 

Immunoprecipitation was performed according to Magna ChIP kit 

manufacturerôs instructions. DNA was made up to 130µl with nuclease-

free water and sonicated using Covaris S220 ultrasonicator using the 

Chromatin Shear programme to generate 200-1000 base pair fragments. 

Sonicated DNA was verified on Agilent Tapestation D5000 screen tapes. 

We adapted the protocol by using half-volumes of all reagents to save 

on cost. 2.75ɛg of GTX Rabbit monoclonal anti-Wilmsô Tumour 1 

antibody was used for precipitation. For preparation of Next Generation 

Sequencing libraries, adaptor ligation was performed following column 

purification of DNA.  

 

2.2.18 Methylated DNA immunoprecipitation (MeDIP) 

MeDIP experiments were optimised on RBLPAT induced pluripotent 

stem cell 5caC control cell line.  Modification of the MeDIP protocol 

devised by Mohn et al, 2009 enabled isolation of high yield methylated 

DNA fragments for Next Generation Sequencing and PCR analysis. Brief 

modifications include: cell pellets were resuspended in 1000ɛl of lysis 
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buffer. 37.5ɛl of RNase A at 100mg/ml was added to lysis buffer. One 

volume of phenol/chloroform (Sigma) was mixed with the lysate to 

generate organic-interphase and aqueous phase separation. Aqueous 

and interphases were taken and placed in fresh tubes. DNA was 

precipitated with 1/10 by volume of 5M NaCl mixed in the aqueous phase 

and 1 volume of isopropanol. DNA pellets were resuspended in 50ɛl of 

nuclease-free water. DNA was made up to 130µl with nuclease-free 

water and sonicated using Covaris S220 ultrasonicator at a frequency of 

550KHz using programme 350bp_60s to generate 350 base pair 

fragments.  Adaptor ligation was performed at this stage prior to 

immunoprecipitation. Modifications to the immunoprecipitation protocol 

included using 2.5ɛl of Active Motif Rabbit anti-5caC antibody. Sheep 

anti-rabbit magnetic Dynabeads M-280 (Invitrogen) were used to 

precipitate 5caC modified DNA fragments. 3.75ɛl of Proteinase K at 

20mg/ml in 250ɛl Proteinase K buffer enabled separation of Dynabeads 

from antibody bound modified DNA fragments prior to overnight 

incubation at 55°C. DNA was purified using QIAGEN QIAquick column 

purification kit and eluted in 25ɛl of nuclease-free water.  

 

2.2.19 DNA Immunoprecipitation-qPCR 

DNA isolation from cell pellets and sonication was performed as 

described in section 2.2.18. Sonicated DNA fragments were 

immunoprecipitated without prior adaptor ligation and purified in 

nuclease-free water as described in 2.2.18. Purified DNA was 

quantified using nanodrop 2000 and Qubit spectrometers. DNA was 
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diluted to 10ng/µl using sterile distilled water and 2ul of this DNA 

fragment mixture was used as template DNA for qPCR analysis of 

5caC enrichment at gene promoters / enhancers. QPCR primers were 

designed in-silico using http://primer3.ut.ee/ website to amplify 200-

500bp regions situated 1kb upstream of transcriptional start sites of 

genes of interest. Primers thermodynamic specifications were verified 

in-silico using http://biotools.nubic.northwestern.edu/OligoCalc.html 

primer design tools. Primer sequences were designed to fall within 50-

60% GC content, be 22-25 nucleotides in length and possess Ò1°C 

difference in annealing temperature between forward and reverse 

primer pairs. Designed primer pairs were NCBI BLAST and University 

of California Santa Cruz (UCSC) genome browser 

https://genome.ucsc.edu/cgi-bin/hgPcr verified to bind to their specific 

target sequence. QPCR was performed was described in section 2.2.4 

using sonicated DNA instead of cDNA.  

 

 

2.3 Transfection and Selection of Cells 

2.3.1 Lipofection 

Cells were seeded in 6 well plates at a density of 2.5x104 cells per well 

in complete media. 24 hours post seeding cells were examined and once 

reached 50% confluence, were incubated with transfection complex 

medium. Transfection complex medium consisted of 12ɛl of 

Lipofectamine 2000 (Life Technologies) dissolved in 150µl of Optimem 

http://primer3.ut.ee/
http://biotools.nubic.northwestern.edu/OligoCalc.html
https://genome.ucsc.edu/cgi-bin/hgPcr
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(Gibco). Plasmid DNA was dissolved in 150ul of Optimem and allowed 

to equilibrate for 5 minutes before lipofectamine-Optimem and DNA-

Optimem mixtures were combined at a 1:1 volume ratio and incubated at 

room temperature for 5 minutes to facilitate DNA-lipid vesicle complex 

formation. Complete media was aspirated off cells and 700ɛl of Optimem 

was added to lipofectamine-DNA complex to constitute a 1ml volume 

which was administered per well to cells. Cells were incubated for 24 

hours at 95% humidity, 37°c, 5% CO2 in humidified incubator and 

transfection media was replaced by complete media the next day. 

Transfection efficiency was calculated by scoring green fluorescent 

protein positive cells against total number of cells per field of vision under 

fluorescent microscope examination.   

 

2.3.2 Electroporation 

Electroporation of cells was performed using the Nucleofector II AMAXA 

(Lonza) with the VCA-1005 kit (Lonza). Briefly, for CRISPR-cas9 

facilitated gene targeting of WT1 in U251 and LN18 glioblastoma cell 

lines, plasmid DNA was aliquoted into sterile Eppendorf tubes at the 

following quantities: Nickase D10A plasmid ï 1ɛg; guide RNA 8A plasmid 

ï 500ng; guide RNA 8B plasmid ï 500ng and homology directed repair 

donor template plasmid ï 3ɛg. GFP positive control plasmid was used at 

3ɛg. 500 000 cells per transfection were harvested from T75 flasks, 

pelleted and resuspended gently in 100ɛl of nucleofection buffer 

containing added nucleofection supplement per transfection. 

Resuspended cells were aliquotted in 100ɛl volumes to individual 
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plasmid containing Eppendorfôs for respective treatments. Cells were 

mixed with plasmid DNA and transferred to cuvettes and placed in 

nucleofector II AMAXA electroporator. Cells were electroporated using 

programmes X-001 U87MG (U251) and U-030 C6 glioma high efficiency 

pulses (LN18). Cuvettes were then incubated at 37°C, 5% CO2 and 95% 

humidity for 10 minutes after which 900ɛl of warm complete media was 

added to cells in cuvettes and resuspended cells were seeded into 6-well 

plates containing pre-warmed 2ml of complete media. Cells were 

incubated at 37°C, 5% CO2 and 95% humidity overnight. Cells were 

analysed the next day to assess transfection efficiency and cell viability.  

 

2.3.3 Limiting dilution Assay 

Glioblastoma Cells to be clonally distributed were harvested from T75 

flasks by spent media aspiration, HBSS wash and aspiration followed by 

trypsinisation, agitation and collection as previously described. Cells 

were counted using a haemocytometer. Average cell number present 

calculated by averaging the total of cell counts in 4 quadrants of the 

haemocytometer loaded with 10ul of cell suspension in technical 

duplicate. The average cell count per µl was calculated and divided by a 

volume to generate 48 cells/µl. 1ul of this suspension was resuspended 

in 19.2ml of 1X DMEM + 10% FBS and mixed. 200µl of this cell 

suspension was aliquoted into each well of a fresh 96 well plate to 

achieve a theoretical density of 1 cell per 2 wells. Cells were grown unti l 

clonal density was achieved.  



127 

 

 

2.4 Next Generation Sequencing 

2.4.1 Qubit DNA quantification 

Quantification of DNA samples was measured using Qubit dsDNA broad 

range and or high sensitivity kits on the Qubit fluorometer according to 

the manufacturerôs instructions.  

 

2.4.2 Adapter ligation (MeDIP-Seq and ChIP-Seq) 

Adapter ligation was carried out according to the NEBNext Ultra II DNA 

library Prep Kit for Illumina instruction manual. Input and MeDIP DNA 

samples were used at quantities of 1ɛg and 5ɛg respectively. Input DNA 

was not diluted nor was ligation enhancer and ligation mastermix mixed 

ahead of time as stated by the protocol. Clean up of adaptor ligated DNA 

was favoured over size selection owing to our purchase of AMPure XP 

beads. Following ethanol washing of beads and air-drying, DNA was 

eluted from magnetic beads in 20ɛl of 0.1X TE for input, and 50ɛl for 

MeDIP samples. Libraries were verified for DNA size distribution using 

Agilent Tapestation D1000 chips. 

 

2.4.3 PCR amplification of MeDIP samples 

PCR amplification of MeDIP samples was carried out according to the 

NEBNext Ultra II DNA library Prep Kit for Illumina instruction manual. 

PCR amplification cycles were determined based on yield of adaptor 

ligated DNA fragments following 5caC immunoprecipitation and AMPure 
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XP bead selection clean up. PCR cycles were selected to generate 

100ng of DNA for sequencing.  

 

2.4.4 Tapestation analysis of RNA integrity 

RNA quantity and integrity was measured on the Agilent RNA 

ScreenTape System according to the manufacturerôs instructions. 

Following RNA extraction, broad range RNA Qubit kits and Agilent RNA 

screentapes used on the Agilent Tapestation were performed to quanti fy 

RNA levels based on the manufacturerôs instructions. Only samples 

possessing RNA integrity numbers (RIN) greater than 7 were used for 

ribo-depletion.   

 

2.4.5 Ribo-depletion 

Double ribo-depletion (back to back ribo-depletions) were performed 

using Illumina Ribo-Zero ribosomal RNA depletion kits according to the 

manufacturerôs instructions. Qiagen RNeasy Min-Elute Clean-up kits 

were used to purify ribo-depleted RNA. 4ug of RNA per sample were 

used for ribo-depletion and high sensitive RNA screentapes were used 

on the Agilent Tapestation to verify ribosomal RNA peak depletion, RNA 

yield and integrity following elution. 

 

2.4.6 Transcriptome library preparation 

RNA-Seq libraries were prepared using the New England Biolabs 

NEBNext Ultra II Directional RNA Library Prep Kit for Illumina. RNA 

library adaptors were diluted 25 fold prior to library ligation and PCR 
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cycles were selected based on ribo-depleted RNA input yield. RNA 

libraries were verified for suitability for sequencing using the Agilent 

D1000 chip to check for DNA library size distribution.  

 

2.4.7 Sequencing 

Sequencing was performed at Queenôs Medical Centre DEEPSEQ 

facility on the Illumina NextSeq500 short read platform. ChIP-Seq and 

RNA-Seq libraries were run using 75bp pair-ended reads while 5caC 

DIP-Seq libraries were run using 150bp single-ended reads. 45 million 

reads were generated per biological repeat.  

 

2.6 Staining & Imaging 

2.6.1 Immunofluorescence 

Immunostaining on fixed cells was performed according to protocol 

detailed by Abakir, Wheldon & Ruzov, 2015. 

Briefly, cells seeded at a density of 3.0x104 per well in 8 well chamber 

slide were fixed in 4% paraformaldehyde (PFA), washed twice in xylene 

and rehydrated in 95, 75 and 50% ethanol, all at room temperature for 

approximately 10 minutes. Slides were subsequently fixed, washed and 

permeabilised in PFA (15 minutes), phosphate buffered saline (PBS) (5 

minutes), and PBX (30 minutes) respectively. Slides were quickly 

washed in PBT. Samples were depurinated in 2 or 4 N hydrochloric acid 

(HCL) for 1 hour and neutralized in 10mM Tris-HCL for 30 minutes. Both 

steps performed at room temperature. 10 minute wash was performed at 
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PBS/0.1& Tween-20 and wells were subsequently demarcated using 

hydrophobic barrier pen. Owing to possible denaturation of native protein 

antigen epitopes by HCL treatment, depurination was omitted for the 

interrogation of protein markers e.g. nestin and without oxi-mC 

colocalisation. We incubated blocked (10% bovine serum albumin, BSA 

in PBS) samples with 100µl anti ï 5caC rabbit polyclonal (1:500), anti ï 

5fC rabbit polyclonal (1:500) and anti ï 5hmC mouse monoclonal (1:500) 

primary antibodies (table 2.9) (Active Motif) for 60 minutes in humid 

chamber (table 2.9). Following PBT wash, goat anti ï rabbit horseradish 

peroxidase (HRP) conjugated (1:400) and donkey anti ï mouse Alexa 

555 fluor conjugated (1:400) secondary antibodies (table 5.10) 

(Molecular Probe) were added to samples and incubated for 60 minutes 

in humid chamber. Tyramide signal amplification (TSA) (Perkin Elmer) 

was added (1:200) to samples after 3 PBT washes, excess removed and 

DAPI inoculated mounting medium  nuclear stain was added drop-wise 

to samples on slide before coverslip was placed and sealed with nail 

polish (Abakir, Wheldon & Ruzov, 2015).    

 

Table 2. 9 Primary antibody specifications 

Antibody Host dilution Clonality 
Anti-WT1 (GTX) Rabbit 1:100 Polyclonal 

Anti-WT1 (SC) Mouse 1:200 Polyclonal 

Anti-WT1 (INV) Mouse 1:200 Monoclonal 

Anti-5hmC Mouse 1:500 Monoclonal 

Anti-5caC Rabbit 1:500 Polyclonal 

Anti-SOX2 Mouse 1:200 Monoclonal 

Anti-NESTIN Mouse 1:200 Monoclonal 

Anti-NOTCH1 Mouse 1:200 Monoclonal 

Anti-Ki67 Mouse 1:200 Monoclonal 

Anti-TUBB3 Mouse 1:200 Monoclonal 

Anti-GFAP Chicken 1:200 Polyclonal 

 

 

Table 2. 10 Secondary antibody specifications 
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Antibody Host dilution Fluorophore 
wavelength (nm) 

Anti-rabbit Donkey 1:400 488 

Anti -mouse Goat 1:400 555 

Anti- mouse Goat 1:400 633 

 

2.6.2 Fluorescent & confocal microscopy 

Fluorescence images were captured using Nikon i90 fluorescent and 

Zeiss 780 LSM microscope and Zen software. All images were captured 

at identical exposure settings and acquisition protocols for red, blue and 

green channels. Zen software was used to quantify fluorescence from 

images capture on Zeiss 780 LSM confocal laser scanning microscope. 

Full details of confocal image signal quantification and analysis are 

reported in Immunostaining for DNA Modifications: Computational 

Analysis of Confocal Images; Ramsawhook et al, 2018.  

 

2.7 Functional Studies 

2.7.1 Cell proliferation 

Cells were seeded in 6-well plates at a density of 1.0x105 per well and 

monitored over the course of 10 days. After 24 hours post seeding and 

subsequent harvesting, cells were counted in 10ul duplicates on a 

haemocytometer. The averages of 4 technical replicates were recorded 

each day and the assay was performed in biological triplicate.  

 

2.7.2 Differentiation programmes 

For FB83 and GBM cell lines grown in 10% FBS, cells were conditioned 

for 4 days in neurobasal media on adherent 6-well plates. Following 
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conditioning, neurobasal media was aspirated off and substituted by pro-

neuronal (DMEM F12 1:1 N2, B27, 1um retinoic acid, 10ng/ml BDNF and 

0.5% FBS) or pro-glial (DMEM F12 1:1 N2, B27 and 10ng/ml BMP4) 

media. Media was changed every 48 hours and cells were harvested 6 

days post pro-neuronal or pro-glial media induction.   

 

2.8 Statistical Analysis 

All experiments unless otherwise stated were performed in biological 

triplicate (n = 3), the mean and standard deviation (mean ± SD) of which 

were reported and plotted in figures. Statistical analysis was performed 

using GraphPad Prism 6 software. All data was checked for normal 

distributions using DôAgostino-Pearson Omnibus and Shapiro-Wilk 

normality tests. Unpaired two tailed parametric Studentôs t-tests, one-way 

and two-way ANOVA tests were performed where appropriate on 

normally distributed data whereas non-parametric Mann-Whitney, one-

tailed t-tests and Kruskal-Wallis tests were performed on non-Gaussian 

data sets. All statistical tests were conducted using a 95% confidence 

interval and therefore not significant, significant, highly significant, very 

highly significant and extreme significantly different results were denoted 

by NS p Ó 0.05; * p < 0.05; ** p < 0.01; *** p < 0.001 and **** p < 0.0001 

respectively.  

 



133 

 

2.9 Bioinformatics Analysis 

Bioinformatics analysis of Next Generation Sequencing was performed 

at the Advanced Data Analysis Centre, ADAC at the University of 

Nottingham, Sutton-Bonington by Dr Tom Giles.  

 

2.10 Mouse Orthotopic Xenograft 

All procedures described here were performed by qualified and trained 

technicians at the Queenôs Medical Centre animal house facility. 

1.0x106 U251 control or C5A mutant cells were injected in a volume of 

5µl of saline into the cerebrum of 8 female immunocompromised CD-1 

Nu/Nu mice at coordinates: 7mm posterior to bregma, 1mm right of the 

midline, 3mm deep with adjustments for brain size using stereotactic 

manipulators. Mice were monitored daily for 40 days for signs of weight 

loss, diarrhoea, subdued behaviour or ocular and or nasal discharge. 

Mice exhibiting sudden weight loss greater than or equal to 10% of total 

body weight were culled by cervical dislocation. Brains were harvested 

and fixed in formalin for sectioning. Sections were wax embedded and 

sliced to 4µm thin sections using Leica RM2235 microtome. 

 

2.11 Ethics Statements 

These studies, and the experimental protocols required, were reviewed 

and approved by the National Research Ethics Service Committee East 

Midlands ï Nottingham 2 and have therefore been performed in 

accordance with the ethical standards laid down in an appropriate 
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version of the 1975 Declaration of Helsinki, as revised in 1983. For all 

patients, informed consent was obtained from the patient, or a parent 

and/or legal guardian where the patient was under 18 years of age, 

prior to their inclusion in the study. All animal experiments were 

performed in accordance with the United Kingdom Animals (Scientific 

Procedures) Act 1986, under the UK Home Office project license 

authority PPL40/3559.  Ethical approval was granted by the University 

of Nottingham Animal Welfare and Ethical Review Board. 

  

2.12 List of Reagents 

Table 2. 11 Antibody specifications 

Product Name Host  1°/2° Concentrati
on 

Company Cat# 

5-
Carboxylcytidine/5-

Carboxylcytosine 
(5-caC) 

Rabbit 
pAb 

Primary  Active Motif  61225 

5-Carboxylcytosine 
(5-caC) antibody 
(pAb) 

Rabbit 
pAb 

Primary  Active Motif  61229 

5-Carboxylcytosine / 

5-caC antibody 

Rabbit 

pAb 

Primary  GeneTex GTX60801 

5-

Hydroxymethylcytos
ine (5-hmC) 
antibody (mAb) 

Mouse   Primary  Active Motif  39999 

5-
Hydroxymethylcytos

ine (5-hmC) 
antibody (pAb) 

Rabbit 
pAb 

Primary  Active Motif  39791 

 Anti-Nestin 
Antibody, clone 
10C2 

Mouse 
mAb 

Primary  Millipore MAB5326 

Anti-Olig2 Antibody, 

clone 211F1.1 

Mouse 

mAb 

Primary  Millipore MABN50 

EGFR Monoclonal 
Antibody (H11) 

Mouse 
mAb 

Primary  Invitrogen MA5-13070 

GFAP Polyclonal 
Antibody 

Chicke
n pAb 

Primary  ThermoFisch
er 

PA1-10004 

NOTCH1 
Monoclonal 

Antibody (A6) 

Mouse 
mAb 

Primary  Invitrogen MA5-11961 

SOX2 Monoclonal 

Antibody (20G5) 

Mouse 

mAb 

Primary  Invitrogen MA1-014 

Wilms Tumour 1 
Antibody 

Rabbit 
pAb 

Primary  GeneTex GTX15249 

Wilms Tumour 1 
Antibody 

Mouse 
mAb 

Primary  Invitrogen MA1-46028 

WT1 antibody (H-1)  Mouse 
mAb 

Primary  Santa Cruz 
Biotechnolog

y 

sc-393498 



135 

 

      

Alexa Fluor(TM) 

633 Goat Anti-
Mouse IgG (H+L) 
highly cross-
adsorbed  

x Secondary 2mg/ml Invitrogen/Lif

e 
Technologies 

A21052 

Alexa Fluor(TM) 

633 Goat Anti-
Mouse IgG (H+L) 
highly cross-
adsorbed Invitrogen 

x Secondary  Invitrogen A-21052 

AlexaFluor 555 

Donkey Anti-Mouse 

x Secondary  Invitrogen A31570 

Donkey Anti-Goat 
IgG H&L (HRP) 

x Secondary 500ug Abcam ab205723 

Donkey anti-Rabbit 
IgG (H+L) 
Secondary 

Antibody, HRP 

x Secondary  Invitrogen  

A16035 
 

Goat anti-Chicken 

IgY (H+L) Cross-
Adsorbed 
Secondary 

Antibody, Alexa 
Fluor 633 

x Secondary 2mg/ml Invitrogen A-21103 

Goat Anti-Rabbit 
IgG 

x Secondary  Invitrogen T30954 

Goat Anti-Rabbit 
IgG (H+L), HRP 
conjugate 

x Secondary 1mg/ml  Invitrogen 65-6120 

Goat anti-Rat IgG-

heavy and light 
chain Antibody 
DyLight® 594 
Conjugated 

x Secondary  Bethyl 

Lab/Cambrid
ge 
Bioscience 
Ltd 

A110-105D4 

 

Table 2.12 IHC specifications 

Product Name Details Company Cat# 

CFM-3 moutning medium  (w ithout DAPI) Citif luor CFM3 

Chamber Slide, Lab-Tek, Glass, 8-w ell 16pk Thermo Scientif ic 
Nunc 

177402 

Chamber Slide, Lab-Tek, Permanox, 8-w ell  16pk Thermo Scientif ic 
Nunc 

177445 

FluoroshieldTM w ith DAPI, histology mounting 
medium 

20ml (w ith 
DAPI) 

SIGMA F6057 

Mounting Medium for Fluoresence w ith DAPI Vector-Vectashield H-1200 

SLS Coverslips No 0 22x64mm 100pk Scientif ic 
Laboratory 
Supplies  

MIC3208  

TSA Kit 41* 50-150 (frozen buffer) Molecular Probes T30954 

TSA Plus Fluorescein System (preferred) Perkin Elmer NEL741001K
T 

TSA Plus Fluorescein System (preferred) Perkin Elmer NEL741001K

T 
Xylene 2.5L Fischer Scientif ic x/0200/17 

 

Table 2.13 RT-qPCR reagent specifications 

Product Name Details Company Cat# 

 Molecular Grade Water 
Biology Reagent 

1L SIGMA W4502 

Deoxynucleotide (dNTP) 

Solution Mix 

8uml/40umol -  

10mM each nt 

NEB N0447S/N0447L  
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Deoxynucleotide (dNTP) 
Solution Set 

25um of each, 
100mM 

New  England 
Biolabs 

N0446S 

GoTaq - qPCR master mix  Promega A6001/A6002 

MicroAMP Fast Optical 96-
w ell Reaction plate  

w ith Barcode 
(0.1ml) 

Applied Biosystems 
(Life Tech) 

4346906 

MicroAMP Fast Optical 96-
w ell Reaction plate  

(0.1ml) Applied Biosystems 
(Life Tech) 

4346907 

Optical Adhesive Covers PCR compatible Applied Biosystems 
(Life Tech) 

4360954/4311971 

PB Buffer 500ml bottle QIAgen 19066 

Random Hexamers 50uM Thermo Fischer  

N8080127 
 

SuperScript® III Reverse 
Transcriptase 

10,000 
units/4x10,000 
units 

Invitrogen 180800(44/85) 

 

Table 2. 12 DNA Immunoprecipitation reagent specifications 

Product Name Details Company Cat# 

E. coli DNA ligase  200 units NEB M0205S 

Klenow Fragment (3'Ÿ5' exo-)  200 units NEB M0212S 

Proteinase K 100mg Promega V3021 

Proteinase K (PK) Solution (20mg/ml) 4ml Promega MC5005 

Rnase A (100mg/ml) 2.5ml 17500 U QIAgen 19101 

 

Table 2. 13 Chromatin Immunoprecipitation reagents specifications 

Product Name Details Compan
y 

Cat# 

20-163 | SDS Lysis Buffer - for use in ChIP 

Assay 

Nuclear Lysis Buffer in #17-610 - 

10ml 

Millipore 20-163 

EZ-Magna ChIP A Chromatin Immunoprecipitation 

Kit (22) 

Millipore 17-408 

Immunoprecipitation kit  Abcam ab20699
6 

Magna ChIP A Chromatin Immunoprecipitation 
Kit (22) 

Millipore 17-610 

Protease Inhibitor Cocktail 200X in DMSO 1ml SIGMA P1860 

Protein G Magnetic Beads  NEB S1430S 

Sheep anti-mouse IgG Dynabeads M-280 Invitroge

n 

11201D 

Sheep anti-rabbit IgG Dynabeads M-280 Invitroge
n 

11203D 

 

Table 2. 14 DNA/ RNA purification reagent specifications 

Product Name Details Company Cat# 
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Phenol:Chloroform:Isoamyl 
Alcohol 25:24:1  

Saturated w ith 10 mM Tris, 
pH 8.0, 1 mM EDTA. 

SIGMA P2069 

RNase A (17,500 U) 2.5ml (100mg/ml) QIAgen 19101 

DNeasy Blood and tissue kit  50 Qiagen 69504 

RNase-Free DNase Set (50)  QIAgen 79254 

Glycogen, RNA grade, 20mg/mL 
in w ater 

2x0.1ml Thermo 
Scientif ic 

11873933 

Ambion; Acid-Phenol:Chloroform; 
pH 4.5; w ith IAA, 125:24:1;Liquid; 

Molecular Biology Grade 

100ml Ambion/invitrog
en 

10095904/AM97
20 

NucleoBond Xtra Midi EF 
(Macherey Nagel) 740420.10 

10/50 samples Fischer 
Scientif ic 

12773550 
(10)/12798412 
(50) 

QIAquick PCR Purif ication Kit 50/250 QIAgen 28104/28106 

DirectPCR Lysis Reagent (Cell) 
100ml #302-C 

100ml bioquote 302-C 

NucleoSpin® RNA 50/250 samples Macherey-
Nagel 

740955-50/250 

RNeasy mini kit (50/250) 50 RNeasy Mini Spin 
Columns, Collection Tubes 

(1.5 ml and 2 ml), RNase-
free Reagents and Buffers 

QIAgen 74104/74106 

DNase I Reaction Buffer  NEB B0303S 

Taq DNA Polymerase w ith 

ThermoPol Buffer 

2000 units NEB M0267L 

DNase I (RNase-free)  NEB M0303S 

Q5® High-Fidelity DNA 

Polymerase 

100/500 units NEB M0491S/L 

PromegaÊ GoTaqÊ Long PCR 
Master Mix 

100 units Promega M4021 

RQ1 RNase-Free Dnase 1,000u Promega M6101 

Quick-Load 100bp Ladder 1.25ml NEB N0467S 

1Kb ladder -  100ug NEB N3232S/L 

50bp DNA Ladder 0.1ml NEB N3236S 

Phenol:Chloroform:Isoamyl 

Alcohol 25:24:1 Saturated w ith 10 
mM Tris, pH 8.0, 1 mM EDTA 

100/400ml SiGMA P2069 

100ml/400ml 

 

 

Table 2. 15 NGS library preparation reagent specification  

Product Name Details Company Cat# 

Trizma® hydrochloride solution BioPerformance Certif ied, pH 7.5, 
2 M, suitable for cell culture 

100ml SIGMA T2944 

 Tris-EDTA buffer solution BioUltra, for molecular biology, pH 8.0 100ml SIGMA 93283 

NEBNext® UltraÊ II Directional RNA Library Prep Kit for 
Illumina® 

24 
reactions 

NEB E7760S 

NEBNextÈ UltraÊ II DNA Library Prep Kit for IlluminaÈ 24 
reactions 

NEB E7645S 

NEBNext® Multiplex Oligos for Illumina® (Index Primers Set 1) 24 
reactions 

NEB E7335S 

NEBNext® Multiplex Oligos for Illumina® (Index Primers Set 2) 24 

reactions 

NEB E7500S 

NEBNext® Multiplex Oligos for Illumina® (Index Primers Set 4) 24 

reactions 

NEB E7730S 

Ribo-Zero Gold rRNA Removal Kit (H/M/R) 6 
reaction 

illumina MRZG1
26 

Ribo-Zero Gold rRNA Removal Kit (H/M/R) 24 
reactions 

illumina MRZG1
2324 

RNeasy MinElute Cleanup Kit (50) 50 
reactions 

Qiagen 74204 

NEBNext rRNA Depletion Kit (Human Mouse Rat) 6 

reactions 

NEB E6310S 
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Table 2. 16 siRNA reagent specifications 

Product Name Details Company Cat# 

Individual: ON-TARGETplus TET1 siRNA Targeted 
Region:ORF (human) 

10nmol GE Healthcare J-014635-23-
0010 

DharmaFECT 1 0.2ml/0.75
ml 

Dharmacon T-2001-01/02 

Tet2 siRNA (human) 10uM Santa Cruz 
Biotech 

sc-88934 

WT1 siRNA (human) 10 µM Santa Cruz 

Biotech 

sc-36846 

 

Table 2. 17 CRISPR Cas9 reagent specifications 

Product Name Details Company Cat# 

Phusion HF Buffer Pack 6ml NEB B0518S 

A1460 Wizard Plus SV Minipreps DNA 
Purif ication System, 250 preps 

250 Promega A1460 

Alkaline Protease Solution 3ml Promega A1441 

Blasticidin 50mg 
(5x1ml) 

Invivogen ant-bl-05 

Cell Line Nucleofector® Kit L  25 RCT Lonza VCA-1005 

Lipofectamine® 2000 Transfection Reagent 0.3ml Invitrogen 11668030 

NEB Buffer 2.1 5 ml 10X 
concentratio

n 

NEB B7202S 

NEB Gibson Assembly® Master Mix 10 reactions NEB E2611S 

One Shot® TOP10 Chemically Competent E. 

coli 

20 reactions Invitrogen C404003 

Phusion High-Fidelity DNA Polymerase 100units NEB M0530S/L 

QIAquick Gel Extraction Kit (50) 50 QIAgen 28704 

QIAquick Spin Columns (100) 100 QIAgen 28115 

Quick-Load® Purple 1 kb DNA Ladder 
50ug/ml 

1.25ml NEB N0552S 

Shrimp Alkaline Phosphatase (rSAP) 1000 
units/ml 

NEB M0371S 
(500units)/M0371L 
(2500units) 

 

Table 2. 18 Cloning reagents specifications 

Product Name Details Company Cat# 

NEB KasI restriction endonuclease 250 Units  5000U/ml NEB R0544
S 

BsmI 500 units NEB R0134
S 

BsrGI-HF 1000 units (20 000 
units/ml) 

NEB R3575
S 

BsrGI-HF 1000 units (20,000 

units/ml) 

NEB R3575

S 

BssHII 500 units (5000units/ml) NEB R0199
S  

BstX1 1000 units (10,000 
units/ml) 

NEB R0113
S 

DNA Polymerase I (E. coli) 500 units 
(10000units/ml) 

NEB M0209
S 

EcoRI-HF 10,000 units NEB R3101
S 

HindIII-HF 10,000 units  NEB R3104

S 
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Kas 250 units (5000units/ml) NEB R0544
S 

KflI 20 reactions Thermo 
Scientif ic  

FD216
4 

NEB AscI restriction endonuclease 500 Units  10000U/ml NEB R0558
S 

SpeI-HF 500 units (20 000 

units/ml) 

NEB R3133

S 
XbaI 3000 units  NEB R0145

S 

 

Table 2. 19 Cell culture reagents specifications 

Product Name Deta
ils 

Company Cat# 

DMEM Dulbecco>= s Modif ied Eagle Medium (1X) liquid (Low  
Glucose) [w ith L-Glutamine 1000 mg/L D-Glucose Sodium Pyruvate] 
w ith L-glutamine, D-glucose, sodium pyruvate Invitrogen Gibco 

500
ml 
bottl

e 

Fischer 
Scientif ic 

31885
023 

10453302 - Serum, Grow th; HyClone; U.S. origin; For cell culture; 
FBS Replacement; Bovine; Bovine Calf Serum; Supplemented 
w /chemically defined components to stimulate cell grow th and 
proliferation; 500mL 

500
ml 
bottl
e 

Fischer 
Scientif ic 

10453
302 
(SH30
541.03

) 

Blasticidin (solution) ant-bl-05 50m
g 
(5x1
ml) 

invivogen ant-bl-
05 

DMEM/F-12 (1:1) (1X) liquid [w ithout L-Glutamine] w ithout L-

glutamine Invitrogen Gibco 

500

ml 
bottl
e 

Fischer 

Scientif ic 

21331

020 

HBSS, no calcium, no magnesium 10x5
00ml 

Fischer 
Scientif ic 

14170
138 

 

Table 2. 20 Western blot reagent specifications 

Product Name Details Company Cat# 

RIPA lysis buffer 50ml Sigma R0278-50ml 

Amersham ECL Prime Western Blotting Detection 

Reagent 

1000cm3 

membrane 

GE 

Healthcare 

RPN2232 

Blue Loading Buffer Pack 8ml NEB B7703S 

Bradford reagent 500ml Sigma B6916-
500ML 

BSA Standards 2mg/ml 10x 10x Sigma P0834 

Nitrocellulose Transfer Membrane- 0.45 um  10x Abcam ab133412 

Nitrocellulose/Filter Paper Sandw ich, 0.45 µm pore 
size, 8.5 cm x 13.5 cm 

16/pack Thermofishe
r 

LC2006 

NuPAGE MES SDS Running Buffer 20x Thermofishe
r 

NP0002 

NuPAGE Transfer Buffer (20X) 20x Thermofishe
r 

NP0006 

NuPAGEÊ 4-12% Bis-Tris Protein Gels, 1.5 mm, 

10-w ell 

10 gels (1 box) Invitrogen NP0335BOX 

Protease Inhibitor Cocktail 1ml  Sigma P8340-1ML 

TBS,Tris Buffered Saline 10x  10x Invitrogen BP24711 

 

Table 2. 21 General reagent specifications 

Product Name Details Compa
ny 

Cat# 

10316380 - Hydrochloric Acid, 37%, Certif ied AR for Analysis, 
d=1.18; CAS No: 7647-01-0; HDPE plastic bottle; 2.5L 

2.5L Thermo 
Fisher 

10316
380 

http://www.thermofisher.com/order/catalog/product/NP0335BOX
http://www.thermofisher.com/order/catalog/product/NP0335BOX
http://www.thermofisher.com/order/catalog/product/NP0335BOX
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PBS tablets 1 per 1L 
(10 
tablets) 

Calbioch
em 

52465
0-IEA 

PBS tablets each tablet makes 500mL liquid (consists of NaCI, PO4 
Buffer, KCI)  

100 
tablets 

Invitroge
n Gibco 

11510
546 

Storage Box f. 100 Micro tubes #95.64.997 100 tubes Sarstedt 95.64.

997 

TritonÊ X-100 for molecular biology 100ml SIgma T8787-
100ML 

Tw een-20 100ml SIGMA P1379 

Ultraclear 1.7ml tubes 500 tubes Axygen MCT-

175-C 

 

Table 2. 22 Stem cell culture reagent specifications 

Product Name Details Company Cat# 

2-Mercaptoethanol 50 mM  20ml Gibco 31350-

010 
Accutase   100ml BioLegend 42320

1 

Accutase Solution 100ml Sigma A6964 

B27 Supplement 50x  10ml LifeTech/Gibco 17504-

044 

BSA Soln 7.5%  100ml Gibco 15260-
037 

D-(+)-Glucose solution 100 g/L in H2O 100ml Sigma G8644 

DMEM/HAMS-F12 w hich comes w ith Hepes, Sodium 

Bicarbonate and L-Glutamine 

500ml Sigma D8437 

Laminin 1MG Sigma L2020-
1MG 

Laminin - Cultrex Laminin 5mls at 
6mg/ml 

R&D Systems 
(BioTechne) 

3446-
005-01 

MEM NEAA 100x 100ml Gibco 11140-
035 

N2 Supplement 100x 5ml  LifeTech/Gibco 17502-
048 

Pen-Strep  100ml Gibco 15140-

122 

Retinoic acid >=98% (HPLC), pow der 50mg SIGMA R2625 

rhFGFbasic 500ug Peprotech 100-
18b 

rmEGF 500ug Peprotech 315-09 
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Results 

Characterisation of DNA 

Demethylation Activity in Brain 

Tumour Cell Lines  

3.1 Introduction 

Techniques such as chromatography, mass spectrometry, methylation-

sensitive restriction enzyme digestion and sequencing exhibit high 

sensitivity and specificity detecting DNA modifications however their 

universal limitation of aggregating raw biological data and producing an 

overall readout is attributable to the homogenisation of biological material 

e.g. cell pellets or tissue during sample preparation (Hotchkiss, 1948; 
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Wyatt, 1950; Razin & Riggs, 1980; Gruenbaum, Cedar & Razin, 1981;  

Ehrlich et al, 1982; McClelland & Nelson, 1985; Fisher & Giese, 1988; 

Frommer et al, 1992; Song et al, 2012; Bassil et al, 2013; Yin et al, 2013; 

Tang et al, 2015; Guo et al, 2017).  

Consequently, information such as potential heterogeneity of signal 

distribution within populations of cells is lost. Immunohistochemistry and 

immunofluorescence based techniques, albeit not as sensitive as gas or 

liquid chromatograph or mass spectrometry, possess the advantage of 

highlighting the signal distribution of DNA modifications in cells when 

coupled to microscopic examination and analysis (Zluvova et al, 2001; 

Gu et al, 2011; Ito et al, 2012; Abakir et al, 2016; amouroux et al, 2016 

Lewis et al, 2017). These conjugated antibodies can therefore facilitate 

illustration of any heterogeneity of their presence in samples containing 

multi-lineage and polyclonal cell types such as cancer cell lines (Nagai 

et al, 2005; Fillmore and Kuperwasser, 2008; Haffner et al, 2011; 

Lawrence et al, 2013; Poloni et al, 2013; Yang et al, 2013; Ramsawhook 

et al, 2017).  

Multiple groups have focused heavily on the characterisation of oximC 

distributions at very early stages of development in mice and humans 

(Koh et al, 2011; Branco et al, 2012; Gao et al, 2013; Dawlaty et al, 2014; 

Amouroux et al, 2016) while others have assessed oximC pattern 

dynamics during reprogramming from adult somatic to embryonic-like 

states (Le et al, 2011; Gao et al, 2013). We sought to address where 

brain tumour cell line oximC presence falls on the spectrum between 

healthy early embryonic and adult somatic cells from a human 
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development context. We employed immunofluorescent detection and 

confocal microscopy methods to discern subtle oximC distribution 

patterns not perceivable via conventional DNA modification detection 

methods such as mass spectrometry, chromatography and sequencing. 

Due to unavailability and limited access to healthy control adult human 

brain cells, we employ HeLa cells as a 5caC negative control owing to 

their lack of 5caC possession and as a cancer cell line control. We also 

utilise human foetal neural stem cells and RBLPAT human iPSC cell lines 

as 5hmC and 5caC positive controls as is conventionally performed by 

other groups (Le et al, 2011; Gao et al, 2013; Yoo & Bieda, 2014; Ye et 

al, 2016). 

 

3.2 Detection of OximC Presence  

 To determine whether active DNA demethylation was observable, we 

implemented immunofluorescence based interrogation of cell lines and 

tissues coupled with confocal microscopic analysis to examine the 

distribution, profile and magnitude of oximC presence as an initial 

parameter for characterisation of DNA demethylation activity. 

 

3.2.1 5caC is Detectable in Mammalian Foetal 

but not Adult Brains 

OximCs demonstrate a significant reduction in magnitude going from 

abundant enrichment in pluripotent stem cells during embryogenesis 
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(Hemberger, Dean & Reik, 2009; Seisenberger et al, 2013; 

Messerschmidt, Knowles & Solter, 2014) to diminished but stable 5hmC 

in adult somatic tissues (Munzel et al, 2010; Swagierczak et al, 2010; Jin 

et al, 2011; Branco, Ficz & Reik, 2012). To contextualise observations of 

5hmC and 5caC presence from a developmental standpoint and 

establish positive and negative controls respectively, healthy mammalian 

brains, 22 post coital week (pcw) old human foetal brain and 6 week old 

adult mouse brain sagittal sections were immuno-stained and imaged 

using confocal microscopy (fig 3.1A-B).  

 

 

Figure 3.1 OximC presence in the mammalian brain. (A) Immunofluorescent 

detection and (B) quantification of 5hmC (red) and 5caC (green) signal 

intensities in foetal and adult mammalian brains. Scale bar represents 200µm 

and all staining and images acquired at identical settings. Statistical analysis 

was performed using unpaired, two tailed Studentôs t-test, mean ± SD. ND 

denotes not-detected, ** p < 0.001; **** p < 0.0001.  
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Interrogation of human foetal and mouse cerebrums revealed the 

presence of 5hmC and 5caC in human foetal sections. In the adult 

mouse, only 5hmC was detectable above negligible magnitudes (>1000 

pixels) as determined by secondary only antibody probing (appendix 1) 

(fig 3.1A). The 5hmC signal intensity was significantly higher in adult 

compared to the foetal brain (11880.4 versus 3491.45, p < 0.0001) whilst 

only 5caC was detectable (3363.8) in the foetal brain, displaying an 

opposite profile to 5hmC distributions (fig 3.1B). The detectability of 

5hmC and 5caC in these tissues indicated the existence of TET protein 

mediated DNA demethylation active at these developmental time points.  

 

3.2.2 Adult Glioblastoma and Foetal Brain Cell lines 

Display Similar 5caC Signal Magnitudes  

To understand where glioblastoma cells fall on the spectrum of 5caC 

presence (fig 3.2A-C), adult human fibroblasts (GF06) and induced 

pluripotent stem cells (RBLPAT) were used as negative and positive 

controls respectively.  
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Figure 3.2 Spectrum of oximC magnitudes between cell lines. (A) 

Immunostaining of 5hmC and 5caC signal presence ranging across healthy 

adult somatic fibroblasts, adult glioblastoma and foetal and pluripotent cell lines. 

Scale bar represents 200µm, staining and images acquired at identical settings. 

(B) Quantification of 5hmC (red) and 5caC (green) signal intensities across cell 

lines. Unpaired two tailed Kruskal-Wallis test performed relative to GF06 

fibroblasts. Mean ± SD, * p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001, n 

= 3.       

 

Cell lines were used as oppose to tissues sections to account for 

discrepancies between immunohistochemical (IHC) and immuno-

cytochemical (ICC) staining methods owing to IHC antigen retrieval 

techniques and artificial in vitro culture environments (fig 3.2A). 

Glioblastoma LN229, U251 and U87MG, foetal brain FB83 and iPSC 

RBLPAT lines all displayed significantly higher 5hmC signal intensity 

relative to fibroblasts (p = 0.049, p = 0.006, p < 0.0001, p = 0.0047 and 

p < 0.0001 respectively) however no significance was observed in the 

LN18 cell line (p = 0.337). All cells showed very significantly reduced 

5hmC levels relative to RBLPAT (all p < 0.0001) with smallest disparity 

existing between RBLPAT and U87MG ( p = 0.042). All cell lines 
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exhibited significantly higher 5caC signal intensity relative to the  

negligible signal from adult fibroblasts with LN18 possessing the highest 

pixel intensity of the GBM cell lines (102089.3, p = 0.0006). RBLPAT 

iPSC illustrated dramatic and highly significant (p < 0.0001) 5hmC and 

5caC presence relative to all compared cell lines with 3 fold higher 5hmC 

signal than U87MG and 16 fold higher than GF06. Similarly, 5caC was 

detected at 3.6 fold higher magnitudes in RBLPAT than LN18 and 54 fold 

greater than in GF06 adult fibroblasts (fig 3.2B).  

Further analysis of the 5hmC and 5caC staining distribution revealed no 

significant population variance in 5hmC signal between GF06 and any 

GBM cell line nor FB83 (p > 0.05) however very high significance was 

detected between GF06 and RBLPAT (p < 0.0001). No significance in 

5hmC signal variance was detected when comparing FB83 to GBM cell 

lines (p > 0.05) with the exception of U87MG (p = 0.00012). RBLPAT 

displayed very high significance compared to all analysed cell lines (p < 

0.0001). Interestingly, GBM cell lines showed similarly non-significant 

population variance between themselves except for U87MG with which 

LN18 and LN229 showed significant population variance (p =  0.012 and 

p < 0.0001 respectively). Fibroblasts displayed significant 5caC 

population variance with LN18, LN229 and RBLPAT (p = 0.0006, p = 

0.0006 and p < 0.0001 respectively). No significant population variation 

was observed between GBM cell lines and FB83 (p = 0.061) or between 

GBM cell lines themselves (p = 0.057). Additionally, only a small overlap 

between GF06 fibroblasts and U251 (U = 2.00) whereas large overlaps 

were observed between all GBM cell lines LN18 (U = 31.00), LN229 (U 



148 

 

= 13.00), U251 (U = 10.00) and U87MG (U = 33.00) and FB83 (fig 3.2B). 

No overlaps were observed between either GBM or FB83 cell lines with 

RBLPAT (U = 0). These results taken together illustrate unique 5hmC 

and 5caC staining patterns for GBM cell lines which do not statistically 

overlap with 5hmC and 5caC signal profiles of foetal brain, fibroblast or 

pluripotent cell lines.  

 

3.2.3 5caC is Detectable in Paediatric Medulloblastoma 

and Ependymoma Cell Lines 

In light of the discovery of similar 5caC signatures in adult glioblastoma 

cell lines and foetal brain cells, we questioned whether such findings 

would be consistent with tumours of the developing human. To this end 

paediatric medulloblastoma DOAY and UW228-3 and ependymoma 

BXD1425EPN and DKFZ-EP1NS cell lines were probed for 5caC 

presence (fig 3.3A-E). 
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Figure 3.3 Detection of oximCs in paediatric brain tumour cell lines. (A) 

Immunostaining of 5hmC, 5fC and 5caC in medulloblastoma and ependymoma 

cell lines. Scale bar represents 200µm, staining and images acquired at 

identical settings. (B-E) Mass spectrometric quantification of oximC magnitudes 

across cell lines. Mean ± SD, N =2.    

 

Cervical cancer cell line HeLa was used as a control for non-brain lineage 

neoplasms. All medulloblastoma and ependymoma cell lines displayed 

enrichment for both 5hmC and 5caC but the latter was not detectable in 

HeLa. While the 5hmC staining distribution appeared homogeneously 

across nuclei, 5caC exhibited a speckled, punctate pattern, which 

bordered the nuclear periphery in DKFZ-EP1NS cells. To validate these 

findings, pellets of glioblastoma LN18, medulloblastoma UW228-3, 

human embryonic stem cells Hues7 and human colorectal cancer 

HCT_116 cell lines were analysed by mass spectrometry for oximC 

species (fig 3.3B-E). Comparable levels of 5mC exist in LN18, UW228-

3, HCT_116 and hESCs with the latter possessing the greatest 

magnitudes. 5hmC levels were again highest in hESCs and levels were 
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comparable amongst UW228-3, LN18 and HCT_116. Enrichment of 5fC 

was observed in hESCs together with 8-hydroxy-2'-deoxyguanosine (8-

oxodG), an indirect co-factor influencing TET1 mediated 5mC oxidation 

and marker of oxidative stress (Allgayer et al, 2016). Abundant levels of 

8-oxodG comparable to those in hESCs were observed in UW228-3, 

LN18 and HCT_116 but no 5fC was detectable in these lines. 

Unexpectedly, UW228-3 demonstrated 5caC magnitudes 5-fold and 

28.5-fold higher than hESCs and LN18 respectively. No 5caC was 

detectable in HCT_116 cell lines. Thus mass spectrometry results 

verified immunohistochemical staining in all cases with the exception of 

UW228-3 which demonstrated an anomalous signature of 5caC, 

compounded by lower 5mC and 5hmC species abundance than both 

hESCs and LN18 cell lines.  

 

3.2.4 Elevated 5caC Levels Correlate with High TET1 

Expression in Medulloblastoma and Ependymoma Cell 

Lines 

Quantification and further characterisation of 5hmC and 5caC 

distributions in paediatric cell lines revealed similar overlapping trends in 

5hmC profile across nuclei amongst the different cell lines (fig 3.4A).  
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Figure 3.4 OximC profiles between cells are consistent with TET1 

expression. (A) Confocal profile analysis of 5hmC and 5caC signal magnitudes 

and distributions. (B) Quantification of 5hmC and 5caC signal magnitudes 

relative to DKFZ-EP1NS 5caC positive cells. Unpaired two tailed Studentôs t-

test, * p < 0.05; ** p < 0.01; *** p < 0.001, n = 3. (C) QPCR analysis of DNA 

demethylation machinery transcriptional levels in paediatric brain tumour cell 

lines relative to HeLa cells, Mean ± SD, n =2.  
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Analysis of 5caC distribution profiles across cell lines illustrated similar 

trends in spatial pattern and magnitude however DKFZ-EP1NS cells 

could be segregated into 5caC 'high' or 5caC 'low' presenting cells on the 

basis of superficial image analysis. This entailed selecting cells in which 

5caC staining was detectable and measuring the 5caC and 5hmC signal 

magnitude separately to 5caC undetectable cells. Profile analysis 

concordantly depicted distinct 5caC distribution signatures for DKFZ-

EP1NS high and low cells which did not overlap in spatial pattern. 

Quantification of 5hmC and 5caC signal intensities (fig 3.4B) 

demonstrated comparable magnitudes amongst medulloblastoma and 

ependymoma lines with no significance observed between BXD-

1425EPN, DOAY and DKFZ-EP1NS+ ('high') cells (p < 0.05). UW228-3 

and DKFZ-EP1NS- ('low') cells possessed significantly lower 5hmC 

magnitudes relative to DKFZ-EP1NS+ cells. All samples displayed highly 

significantly different 5caC magnitudes compared to DFKZ-EP1NS+ 

cells (p < 0.01 ï p < 0.001). Notably, similar 5caC magnitudes were 

observed between BXD-1425EPN and DKFZ-EP1NS- lines, both of 

which exhibit moderate 5caC levels relative to DKFZ-EP1NS. Therefore 

the 5caC was not depleted from DKFZ-EP1NS- cells as the '-' symbol 

may have suggested on the basis of microscopic examination but rather 

'masked' by high 5hmC levels in these cells. To verify whether the 

enriched 5hmC and 5caC presence observable in paediatric brain 

tumours was consistent with DNA demethylation activity, gene 

expression analysis was performed (fig 3.4C). High TET1 and TET2 
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expression in all medulloblastoma and ependymoma cell lines relative to 

HeLa were predominately observed with UW228-3 and DKFZ-EP1NS in 

particular possessing 19- and 26-fold higher TET1 expression levels than 

HeLa. TET3 and TDG did not exhibit significantly altered expression 

levels to HeLa, suggesting a substantial involvement of TET1 in oximC 

presence in these brain tumour lines.  

 

3.2.5 TET1 siRNA Knockdown Correlates with Diminished 

OximC Enrichment in UW228-3 Medulloblastoma Cell 

Lines 

We next examined the extent to which 5hmC and 5caC presence in 

UW228-3 was dependent on TET1 activity owing to its high expression 

in this cell line (fig 3.5A-D). 
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Figure 3.5 TET1 siRNA mediated knockdown may reduce 5caC 

magnitudes via down-regulating TET2 expression. (A) QPCR analysis of 

DNA demethylation machinery gene expression following TET1 knockdown. 

Unpaired two tailed Mann-Whitney tests were performed, NS p Ó 0.05, * p < 

0.001. (B) Immunostaining of 5hmC and 5caC signal intensities on control vs 

siTET1 cells, scale bar represents 200µm, staining and images acquired at 

identical settings. (C-D) 5hmC and 5caC signal distribution profiles of control 

(C) vs siTET1 (D) cells. (E) 5hmC and 5caC signal quantification, unpaired two 

tailed Studentôs t-test was performed, mean ± SD, **** p < 0.0001, n = 3.   

 

A modest reduction in TET1 expression (17%) was achieved via siTET1 

mediated TET1 knockdown resulting in decreased fold change in TET2, 

TET3 and TDG gene expression by 64%, 45% and 50% respectively. 

Interestingly, only TET2 reduction was significant (p = 0.0009) while 

TET1, TET3 and TDG gene expression reduction was trivial (p = 0.292; 

p = 0.118 and p = 0.096 respectively). Analysis of siTET1 transfected 

cells revealed significant reductions in both 5hmC (p < 0.001) and 5caC 

(p < 0.05) signal intensities relative to control scramble transfected cells. 

Consequently, the signal distributions of 5hmC and 5caC which, in 

control cells, exhibited distinct peaks and troughs, produce overlapping 

5hmC and 5caC signal profiles both in magnitude and spatial distribution.  
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3.2.6 Adult Glioblastoma Cell Lines Possess a Unique 

DNA Demethylation Transcriptional Profile 

Owing to DNMT-generated 5mC functioning the substrate for TET 

protein-mediated production of oximCs, We next asked whether the 

5caC enrichment observable in brain tumour cell lines can be attributable 

to elevated TET gene expression coupled with reduced TDG gene 

expression or increased activity of DNA methyltransferase enzymes 

producing an abundance of 5mC substrates for TET protein mediated 

oxidation. Transcriptional analysis (fig 3.6A-B) investigating DNA 

methylation, demethylation and transcription factor expression relative to 

adult fibroblasts was performed and demonstrated DNA 

methyltransferase genes expression reduced by one to two orders of 

magnitude (e.g. DNMT1 = 0.08, DNMT3A = 0.01 and DNMT3B = 0.1) in 

LN18, LN229, U251 and U87MG, comparable to levels recorded in 

RBLPAT. TET1 expression levels were also reduced by at least one 

order of magnitude relative to fibroblasts in all GBM cell lines except 

U251 which possessed 3.04 fold higher expression. RBLPAT pluripotent 

stem cells possessed 31-fold higher TET1 expression than fibroblasts 

and two orders of magnitude higher than GBM cells. Interestingly, TET2 

and TET3 were the predominant TET genes expressed in GBM cells with 

highest levels recorded in U251 at 6.32- and 23.63-fold higher levels than 

fibroblasts.  
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Figure 3.6 Transcriptional signature of DNA methylation / demethylation 

across healthy adult somatic ï pluripotent and malignant cell lines. (A) 

OximC staining across cell lines, scale bar represents 200µm, staining and 

images acquired at identical settings. (B) QPCR analysis of DNA methylation, 

demethylation, WT1 and EGR1 target genes across cell lines relative to 5caC 

negative GF06 fibroblasts. Unpaired two tailed Kruskal-Wallis test, mean ± SD 

* p < 0.05; ** p < 0.01; *** P < 0.001, **** p < 0.0001, n = 3.   

 

All GBM and RBLPAT lines had substantial reduced TDG levels, the 

highest among GBM lines pertaining to U251 (0.04-fold lower) and 

comparable to RBLPAT (0.03-fold lower). Transcription factor and 
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putative TET2 interacting partner WT1 was elevated in all GBM cell lines 

except LN229, the highest expression occurring in LN18 (5.7-fold) and 

the lowest in U87MG (1.7-fold). Early Growth Response gene 1 EGR1 

which shares consensus DNA binding motifs with WT1 displayed similar 

expression levels in LN18, LN229 and RBLPAT to WT1 in these cell lines 

but opposite profiles in U251 and U87MG. Overall these findings 

describe a molecular landscape in GBM cell lines of TET2 & 3 gene 

transcription higher than adult somatic fibroblasts cells and lower than 

that of fibroblast-derived iPSCs while simultaneously possessing DNA 

methyltransferase transcription far below fibroblasts levels.  

 

3.2.7 Foetal Brain and Adult GBM Cell Lines show OximC 

Parity but Transcriptional Discordance  

Considering the similarity in 5hmC and 5caC magnitude between FB83 

and GBM cell lines (fig 3.7A-B), transcriptional analysis was performed 

to determine the level of contribution of DNA demethylation gene 

expression to this pattern (fig 3.7C).  
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Figure 3.7 Characterisation of GBM cell line DNA demethylation profiles 

with respect to foetal brain cells. (A) Immunofluorescent detection of 5hmC 

and 5caC signals in FB83 vs GBM cell lines. Scale bar represents 200µm, 

staining and images acquired at identical settings. (B) OximC staining 

intensities of GBM cell lines relative to FB83 foetal brain cells, unpaired two 

tailed Kruskal-Wallis test. (C) QPCR analysis of DNA demethylation machinery, 

WT1 and stem cell target genes, unpaired, two tailed Kruskal-Wallis test, mean 

Ñ SD, NS p Ó 0.05; * p < 0.05; ** p < 0.01; * p < 0.001; **** p < 0.0001, n = 3.   

  

DNA demethylation machinery associated genes TET1, TET2, TET3 and 

TDG all showed dramatic reduction in GBM cell lines relative to FB83 

with fold reductions ranging from 0.31-fold for TET1 in U251 to 0.0001-

fold in LN18. WT1 was expressed at 6.36-fold, 2.57-fold and 2.23-fold 

higher levels than FB83 but LN229 exhibited marked reduction at 0.01-

fold less. The significantly reduced (p < 0.05 ï p <0.001) TET gene 
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expression in GBM cell lines relative to FB83 may have contributed to a 

diminished 5hmC and 5caC presence in the lines.  

 

3.2.8 Foetal Brain and Adult Glioblastoma Cell Lines 

Display Heterogeneous Cellular 5hmC and 5caC 

Distributions   

Examination of 5hmC and 5caC immunostaining patterns across FB83 

and all GBM cell lines highlighted apparent cellular heterogeneity with 

regards to 5caC levels (fig 3.8(i)A-J). 
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Figure 3.8 Examination of heterogeneous oximC staining distributions 

within cell lines. (i) 5hmC (red) and 5caC (green) immunofluorescent staining 

in FB83 and all GBM cell lines. Cells encircled by blue and white dashed circles 

indicate cells interrogated by profile analysis (A-J). Circled lettered cells 

correspond to lettered profiles of 5hmC and 5caC signal scale and distribution 

across the length of each circled cell. Scale bar represents 200µm, staining and 

images acquired at identical settings. Spearmanôs correlation performed on all 

cells, n =3.    

All analysed cell lines displayed varying degrees of 5caC enrichment 

while some cells appear 5caC depleted (fig 3.8i). Disparate 5caC 

distribution between cells for each cell line was highlighted (encircled 

cells) and their 5hmC and 5caC spatial distribution and magnitude 

profiles were plotted. The profiles illustrate distinct 5hmC and 5caC 

signatures within and between the cell lines with all cell lines except 

LN229 demonstrating highly significant (p < 0.0001) positive correlations 

between 5hmC and 5caC distribution (Pearsonôs correlation, r). A 

negative and non-significant correlation (r = -0.081, p = 0.204) was 

observed in low 5caC staining LN229 cells compared to highly significant 

positively correlating (r = 0.43, p < 0.0001) high 5caC staining cells (fig 
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3.8E & F respectively). The strongest coincidence of 5hmC and 5caC 

spatial distribution and magnitudes occurred in FB83 (B), LN18 (C) and 

U251 (H) cells (r =0.8, r = 0.86, r = 0.86, p < 0.0001 for all values 

respectively). Curiously, LN18 (D) cells reported the highest 5hmC and 

5caC correlation yet the signal distributions do not overlap but do exhibit 

the same trends.  

 

3.2.9 Significant Variation in 5hmC Signal Intensity 

Produce a Perceived Effect of 5caC Cellular Heterogeneity    

Further analysis to understand the extent of 5hmC and 5caC signal 

variation between 'high' and low' 5caC enriched cells (lettered cells) 

within each cell line (fig 3.9A-E) revealed highly significant (p < 0.0001) 

differences in the mean 5hmC signal intensities and also the variation of 

signal intensity distributions. Comparisons within cell lines LN18, LN229 

and U251 demonstrated that actual discrepancies in 5caC magnitudes 

contributed to observed degrees in 5caC presence. While LN18 and 

U251 'high' and 'low' cells within each line possess significantly distinct 

mean 5caC signal intensities and additionally for LN229, the skewed 

distribution in 5caC 'high' cells compounded a perceived heterogeneity 

(p <0.0001). Significantly high variation and mean signal intensity of 

5hmC masks 5caC signal in U87MG cell lines and erroneously depicts 

FB83 cells as 'low' in 5caC although it displays significantly higher signal 

intensity that the perceived 'high' cells.    
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Figure 3.9 Scale of oximC magnitude variation between circled cells with 

FB83 and GBM cell lines. (A-E) Box plots of 5hmC and 5caC signal distribution 

within individual cells showing mean, interquartile range, minimum and 

maximum. Mann-Whitney tests, NS p Ó 0.05; **** p < 0.0001, n = 3.     

 

3.2.10 5caC Signal Intensity Does Not Correlate with 

Neural Stem Cell Markers in Foetal Brain or Glioblastoma 

Cell Lines 

To understand the variation of 5hmC and 5caC staining intensities, co-

staining of 5caC with neural stem cell markers was performed to 

determine whether 5caC intensity segregated with intrinsic cellular 

properties such as stemness (fig 3.10A-G). Significant positive 

correlation of 5caC signal intensity with Nestin (r = 0.41, p < 0.0001), 

SOX2 (r = 0.33, P < 0.0001) but negatively correlated with Notch1 
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intensity (r = -0.19, p <0.0001) was observed in human foetal neural stem 

cell line FB83. The GBM cell lines produced significant profiles of 

correlation with only one or two any of the stem markers but not all three 

i.e. LN18 correlated significantly with NOTCH1 (p = 0.013) and SOX2 (p 

= 0.0093), LN229 with NOTCH (p < 0.0001) and SOX2 (p = 0.014), U251 

with NESTIN ( p = 0.045) and NOTCH1 (p = 0.014) and U87MG with 

NOTCH1 (p = 0.017). The profile established by FB83 represents the 

pattern of 5caC distribution within a stem cell line despite not strongly 

correlating with all stem markers. 
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Figure 3.10 Correlation of 5caC signal intensity with neural stem cell 

marker expression. (A) FB83 immunostaining at 0N HCL and 4N HCL 

conditions. (B) 5caC and neural stem cell markers immunofluorescent staining 

between FB83 and GBM cell lines. Images acquired at identical settings, scale 

bar represents 200µm. (C-G) Linear regression analysis scatterplots of 5caC 

and neural stem cell marker signal correlation per cell lines FB83, LN18, LN229, 

U251 and U87MG respectively, n = 3.   

 

3.3 Modulation of OximC Nuclear 

Distribution 

Genome-wide bisulfite and methylated DNA immunoprecipitation 

sequencing methods have facilitated the discovery of 5mC-rich loci (Li & 

Tollefsbol, 2011). The preponderance of 5mC enrichment at promoters 

and enhancers of silenced genes has implicated this mark as 

transcriptional repressive (Weber et al, 2007). Considering 5mC is a 

substrate for TET-protein mediated oxidation and generation of oximCs, 

the presence of which have been associated with transcriptional 

activation. We postulated that the magnitude and distribution of oximCs 

could be influenced by forcibly modulating cellular transcriptional 
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programmes allowing transience or permanence of these marks to be 

determined.  

 

3.3.1 Neurosphere Enrichment Conditions Alter OximC 

Distribution in Adult Glioblastoma Cell Lines 

To address the possibility of plasticity of 5hmC and 5caC presence in 

foetal brain and GBM cells, cell lines were cultured in neurobasal 

conditions to promote neural stem cell proliferation and hence enrich for 

stemness in the population (fig 3.11A-B). Neurobasal conditions 

promoted neurosphere formation in FB83 and all GBM cell lines on 

adherent surface. All cell lines formed spheroids under non-adherent 

surfaces in neurobasal conditions. Morphological indicators of stemness 

were corroborated through detection of neural stem cell marker 

(NESTIN, NOTCH1 and SOX2) expression. Sporadic and variable 5hmC 

and 5caC staining was observed in LN18 and LN229 neurospheres in 

contrast to U251 and U87MG which demonstrated more homogeneous 

staining. FB83 did not form spheroids on adherent surfaces and 

possessed uniform 5hmC and 5caC nuclear staining.  
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Figure 3.11 Assessment of oximC presence in neural stem cell enriched 

conditions. (A) Brightfield images of FB83 and GBM cell lines cultured in serum 

vs adherent and non-adherent surface neurobasal conditions for assessment 

of neurosphere / gliomasphere formation. Scale bar represents 25µm. (B) 

Brightfield images and Immunostaining of FB83 and GBM cells for neural stem 

cell markers and oximC presence in neurobasal conditions. Scale bar 

represents 25µm (Brightfield) and 200µm (immunofluorescence), n = 3.   
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3.3.2 Adult Glioblastoma Cell Lines Exhibit Reduced 

OximC Presence which Correlates with Depleted TET1 

and TET3 Expression Relative to Foetal Neural Stem Cells   

Quantification of 5hmC and 5caC signal intensities observed under 

neurobasal conditions (fig 3.12A-B) revealed that both 5hmC and 5caC 

levels were significantly reduced in all GBM cell lines relative to FB83 

neural stem cells. Lowest 5hmC magnitudes belonged to LN229 (82.7% 

lower, p < 0.0001) and LN18 exhibited highest 5hmC (45.7% lower, p = 

0.0011). U251 showed highest 5caC levels (81.6% lower, p = 0.0047). 

Lowest 5caC quantification was reported in LN229 cells (95.5% lower, p 

< 0.0001). No significant difference was observed between 5hmC or 

5caC magnitudes between GBM cell lines LN18, U251 or U87MG 

however LN229 5hmC and 5caC magnitudes were highly significant 

compared to all other GBM cell lines (p < 0.0001). Comparison of highly 

enriched 5hmC and 5caC cells (encircled by dotted lines) to low 

abundance cells In LN18 (fig 3.12Ci-ii) highlighted their distinct nuclear 

5hmC and 5caC signal profiles. Magnitudes of 5hmC are present at 

greater than or equal to the confocal laser detection limit and thus appear 

saturated, producing a plateaued profile spanning the nucleus of the 

highly enriched cell. The 5caC profile is very significantly lower than 

5hmC in this cell (p < 0.0001) and displayed a variable spatial distribution 

in its abundance across the nucleus. The less abundant cell exhibits a 

varied spatial distribution and scale of 5hmC and 5caC level with 5hmC 

signal intensities significantly higher than 5caC (p < 0.0001). The 



168 

 

reductions in 5hmC and 5caC staining intensities in GBM cell lines 

relative to FB83 neural stem cells correlated with two to four orders of 

magnitude lower TET1 and TET3 and TDG gene expression levels (fig 

3.12D). All substantial TET2 gene expression was recorded in all GBM 

cell lines relative to FB83, most notably in LN18 and LN229 with levels 

over 100-fold higher, U87MG showed only marginal increase in TET2 

expression. Interestingly, WT1 expression was consistent with the profile 

of the DNA demethylation genes. Curiously, LN18, U251 and U87MG 

depicted SOX2 expression levels 5-10 fold higher than foetal neural stem 

cells, with U251 exhibiting greater than 10-fold elevation.  
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Figure 3.12 Characterisation of DNA demethylation activity in FB83-GBM 

cell lines under neurobasal conditions. (A) OximC distribution within 

neurospheres / gliomaspheres. LN18 cells marked (i) and (ii) are indicative of 

distinct variation in oximC magnitudes within cell lines. Scale bar represents 

200µm. (B) Quantification of neurobasal condition oximC levels between and 

within (LN18) cell lines. LN18 'high' and 'low' pertain to cells (i) and (ii) 

respectively. Unpaired two tailed Kruskal-Wallis test, mean ± SD, NS p > 0.05; 

**** p < 0.0001. (Ci-ii) Confocal oximC profiles of LN18 'high' (i) and 'low' (ii) 

cells. (D) QPCR analysis of DNA demethylation machinery genes, WT1 and 

neural stem cell markers, mean ± SD, unpaired, two tailed Kruskal-Wallis test, 

* p < 0.05; ** p < 0.01, *** p < 0.001, n = 3.    

 

3.3.3 Neurosphere Enrichment Significantly Affects 

OximC Magnitude and Distribution Compared to Serum  

Comparing 5hmC and 5caC signal intensities in neurobasal and serum 

culture conditions (fig 3.13A-B) demonstrated that higher 5hmC signals 

were observed in neurobasal media for FB83 (p = 0.0015), LN18 (p = 

0.0028) and U251 (p = 0.0044). Greater 5hmC signal intensity was 

observed in U87MG (p = 0.0006) and no significance was observed 

between neurobasal and serum conditions in LN229 (p = 0.804). An 
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opposite trend of 5caC signal intensities in neurobasal versus serum 

conditions was observed in GBM cell lines LN18, LN229 and U87MG 

5caC levels lower in neurobasal compared to serum in contrast to FB83 

which experienced a very significant (p = 0.0028) increase. Interestingly, 

unpaired, two tailed, two-way ANOVA analysis of cell line vs media 

condition revealed greater 5hmC and 5caC signal intensity variation 

attributable to differences between cell lines compared to media 

condition (5hmC:36.28%, p < 0.0001 vs 2.61% p = 0.09 and 5caC: 

17.92%, p = 0.0012 vs 0.63%, p = 0.37). Normalising gene expression 

signatures of cell lines to serum as the conventional culture medium (fig 

3.13C) we observed elevation of DNA demethylation genes TET1, TET3 

and TDG transcription in FB83 cells in neurobasal conditions relative to 

serum. Together with expected stem markers NESTIN, NOTCH1 and 

SOX2, these genes increased expression 8.8-fold to 60-fold. 

Unexpectedly, WT1 expression shot up 620-fold and TET2 was down-

regulated to negligible levels (0.0000001-fold). All GBM cell lines 

experienced reduced TET3 expression and all three TET genes were 

reduced by 1-2 orders of magnitude relative to serum levels. WT1 

expression was most dramatically altered in LN18 (0.01-fold reduction) 

and U251 (17.75-fold increase) and LN229 showed a marginal increase 

relative to serum (1.46-fold). 

 

To determine whether the 5caC modifications were physically present on 

promoters of stemness associated genes, anti-5caC DNA 

immunoprecipitation coupled qPCR (5caC-DIP-qPCR) was performed in 
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U251 (fig 3.13D). Negligible differences in 5caC fold enrichment were 

observed between mock IgG non-5caC-specific antibody controls and 

targeted 5caC probing under serum conditions. In contrast, NESTIN, 

NOTCH1, OLIG2, POU5F1 (OCT4), NANOG and EGFR promoters 

possessed greater 5caC enrichment ranging from 3.07-fold (POU5F1) to 

19.04-fold (NOTCH1) relative to their counterparts in serum cultured 

cells. No change in 5caC enrichment between treatments was observed 

on SOX2 and CD133 promoters. 
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Figure 3.13 Comparison of oximC magnitude and distribution 

characterisations in serum vs neurobasal conditions. (A) 5hmC and 5caC 

immunostaining in serum vs neurobasal conditions, staining and images 

acquired at identical settings. Scale bar represents 200µm. (B) Quantification 

of oximC signal intensities in serum vs neurobasal conditions per cell line, 

unpaired two tailed Mann-Whitney tests, mean± SD. (C) QPCR analysis of DNA 

demethylation machinery genes, WT1 and neural stem cell marker genes in 

serum vs neurobasal conditions, mean ± SD, unpaired two tailed Mann-Whitney 

test (serum vs neurobasal media). (D) 5caC DIP-qPCR analysis of 5caC 

enrichment on neural stem cell marker gene promoters in serum vs neurobasal 

media relative to mock IgG controls, unpaired, two tailed Kruskal Wallis test, 

mean Ñ SD, NS p Ó 0.05; * p < 0.05; ** p < 0.01; *** p < 0.001; p < 0.0001, n = 

3.    
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3.3.4 OximCs Transiently Accumulate during GBM Cell 

Differentiation   

Expanding the concept of forcible modulation of epigenetic 

reconfiguration of cells further, differentiation of GBM cell lines to either 

glial or neuronal lineages was performed (fig 3.14A-D). As cell lines were 

conventionally cultured under serum conditions which, as an undefined 

media, may contain a complex cocktail of conflicting paracrine signals, 

cell lines were co-stained for glial and neuronal markers Glial Fibrillary 

Acidic Protein (GFAP) and Beta Tubulin III (TUBB3) respectively. 

Staining was performed to determine if GBM cells maintained in serum 

were responsive and inducted into any neuronal or glial differentiation 

programme. No substantial TUBB3 or GFAP expression was detected in 

serum. Cancer cells do not undergo lineage commitment and terminal 

differentiation, retaining their capacity to enter the cell cycle even after 

specification and determination (Caren et al, 2015). As it was unknown if 

serum cultured cells were partially specified towards glial or neuronal 

lineages, neurobasal conditions were administered to encourage neural 

stem cell proliferation and enrich the pool of progenitors capable of 

undergoing differentiation. Weak GFAP staining but no TUBB3 presence 

was observed in neurobasal conditioned GBM cell lines. Following 

subjection to 4 day neurobasal conditions and either 6 day neuronal or 

glial differentiation programmes, GBM lines showed positive expression 

of neuronal TUBB3 or glial GFAP markers. Patterns of rapid 5hmC and 

5caC signal intensity increase and subsequent diminishment were 
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observed in all GBM cell lines subjected to both neuronal and glial 

differentiation programmes. 
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Figure 3.14 Immunofluorescence analysis of oximC distribution during 

GBM cell differentiation. (A) Immunostaining of neuronal beta III tubulin 

(TUBB3) and glial fibrillary acid protein (GFAP) signal intensities in GBM cell 

lines under serum conditions. (B) Immunostaining of TUBB3 and GFAP on day 

6 of neuronal and glial differentiation. (C-D) 5hmC and 5caC staining during the 

6 day neuronal (C) or glial (D) differentiation programme. Scale bar represents 

200µm, n = 3.   

 

3.3.5 Dynamic Patterns of 5caC Abundance Correlate with 

WT1 Transcriptional Expression   

Quantification of 5hmC and 5caC levels in LN18 and the other GBM cell 

lines (appendix) produced similar profiles of oximC magnitudes over time 

(fig 3.15A-B). Highest 5hmC presence was detectable on day 0 (4th and 

final day of neurobasal conditioning) which subsequently significantly 

decreased by 72.6% during days 1 and 3 neural and by 88.5% for glial 

differentiation (D1N, D3N, D1G, D3G respectively). Levels then depleted 

at day 6 for neuronal (D6N) but recovering to 48.6% of initial day 0 5hmC 

levels on day 6 of glial (D6G) differentiation. In contrast to 5hmC, 5caC 

levels increased by 2.77-fold on days 1 and 3 but dropped to 16% of day 

0 levels on day 6 of the neuronal programme. Similarly, 5caC levels 

peaked on day 1 (2.31-fold increase) and declined to 1.20-fold higher 

followed by a 0.49-fold lower than day 0 5caC levels on days 3 and 6 of 

the glial programme respectively. The effect of the differentiation 

programmes duration on oximC signal intensities was diminished relative 

to oximC immunofluorescence signal variation attributable to cell line 

differences. Unpaired two tailed two-way ANOVA demonstrated that for 
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neuronal differentiation, analysis of cell line versus time point produced 

5hmC percentage variation: 18.39%, p < 0.0001 vs 10.57%, p < 0.0001 

and 5caC percentage variation: 29.71%, p < 0.0001 vs 3.30%, p = 

0.0002.  OximC signal intensity variation occurring during glial 

differentiation entailed 5hmC percentage variation (cell line vs time 

point): 7.56%, p < 0.0001 vs 4.44%, p = 0.0035 whereas 5caC 

percentage variation was 15.17%, p< 0.0001 vs 9.65%, p < 0.0001.  

Curiously, TET gene expression over the 6 day differentiation regimen 

was markedly decreased relative to day 0 conditioning (fig 3.15C-D). The 

highest observed TET gene, TET3 expression varied between days 0-6 

however did not surpass a 10-fold increase. TET1, TET2 and TDG 

displayed 1-3 orders of magnitude decrease over the 6 day programmes 

with TET2 showing the greatest down-regulation. Interestingly, WT1 

expression dramatically increased relative to day 0 on days 1, 3 and 6 of 

neuronal differentiation at 203.51-fold, 269.85-fold and 792.08-fold 

respectively and at 122.50-fold, 12.19-fold and 3.82-fold expression at 

days 1, 3 and 6 of glial differentiation respectively. Profile analysis of 

5hmC and 5caC spatial distribution and magnitudes across nuclei during 

the differentiation regime (fig 3.15E) illustrates the dynamic patterns of 

oximC presence in response to media induced paracrine signalling over 

time. 5hmC and 5caC profiles follow similar trends albeit separate in 

magnitude however the most obvious profile discrepancies were 

observed at day 0, illustrating the heterogeneity of 5caC signal under 

neurobasal conditions, and day 3 of glial differentiation as 5caC displays 

signal saturation across the nucleus. These findings may point to oximC 
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involvement in a reconfiguration of the transcriptional paradigm occurring 

during differentiation.  
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Figure 3.15 Characterisation of DNA demethylation activity during GBM 

cell line differentiation. (A) Immunostaining of oximC presence during 

neuronal and glial differentiation. Day 0 cells (a-b) were stained for oximC 

presence as well as neuronal and glial markers. OximC presence was 

examined during stages of neuronal (c-e) and glial (g-i) differentiation. Scale 

bar represents 200µm. (B) Quantification of oximC magnitudes during neuronal 

and glial differentiation in LN18. (C-D) QPCR transcriptional analysis of DNA 

demethylation, WT1 and neuronal (C) and glial (D) specific marker gene 

expression during differentiation. (E) Profile analysis of oximC cellular 

distribution during differentiation. Unpaired two tailed Kruskal-Wallis test, mean 

± SD, NS p Ó 0.05; * p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001, n = 3.     
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3.4. Investigating the Dynamics of a Possible 

WT1-5caC Interaction  

Our data thus far has alluded to the over-expression of WT1 in GBM cell 

lines in conditions of serum culture, and how through enforcing stem-like 

conditions and transcriptional profile modulation via cell differentiation, 

WT1 expression patterns correlate with 5caC presence in most GBM cell 

lines. Deeper probing into this perceived correlation required functional 

analysis specifically targeting WT1 expression. As such proof-of principle 

experiments were devised and employed to characterise a possible 

WT1-5caC engagement. No mutations or copy number alterations of 

WT1 were present in any of the U87MG, U251, LN18 or LN229 GBM cell 

lines according to the Catalogue of Somatic Mutations in Cancer 

(COSMIC).   

 

3.4.1 WT1 Expression Correlates with 5caC Presence in all 

GBM Cell Lines except LN229   

Interrogation of WT1 and 5caC presence by immunostaining (fig 3.16A-

C) revealed the highest WT1 signal intensity occurring in U251 and U87, 

the former of which was significantly higher (p = 0.0028) than LN18 and 

the latter showed no significant difference (p = 0.16). Although both U251 

and U87MG exhibited higher WT1 expression, LN18 demonstrated the 

highest WT1:5caC correlation (r = 0.84, P < 0.0001). LN229 showed 

negligible WT1 expression compared to secondary antibody-only 
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controls (not shown) and hence did not produce a significant correlation 

with 5caC (r = -0.076, p = 0.146).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.16 Characterisation of WT1 and 5caC enrichment in GBM cell 

lines. (A) Immunofluorescent detection of WT1 and 5caC across GBM cell 

lines, staining and images acquired at identical settings, scale bar represents 

200µm. (B) Quantification of WT1 fluorescence signal intensity, mean ± SD, 
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unpaired two tailed ANOVA. (C-F) Scatterplots depicting correlation between 

WT1 and 5caC signal intensities within each cell line C-F: LN18, LN229, U251 

and U87MG respectively, linear regression, two tailed Spearman correlation, 

NS p Ó 0.05; ** p < 0.01; **** p < 0.0001, n =3.  

 

3.4.2 Transient WT1 knockdown correlates with reduced 

global oximC nuclear presence but elevates retro-

transposon 5caC enrichment in U87MG cells   

Transient knockdown of WT1 gene transcription via siRNA mediated 

transfection (fig 3.17A-B) resulted in significantly decreased 5hmC and 

5caC immunostaining signal intensities compared to control 

transfections (p < 0.0001 and p = 0.0049 respectively). WT1 and 5caC 

co-staining signal intensity decreased highly significantly compared to 

transfection controls (p < 0.0001, p < 0.0001 respectively). The 

transcriptional effect of 99.98% WT1 knockdown was observed in TET1, 

TET2, TET3, TDG and LINE1 element up-regulation, most prominently 

by TET1 (2.07-fold increase) (fig 3.17C). LINE1 transcriptional 

retrotransposon up-regulation was associated with a significant 5caC 

depletion on its promoter region (p < 0.0001) suggesting a 

transcriptionally repressive role of 5caC (fig 3.17D).     
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Figure 3.17 Effect of WT1 knockdown on DNA demethylation profiles in 

GBM cells. (A) Immunostaining analysis of siRNA mediated WT1 knockdown 

on 5hmC and 5caC presence in U87MG cells. Scale bar represents 200µm, 

staining and images acquired at identical settings. (B) Quantification of WT1, 

5hmC and 5caC signal intensities in control vs siWT1 knockdown cells. (C) 

QPCR analysis of DNA demethylation machinery, WT1 and LINE1 target genes 

normalised against input (1% of total sonicated DNA ng/µl). (D) 5caC DIP-qPCR 

of 5caC genomic occupancy on the LINE1 promoter in U87MG cells normalised 

against input (1% of total sonicated DNA ng/µl). (B-D) mean ± SD, unpaired two 

tailed Mann-Whitney tests, NS p Ó 0.05; ** p < 0.01; *** p < 0.001; **** p < 

0.0001, n = 3.  
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3.4.3 -/+KTS Splice Variants of WT1 are Undetected in 

LN229 

Closer examination of WT1 absence in LN229 compared to LN18, U251 

and U87MG GBM cell lines (fig 3.18A-C) revealed LN18 possessed the 

highest WT1 transcriptional expression (3772-fold increase, p < 0.0001) 

with U251 and U87MG both demonstrating high expression but to a 

lesser degree (679-fold, p < 0.0001 and 431-fold, p < 0.0001 

respectively). LN18, U251 and U87MG cell lines expressed both ï and + 

KTS WT1 isoforms with LN18 and U251 possessing stronger ïKTS 

bands than +KTS while U87MG showed stronger +KTS expression than 

ïKTS. LN229 did not express either ï or +KTS isoform (red and blue 

dashed boxes, fig 3.19B).  
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Figure 3.18 Examination of WT1 expression across GBM cell lines. (A) 

Schematic representations of WT1 ïKTS (red arrow) and +KTS (blue arrow) 

sequence locations within alternative splicing isoforms. (B) Agarose gel of ï

KTS and + KTS WT1 isoform expression across GBM cell lines relative to 

RPBLAT (RPAT) negative controls. (C) QPCR analysis of WT1 expression 

across GBM cell lines relative to foetal brain FB83 cells. Mean ± SD, unpaired 

two tailed Mann-Whitney test, * p < 0.05; ** p < 0.01; **** p < 0.0001, n =3.   
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3.4.4 Verification of ïKTS and +KTS Zinc Finger Domain 

Construct Production 

The combined findings of immunostaining, qPCR and RT-PCR-based 

detection methods imply WT1 is not expressed by LN229 under serum 

conditions. LN229 cells display a pronounced 5caC heterogeneity 

independent of WT1 expression. To determine whether WT1 may 

influence 5caC distribution and presence via a protein-oximC binding 

interaction as opposed to trans-activating transcription factor recruitment 

of DNA demethylation machinery, only exons 6-10 (exons 7-10 encode 

WT1 DNA binding zinc finger domains) were cloned into an expression 

vector for transfection (fig 3.19 A-F). Exon 6 was included as a linker 

region to ensure that zinc finger domain folding would not be perturbed 

by the addition of a SpeI endonuclease site into the cloning construct. 

The pSIN-GFP-IRES-BSD plasmid was used as the parent vector for 

WT1 zinc-finger domain subcloning. The parent plasmid was digested 

with SpeI and EcoRI restriction enzymes to release the Green 

Fluorescent Protein (GFP) coding fragment. The WT1 zinc-finger 

domains were PCR amplified from LN18 cDNA using exon 6 forward 

(WT1ex6F2: 5'-

CACTTACTAGTATGAACCACAGCACAGGGTACGAGA-3') and exon 

10 reverse primers (WT1ex10R: 5'-

TATCGGAATTCTCAAAGCGCCAGCTGG-3') with SpeI and EcoRI 

restriction sites incorporated into them respectively. PCR product bands 

were gel purified, ligated into the digested parent vector, cloned in 

TOP10 DH5alpha E.coli, miniprepped and sequenced for incorporation 
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of the correct WT1 fragment. The successfully cloned WT1 -/+KTS 

vectors were designated pSIN-WT1ZNF-IRES-BSD real. Successful 

subcloning of ïKTS and +KTS fragments into pSIN-WT1ZNF-IRES-BSD 

was verified by Sanger sequencing.  
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Figure 3.19 Construction of WT1 ïKTS and +KTS zinc finger plasmids. (A) 

Parent pSIN-GFP-IRES-BSD plasmid. (B) Parent pSIN-GFP-IRES-BSD 

plasmid was digested to remove the e-GFP coding sequence which was 

subsequently substituted by either ïKTS or +KTS WT1 zinc finger domain 

coding sequence (pink). (C-D) Verification of ïKTS WT1 isoform zinc finger 

domain coding sequence incorporation. (E-F) Verification of +KTS WT1 isoform 

zinger finger domain coding sequence incorporation. Blue region denotes the 

9bp KTS sequence located between exons 9 and 10.  
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3.4.5 Forced Expression of WT1 ï/+KTS Zinc Finger 

Domain in LN229  

LN229 cells were transfected with 3µg of either WT1-/+KTS plasmid or 

the unmodified parent vector with GFP intact (fig 3.20). Transfection of 

the parent vector served not only as a control for the effect of vector 

delivery but also facilitated the tracking of GFP expression over time and 

thus WT1 zinc finger expression as the Elongation Factor 1 Alpha (EF-

1a) promoter drives transcription of both fragments. Untransfected cells 

were subjected to electroporation only. GFP expression was tracked over 

24-48 hours post transfection to assess the level of promoter usage to 

determine at which stage to harvest cells for qPCR and immunostaining 

analysis. The 24-48 hour temporal window was selected as we 

anticipated that our truncated WT1 protein may undergo proteolytic 

degradation after 48 hours which may severely reduce its detection. A 

highly dense population of cells was observable for untransfected and 

parent plasmid only (pSIN) transfected cells 24 hours post transfection 

and both became confluent at 48 hours. A greater proportion of cells 

expressing a GFP signal higher at 48 than 24 hours which informed us 

of the appropriate cell harvest time. Although all treatment conditions 

were performed at the same cell density with the same concentration of 

vector DNA under the same transfection parameters, fewer surviving 

cells were visible in the ïKTS and +KTS transfected wells compared to 

untransfected and pSIN only transfected ones. Fewer surviving cells 

were visible in ïKTS transfected cells than +KTS transfected ones. 

Immunofluorescent interrogation of transfected cells revealed 
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detectability of WT1 in ïKTS and +KTS transfected but not in pSIN or 

untransfected cells.  

 

 

 

 

 

 

 

 

 

 

 

Figure 3.20 Over-expression of WT1 ïKTS or +KTS zinc finger domain 

plasmids in LN229 GBM cells. Brightfield and GFP images scale bars 

represent 25µm. WT1 Staining and immunofluorescence images acquired at 

identical settings, scale bar represents 200µm.  

 

3.4.6 Over-expression of WT1 ïKTS and +KTS zinc finger 

domains significantly alters 5caC magnitudes and 

induces full-length WT1 transcription 

Immunostaining and confocal microscopic quantification of WT1 

presence in transfected LN229 cells (fig 3.21A-B) resulted in highly 

significantly elevated WT1 signal intensity in ïKTS and +KTS transfected 

cells compared to pSIN parent plasmid or untransfected cells, in which 
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WT1 was undetectable (p < 0.0001, p < 0.0001 respectively). The ïKTS 

zinc finger domain transfected cells possessed 2.71-fold higher WT1 

signal intensity than +KTS transfected cells (p = 0.0026) which were 

48.57-fold and 27.45-fold higher than untransfected and 17.90-fold and 

10.12-fold higher than pSIN transfected cells respectively. Analysis of 

5hmC levels showed no significant difference between cell treatments 

except WT1+KTS  transfection possessed very highly significant levels 

(p < 0.0001) and no significant difference in 5caC signal magnitude was 

observed between untransfected and pSIN  conditions (p >0.05). 

Interestingly, -KTS zinc finger domain transfected cells possessed highly 

significantly elevated 5caC signal intensities (p < 0.0001) 3.59-fold, 2.00-

fold and 1.45-fold higher than untransfected, pSIN and +KTS zinc finger 

transfected cells respectively. The +KTS transfected cells also depicted 

elevated 5caC levels relative to untransfected (p < 0.0001) and 2.19-fold 

and 1.38 fold higher than untransfected and pSIN controls respectively. 

Transcriptional profile qPCR analysis of DNA demethylation machinery 

genes (fig 3.21C) revealed inconsequential changes in TET1, TET2 and 

TDG expression between untransfected and pSIN treated cells. TET1 

and TET2 were down-regulated in WT1+KTS zinc finger domain 

transfected cells compared to control treatments (0.15-fold and 0.01-fold 

decreases respectively). Surprisingly, TET3 expression was 165-fold, 

404-fold and 2813-fold elevated in pSIN, +KTS and ïKTS treated cells 

respectively. WT1 exons 8-10 present in the zinc finger construct were 

expressed 576-fold and 2955-fold higher in +KTS and ïKTS treatments 

respectively but transcripts including exon 4 (not part of the zinc-finger 
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construct) were detected at 3514-fold and 313-fold levels of expression 

relative to untransfected cells. This suggests that transfection of the zinc-

finger domain alone is sufficient to stimulate expression of full length 

WT1. Additionally, WT1/5hmC and 5hmC/5caC signal profile analysis 

revealed the strongest signal correlations between WT1/ 5hmC and 

5hmC/5caC occurred in ïKTS transfected LN229 cells (fig 6.21D profiles 

e & f). This may suggest the differential WT1 zinc finger ï oximC 

interactions contingent on distinct WT1 isoform expression.  
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