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Abstracts

Outcome for many types of cancer has improved significantly in recent years. However, most
current cancer treatments are highly toxic and result in significareffielets. This can lead

to treatment failure and to severe leiegm health problemamongsurvivors. Thus, there is

an urgent need for more cansgecific, less toxicancertherapiesldentification of cancer
specific vulnerability genes is one of the most promising approaches for developing more
effective and less toxic cancer treatments.dgamgenomes exhibit thousands of changes in
DNA methylation and gene expression, with the vast majority likely to be passenger changes.
We hypothesised that, through integration of gernade DNA methylation/expression data,

we could exploit this inherertriability to identify cancer subtypspecific vulnerability genes

that would represent novel therapeutic targets that could allow esypeeific cell killing. We
developed a bioinformatics pipeline integrating genavide DNA methylation/gene
expressia data toidentify true signal in the noisand identify candidate subtypgpecific
vulnerability partner genes for the genetic drivers of individual genetic/molecular subtypes
We demonsated our method was applicable taultiple childhood cancer (Acute
Lymphoblastic Leukaemia and Medulloblastonamd common Bymphocyte derived
malignancie and was able to identify subtyseecific vulnerability genesn almost all
subtypes assessed. Furthermore, for most tested candidates (7/9) targetingeshwitpen
siRNA was able to inhibit proliferation and induce apoptosis specifically in the corresponding
cancer subtypes.Additionally, in cancer lacking well definedmolecular subtypes
(Neuroblastoma), we utilised DNethylation data for deriving novel neaular subtypes and

used as basis for identification of candidate subtype vulnerable g&¥eefsirther show that
utilising the newly identified methylatiebased subgroups allowed identification of subtype

specific vulnerability gene candidates in fourtlué five subgroupaiNe, therefore, presents a



novel approach that integrates genemde DNA methylation/expression data to identify

cancer subtypspecific vulnerability genes as novel therapeutic targets.

A key underlying aspect of our initial analysssthat altered methylation observed in cancer
cells was predominantly linked to cell proliferation (i.e., was replicated in both transformed
and normal cells after extensive proliferation). Thus, to extend the original approach we
assessed comparative timgation changes across multiplgées of malignant and normal-B
lymphocyte subsets to allowing mapping of the derivation of all methylation changes in the
cells. This analysis identified that only a tiny fraction of methylation chang2%jIccurring

in B-cell malignancies appear to be disease specific and furthermore that interrogation of these
specific methylation changes could be used to identify cespmsific vulnerability and tumour
suppressor candidates ofleancefor all molecular subtypes afpecific Bcell derived
malignanciesOverall, we show that a detailed analysis of the origin of methylation changes
across cancer cell types can allow identification of key methylation changes and identify

potential new cancer specific therapeutic tagget
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1.1  Cancer: Overview

Cancer is a disease in which sooails of the bodygrow uncontrollably and, in some cases,
spread to other parts of the bo@anceris thesecond largest cause of deathcounting for

an estimated 19.3 million new cases and around 10 million deaths from cancer worldwide
during 2020[1]. Figure 11 shows the distribution of new cases and mortalitytfi@most
occurring cancer types both sexes combined and separately for men and woiffale most
common cancer n b ot imcideneexireladés female breast cancer (2.26 million cases),
closely fdlowed by lung (2.21 million cases) and colon and rectum (1.93 million cases), the
most common cause of cancer related deaths includes lung (1.80 million cases), colon and

rectum (935,000) and liver (830,000) worldwide in 2020.

Among men, lung cancer ithe most diagnosectancer closely followed by prostate
colorectum, stomactancerwhereas lung, livercolorectumandstomach are the most causes

of cancer related deaths. Breast cancer is the most common diagmosel@athsamong
women, followed by colorectumand lung cancer. Figure 1.2 shows the distribution of
incidence and deaths by world regifor both sexes cobined and males and females
separately Overall, cancer is a worldwide problem and that the incidence per head of
population is quite similar in all continentAccording to International Agency for Research

on Cancer, by 2040, the number of cannerdence is expected to rise to 29.5 million and the
number of cancer related deaths to 16.4 million as compared to 19 million new cases and 9.9
million deaths in 2020. Around 70% of cancer related deathssiodokv- and middleincome

countries mainhdue to lack of access to diagnosis, treatment, andtage presentation.
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Figure 1. 1: Estimated number of new case$ cancerand deathsestimatedin 2020,

worldwide A. forboth sexes and all ageB. Male, all ages, C. Female, all ageBata source

GLOBOCAN 2020
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Figure 1.2: Estimated number of new cases of cancer and deaths estimated in 2020 according
to geographical locabn. A. both sexes and all ages. Berrale, all ages, CMale, all ages.

Data source GLOBOCAN 2020.
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1.1.1 Genetic basis of cancer

Cancer isa diseasdan which certain genes thatontrol functions of the cellespecially for
growth and divisionundergo genetic mutations and epigenomic chaj@jeslutationscan be
either inherited germline mutatiop or can occur in somatic tissuso(natic mutations
Inherited mutations underlie a minority of all cancers buthave been crucial in studies
identifying the genetic basis of canceRetinoblastomaone of the besstudiedinherited
cancersjs acancerof theretinathat occurs in children, usually before the age of five years.
Hereditary germline mutatioffamilial) accounts for 40% offetinoblastomacases, whereas
nonhereditary somatic mutation for the remaining 6@% In familial retinoblastomathe
mode of inheritance is autosomal dominamitationof the RB transcriptional corepressor 1
(RB] gene.In the retinoblastom@&umours both RB1 allelesget inactivatedpne mutation
occursin the gernline and the second in somatic cefkssulting in loss oheterozygosity
(Knudsonoés t was showr ute $.3[4 b].ITeesajarity of mutations, gene
deletions, insertions and point mutation result in generation of premature stoparoidona
severely truncated protej6]. Hereditary nonpolyposis colorectal cancer (HNPCC) is another
genetic disease of autosomal dominant inheritadbd?CC is caused bypherited mutatioa
in one of thanismatch repair gendsILH1, PMS2, MSH2andMSH6 leadng to DNA repair
defect[7]. As with retinoblastoma, oneutatedallele isinheritedandsubsequentlyhe second
allele becomesnonfunctional as a result of somatic mutati¢@]. In contrary togermline
mutationsthataccountfor small proportion of all cancerthe majority of cases are attributed
to somatically acquired mutatien The first reportecibnormal chromosonlaked to cancer

was the discovery of the Philadelphia chromosonahronic myelogenousukaemian 1960

[8].
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Figure 1.3: Kn u d s o nrhd bBypothesis forretinoblastoma developmeriRB1 and rbl
represents wild type and mutated allele respectivelfpepictedthe first hit ofinheritedrbl
mutationwith normal cell growth.B. Shows second somatic mutation (second hit) lgadin
complete loss of function retinoblastoma gene (RB1) resultingtinoblastomatumour

developmentrigure adapted from 2020021 BCSC Basic and Clinical Science Couyge
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The Philadelphia chromosome (Ph) is the truncated chromosomehagresults from
reciprocal translocation t(9;22) (q34;911) and is a hallmark of chromic myeloid leukaemia
(CML) [8], occurring in around 95% of patients with this cancer. PoatmgenéABL proto-
oncogene YABLJ) located on chromosome 9 juxtaposed onto the breakpoint cluster region
(BCR gene located ochromosome 22, resulg in formation oftheBCRABL fusion gene of

the PN 10]. Breakpoint heterogeneity BICRgene results in the generation of three differently
sized fusion products: p190, p210 and, rarely, p230 and all three pradeassociated with
enhanced tyrosine kinase actiilyl]. The aberrantly activated kinase activity afégntltiple
downstream signalling pathways, causing enhanced cell proliferation, differentiation arrest and
apoptosis resistandd.2]. The Ph is not limited to CML, but also found in otheicd|
malignancies including acute lymphoblastic leukae(bl) [13, 14] and acute myeloid
leukaemia(AML) [15]. These initial studies identifying the link between genetic changes and
cancer development have subsequently letthéadentification of a highly complex network

of genes that can play roles in the development of different cancer types.
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1.1.2 Oncogenes

An oncogene is a mutated form of normal cellular gesmnetimes referred to gsoto
oncogenewhose normal functiotypically involvesregulaton of cell division andsurvival
duringgrowth and differentiatianOncogenic mutations of these genes subvert normal cellular
regulationand drive abnormal cell proliferatioMutations in proteoncogenesire typically
dominant in natureThe proteinsencoded by mutated oncogemas betranscription factors,
signal transducers, chromatin-medelles, growth factorsgrowth factorreceptors, and
apoptosis regulatothat have a crucial role in neoplastic transformafi®) 17] Activation
of oncogenesan occuiby multiple mechanisms includirgenemutation, gene amplification
and chromosomal rearrangemeritgat confers alteration in proto-oncogene structure,
overexpressiomr a deregulatedncogenegroteinexpressiorjl7, 18] Many oncogenes have
been reported to be associated with multiple cancer .tyjggs ircludessome of themost

studiedoncogenes, such &AS WNT, MYC,ERK,andBCRABL fusion protein.

Point mutationhave beeneported to be the most common mechanism of activatidhe
family of RASproto-oncogenegK-RAS H-RAS N-RAS M-RAS,R-RAS [19-23]. RASIs
estimated to be mued in up to 30% of human cancers, although the prevalence of mutation
variesin different cancer typd4]. Studies have foundRASto be the most mutateaf the
RASfamily of genesn human cancersyith the highest incidenoaf K-RASmutationfound in
pancreatic cancer (57%), followed by large intestine cancer (a8&%biliary tracf24]. An
activating point mutation in codon 18lycine to valine mutatiomvasthe first somatic point
mutation described in humaancer{19, 25] MutatedK-RASinduces constitutive activation

of multiple downstream pathways includingI3K (Phosphatidylinositol &inase), RAF
(Rapidly Accelerated Fibrosarcoma, a family of serine/threonine kin@igenl pl90(T-

lymphoma invasion and metastasis 1 p1S®ASSHRas association domain family member),
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RalGEF (Raslike Guanine nucleotide Exchange Factoi)at control various cellular
processes such abnormal cell proliferation, growth, apoptosis resistance, cell adhesion,
motility and differentiation resulting in malignant transformat{gigure 1.4) [24, 26] NRAS
mutation have been identified in around 17% of malignant melanoma while salivary gland
tumourreportedlyhasHRASmutaedin 15% of casef24]. In addition to genetic changes,
certain cancer epigenetic chandgesre been demonstrated to be involved in contrdRas
oncogenic signallingiFor examplejt has been demonstrated that activation k& and H

Ras in human cancers results in DNA hypermethylation of target ffEhex8]andepigenetic
deregulation of critical repair genes can in turn, increase the rate of mutation of Ras genes
(bilateral relationship between genetic and epigenetic mechaniSites)cing of the repair
methyltransferaséGMT would result in an increased rate of mutation of Ras and other

oncogenesuch as?53[29].
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Figure 1.4: Downstream of RAS pathways and functiogfécts in cancerFigure adapted

from[30].

MYC family oncogene MYC, MYCN and MYCL), another oncogene reported to be
deregulated in >50% of human cancer and often associated with paorfamdurableatient
survival statusMYC plays a central role in many aspectstioé oncogenic procesand
promotescell proliferationand metastasigapoptosisDNA replication, cell cycle progression,
cell differentiation metastasigFigure 1.5) [31, 32] c-MYC is one of the most frequently

activated oncogenes and estimated to be involved in around 20% of all human [@&jclkers
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cancey c-MYCcan beactivated througmultiple mechanismsTranslocations juxtaposirtge
c-MYC proto-oncogene (chr8qg24) to immunoglobulin genes at chromosome 2, 14 or 22 in B
cells have beershown to activate-MYC and promote lymphoid malignancig®4]. Unlike
normalc-MYC, which istightly regulatedand increases only in response discrete biological
processesequiring highMYC levels, such as cellular proliferation in response to mitogenic
signalling[35], in cancey MYCRNA and proteins are eopted bythecances cells leading to
constitutiveMYC activity [36]. MYC as transcription factor together witis binding partner
protein HLH/LZ human Max proteifi37, 38] regulate activation and expression of many
target geneg36]. c-MYC amplification in cancer was first identified in humanyeloid
leukaemiacell line HL60 in 198239]. Later, c-MYC amplification was reported imarious
human cancer includingcolon carcinomdg40], lung carcinoma[41], breast cancer[42],
ovarian cancef43] and prostate cancgt4]. Deregulation and overexpressionM¥ CNhas
reported in many cancers aigdoften associatedith poor outcomen several cancer types
including neuroblastomd45], medulloblastomd46], retinoblastomd47] and hematologic

malignarcies[48].
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Figure 1.5: Tumourrelevant functions of MYC proteinRicture illustrates fiveof most

common tumourelevant processdhlat are associated withiberrantMY C expressiarPicture

obtained froniransey et al32].
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1.1.3 Tumour suppressor genes

In contrast to oncogendbat drive abnormal cell proliferatipmproteins encoded kyimour
suppressor gesegenerally control and limit cell proliferation survival, and tumour
developmentThus, in contrast to the activating mutations seen in oncogenes, mutations of
tumour suppressor gengenerally lead to loss of function and often require inactivation of
bothalleles Mutations in tumour suppressor gemesstly arerecessiveasasingle functional

allele to exerts cancepreventive effect§49].Tumoursuppressogenescanbeinactivatedoy
multiple genetic mechanisms includidgletons, point mutatio{50], andepigenetic silencing

[51]. Loss of heterozygosityinactivation ofthe second copy of functional allele which
represent t he secon dreoftenthednecpanisndleadirtg & gernbagentKk n u d
inactivation oftumoursuppressor genes caustagiourformation as shown ifigure 1.3[52].

Over the past severalyears extensive researclinas been conducted that resadtin
identification of many tumour suppressogenes anclucidation of theifunctionalroles in
carcer developmenf49, 53, 54] Some of the mosivell studiedtumour sippressor genes
regulate diverse cellular activitieiscluding progression of cell cycle stagésg.,CDKN2A

[55] and cell cycle checkpoint respongesy.BRCA) [56], cellular apoptosisTP53 [57],

detection and repair ®@NA damagge.g.MSH2 [58] and mitogenisignalling(APC) [59].

The firsttumoursuppressor gene identified wag RetinoblastomdBl) geneat chromosome
13qgl4al so call ed O6Governor of [51tCoestituivelloss of©Gyec | e 6
RB1 allele predisposes an individual &iinoblastomathe most common intraocular childhood
cancelf60]. However, loss of a single Rb gene is not sufficient to initiate tumour development.
Instead, loss of WRB1allele, often due to chromosomal deletions or loss ofbeygosity,

initiate tumour growthThe RB1geneencodes nuclearphosphoprotein RBpRB), which is

crucial incontrol ofthecell cycle. UnphosphorylategRB repress gene transcription required

27



for cell cycle transition from G1 to S phase, by dirediinding to and inhibiing E2F
transcription factorscyclin A and Cdc2 kinasthat are essential focell cycle progression
thus maintaininghe quiescenstate]61, 62] However phosphorylabn of pRB by cyclin/cdk
complexes such as CyclinC/cdk3, CyclinD/cdk4/6 and CyclinE/cd&als in releaseof E2F
transcription factorghatinduce the expression of gersgh as cyclin A and that are crucial
for cell cycletransitionas shown in igure1.6 [6, 62, 63] Furthermore, pRB may also inhibit
transcription byremodellingchromatin structuréhrough interaction with multiple proteins
involved in nucleosomeemodelling(hBRM), histone acetylatiorBRGJ), histone deacetylase
(HDACY) and histone methylatiolsUV39H). Thus, loss of pRB function induseell cycle
deregulation anthe malignant phenotypdn addition to retinoblastoma, mutation RB1is
associated with multiple ancer includingH o d g k lynmpbosna [64], melanoma[65],

osteosarcompb6] and pinealom§67], among many other cancers.
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Figure 1.6: RB and cell cycleontrol. RB and Rip representthe unphosphorylatednd

phosphorylatedstate of retinoblastomaDuring GO and early G1 stage of cell cyckRB
directly bind to and inhibit E2F transcription factorpon phaphorylation by clyclin/cdk

complexes in the late G1, RBreleases E2F, allowing the expression of genes that are crucial

for cell cycle progressiof62].
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The TP53tumours uppr essor gene, al so knowsrhemasst t he

frequenly mutatedgenein human cancer and igportedto be associated witt»50% of all
human cancde9, 68] Genetic studies have implicat€é®@53encoded proteip53in a variety

of antiproliferative functions, each of which may contributéutnoursuppressive properties.
It was originally identified in 1979 as part @& complexwith oncogenic protein of SV4T
antigen[69]. Since the discovery gi53deletionin colorectal cancerg0], mutatiors of p53
were soon reported in many forms of sporadic camagthermoreinherited mutations ithe
allele of p53 were demonstrated to be the causatokthe Li-Fraumeni familialcancer
syndromg71]. Later, hep53wild type proteinwasfoundto be induced by DNA damage and
to cause cell cycle arreat G, suggesting thgi53was crucial for regulation of thiell cycle
checkpoint72]. One of the majomechanisms by which53functiors is, asa transcription
factor that positively and negatively regulatexpression genaavolvedin cell cycle arrest,
cellular senescence, DNA repair and apoptps8}. The TP53 genebecomes activateh
response to oitiple cellular stressfactors including DNA damageoxidative stress, osmaotic
shock,and deregulated oncogerjéd-76]. Activationand regulation 0p53is basedn three
steps:p53 stabilization antirepression and promoter specifidranscriptional activation of
target genefr7, 78] DNA damage and oxidative stress signal ledsb3 stabilizationthat
could be achieved through multiple eventsany of which occur bgisruping aninteraction
with the inhibitor molecule MDM2. In addition to stabilization, ati-repression which
describeghe release op53 from the repression mediated MDM2 and MDM4, may be
required forsubsequent steps in activationp@3 such as post translational activation, DNA
binding This process requirescetylatiorof p53at key lysine residues and facilitates activation
of specificsubsets op53target genedAnti-repression may also be achieved through treatment
with small molecule NutlifB or by phosphorylation g#53. Full promoter specific activation

requires recruitment and intaction with numerous efactors (Figurel.7). Specific
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combination ofco-factors and podtranslational modifications méaye required foregulating

the activity ofp53target genes for apoptosis, senescence, aging/DNA repsaphagyand

cell cycle regulatiof77, 78] Somaticp53 mutations occur in almost every type of cancer
ranging fromovarian(50%), colorectal (43%)pesophagus (43%), head and neck cancer (40%)

to about 5% in sarcoma, leukaemia and cervical c4Bogr
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Figure 1.7: Model for p53 gene activatioRromoter specific p53 activation consists of three
key steps. 1) DNA damage and stieshiced p53 stabilization may occur through
ubiquitination by MDM22) Antirepression consists of the release of p53 from the repression
mediated by MDM2 and MDXZhe stp requires acetylation of p53 at key lysine resid@gs.
Acetylated p53 recruits numerous cofacttingt through aspecific combinatiorand are
involved in multiple functions including apoptosis, senescence, cell cycle regulation,

aging/DNA repair Figureobtained fron{77].
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1.2  Epigenetics: Overview

The epigenotype term was coined Waddington in 1942 to refer to the whole complex
biological processes that connects genotype and the phenotyrgaoisns [79]. Epigenetics
refer to fithe study of mitotically and/ or me
by changes i n THxsNnkanshat glthoegh cthe ®ONA sequence $amilar in
somatic cls, there is a heritable pattern of gene expression which is cell type specific. Genome
refers to the complete genetic information stored in the DNA, on the other hand Epigenome
consists of the complex modifications that influence the pattern of genesexpr.These
influences could be intrinsic or extrinsic as shown in FiguB¢80]. While some of the factors
might be beneficial to human health and behaviegy, exercis¢81] and microbiome that are
beneficial intestinal bacterig82]), others might be harmfwffects (e.g., exposure to toxic
chemicals[83] and drugs of abusg4]). Additionally, factors such as di¢85], seasonal
changeq86], financial statug87], social interaction$d8], therapeutic drugs, and disease
exposurd89] might have beneficial or harmful effects depending on the specific nature of the
influence and interfere with the body and mind creatingrdalance, which might manifest

as a disease or psychological diso@éX.

DNA methylation and histone modifications are the major and most studied inheritable
epigenetic changes. These mechanisms are important for normal cell development,
differentiation, and protection against various environmental pathogens and essential for
integration of environmental signals into the bo{80]. Multiple studies have reported
disruption of these patterns is associated with the development of many human diseases, most
particularly cancef91-94]. The interplay between DNA methylation and histone modifications
regulates the pattern of gene expression, which vary depeoulitig cell types and stages of

developmen[95]. Although these two types of epigenetic modification are functionally linked,
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the exact sequence of initiating events remains less clear. While some studies reported that
DNA methylation guides histone modificatiof®6], some also reported histone modifications

precedes and act as a guiding factor for DNA methyld8a@h
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Figure 1. 8: Different factors influencing epigenetic changes in humire figure shows
different sources of epigenetic changes in human. While some of the factors may be beneficial
for human health, others might be harmful and involves in the development of human diseases

including cancerFigure taken fronj80].
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1.2.1 DNA methylation

DNA methylation is the addition of methyl group to carbon 3hefcytosine ring to form 5
methylcytosine (5mC)DNA methylation was discovered by Rollin Hotchkiss in 1948).

About 20 years later, several studieported a functional role for DNA methylation in control

of gene expression and cell developm{®8t 100] Genomewide DNA methylation changes

occur during the embryo development and gametogenesis. In mice, it was shown that the egg
genome is hypomethylated and the sperm genome is more methylated. This difference in the
methylation pattern gets resolved wtiertilized eggs undergo a global demethylating process
during preimplantation, resulting in global hypomethylation of blastocysts. Following this
event, the embryanderges a wave of de novo methylation that results in shaping the
methylation pattern ofhe embryd101-103] The exact biological function of this dynamic
methylation patteris a mystery. This sequence of events, demethylation followed by de novo
methylation was also reported in gametogenesis to have a functional role in the formation of
methylation patterns in the imprinted gerj@®1]. DNA can undergo methylation at two
nucleotide bases cytosine and adenine. Adenine methylation is more prevalent among
prokaryotes and has a functional role in baatefirulence[104, 105] Cytosine methylatiorsi

seen both in eukaryotes and prokaryotes. Cytosine methylation can occur in the context of CG,
CHG and CHH (H could be any A, C or T nucleotids) plants, all the three patterns of
methylation are observed, while in animals, methylation occurs predothyinat CpG

(Cytosine poly Guanine) nucleotidg6, 107]
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1.2.1.1Mechanism of DNA methylation

Addition of methyl group to cytosine to formrbethylcytosine (5mC) isatalysedy a family

of DNA methyltransferases enzyme (DNMTSs), whidhize S-adenyl methionine (SAMAs a
methyl donor (Figuré. 9). There are two classes of DNA methyltransferases, de novo DNMTs
(DNMT3A andDNMT3B) and maintenance DNMDNMT1) [108]. DNMT1methylates DNA
after replication and reported to methylate hemethylated DNA preferentially over naked
DNA. During S phaseDNMT1 associated with the replication foci, methylating the newly
synthesized hemmethylated DNA, restoring the methylation eatt of the parent DNAThus,

the pattern of DNA methylation could be copied through cell generdti68 DNMT1was
reported to be vital for the embryonic development both in mouse and humanice,
homozygous deletion oDNMT1 leads to a reduction in 5mC in embryonic stem cells.
Homozygous deletion dNMT1in mouse embryo inhibits normal growth and development
is embryonically lethalDeletion of theDNMT1gene in the human embryonic cells resulted in
rapid cell deatlil10], loss of gene specific methylation patterns and logerdmidamprinting

(an epigenetic phenomenon that results in monoallelic gene expression according to parental

origin) [111].

DNMT3AandDNMT3Bare another class of methyltransferases, which can methylate both the
naked and hemnethylated DNA[101]. Both enzymes have very siwuil structure in the
cysteinerich catalytic regiorf112]. Both of these genes are highly expressed in embryonic
cells, during which de novo methylation patterns are establ[{d4i®ddl In mice, disruption of

both genes resulted in loss of de novo methylation in embryonic stem cells. Homozygous
deletion of DNMT3B causesembryonic lethality as seen IDNMT1, howeverDNMT3A
homozygous mutant mice die at the age of 4 weddk$erozygous deletion of both gertbd

not significantly affect the vitality and fertility of the mi¢&01].
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Figure 1.9: Mechanism of DNA methylatioA family of DNA methyltransferasé@NMTS)
catalysethe addition of methyl group fro& aderyl methionine (SAM) to cytosine to form 5
methylcytosine. DNMT3A and DNMT3B are de novo methyltransferase and DNMT1 methylate

hemimethylated DNA sequendégure adapted fronj108, 113}
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Disruption ofDNMT3B leads to loss of methylation in centromeric minor satellites repeats,
which is associated with thexddopment of immunodeficiency, centromeric instability, facial
abnormalities (ICF syndromeé)\nother DNMT protein lacking the catalytic dom&NMT3L
was reported to ctocalize with other DNMT3 family anis involved in de novo establishment
of maternal genomic imprints and the correspondi@geexpressionDNMT3L was reported
to be expressed testis, ovary, and thymyi$14, 115] anddeletion of the gene resulted in loss

of methylation of both longerminalrepeat (LTR) and nehTR retrotransposond.16].

The exact mechanism by which DNMTs are targeted to specific DNA regions is still unclear.
One hypothesis proposed that transcription factors regulate the methylation pattern. Binding of
transcription fact@ to a particular DNA sequence may mediate de niomhylation by
recruiting DNMTs and repressing the expression of the.demweexample, Brenner et §.17]
showed thatMiz-1/ZBTB17 recruitedMYC to the promoter region gh2 /CDKN1A gene.
Subsequent studies also shovidC binds toDNMT3Ato mediate de novo methylation and
repression ofp21Cipl gene In other cases, binding of transcription factor protects the
underlying DNA from becomingmethylated In mice, the CpG islands ofdanine
phosphoribosyl transferaseARRT) gene was reported to be protected from de novo
methylation due to the binding of Specific proteirSp) transcription factor and deletion of
Splleads to de novo methylation APRTgeng[118, 119] Adrian Birdproposedhatde novo
methylation occurs by default, potally affecting genome wide CpGand differential
methylation patterns may result from the structural orientation of the genome, since not all

regions of the genome are accessible by DNM2S§].
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DNA methylation is generally thought of as relatively stable modification, although DNA
demethylation can occur, both through active and passive mechaRigsss/e demethylation
occurs in actively dividing cells due to the inhibition/loss @NMT1 and resuk in the
reduction of DNA methylation level over successive rounds of replications. On the other hand,
active demethylation operates in both activelyiding and nordividing cells through
modifying 5methylcytosine (8nc) bythe TET (ten-eleven translocation) family of enzymes

or AID/APOBEC(activationinduced cytidine deaminase/apolipoprotein B mRBiditing
enzyme complexand subsequent removal of nifget product through base excision repair

pathway[108].

1.2.1.2Normal physiological roles of DNA methylationand cancer development

DNA methylation is essential for tissue specific gene expression, genomic imprinting,
inactivation of X chromosome in female and silencing repeated genomic sequences including
parasitic DNA elementsuch ad.INES and SINEShat are long and short intersped retre
transposable elements, respectively, that invade new genomic sites using RNA intermediates.
[108]. Vertebrates have global hypermethylation of CpG dinucleotide bases, except in specific
regions known as CpG islandghe generally acceptatefinition of CpG island was proped

by GardinerGarden and Frommén 1987 a200-bp region of DNA with a GC conte higher

than 50% and an observed CpG versus expected CpG ratio greater or equalzb].OvBany

gene have CpG islands in their promoter regionstlaeske promoterassociated CpG islands

are usually methylation frear have low levels of methylation in normal condition. Lander et

al. [122] reported there are 28,890 CpG island inhhenan genomand areassociated with
60-70% of all the human gengk23]. In normal somatic cells, it is commonly found that CpG
islands associated with gene promoters contain fewer nucleosomes than another region of DNA

(nucleosome depleted region). CpG islands are evolutionary conserved to promote gene
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expression among vertebrates and promote the binding of transcription fadbité 108,

124],

DNA methylation may repress the transcription of a gene either by directly disrupting the
binding of transcription factors to the promoter or indirectly through binding of proteins
complexes that interfere with the binding of transcription factor through induction of
alterations in chromatin structuf@08]. Strong evidence for first mechanism comes from
studies in the role & TCFin imprinting insulinlike growth factor 2IGF2) andneighbouring
geneH19 (H19 imprinted maternally expressed transdript mice In mice, IGF2 andH19
genes are imprinted leading to silencing of maternal and paternal .a\lelesgnally derived
IGF2 is imprinted due to the binding &TCF protein between promoter and an enhancer. |
paternal allelesCTCF binding is blocled due to methylation ats binding site, allowinghe
enhancer to activat&F2 expressiorf125, 126] The second mechanisaf controlinvolves

the binding of methylated DNA by methyl CpG binding proteins. A family of MBDteins
(e.g.,MeCP2) have been reported to silence gene expression in methylation dependent manner.
MBD proteins familiesare involved in large proteicomplexes which also includelDACs

and nucleosomezmodellingproteins(Mi2/NuRD). Upon DNA binding these complexes lead

to alterations inthe chromatin structureresulting in chromatincompadobn making it
inaccessibldo transcription factordMlethyl CpG binding proteinleCP2 was also reported

to form a complex with Sin3A and HDACesulting in inhibition of gene expressi[120,

127] as shown irFigurel. 10. This medanism control of expressidras been demonstrated

for somesubsets of genes, including imprinted genes, genes on the inactivatedifosome

and germ cell specific genes in somatic cells
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MeCP1 = MBD3

MBD1

' FRRENERRRRE]

Transcription Factor

Figure 1. 10: Mechanism of DNAdependentgene silencing. First mode, inhibition of
transcriptionfactor (green ball) binding by DNA methylatidlany transcription factors are
repelled by methylation, including the boundary elenpeotein CTCF.Second mode, protein
complexes attracted to DNA methylation, including MeCP2 complex with Sin3A and HDAC,
MeCP1 complex consisting of MBD2 and Mi2/Nuidl bring about methylatiedependent
repression Kaiso was also reported to bind methylated DNA causing gene represigjare

taken fron{120].
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Dramatic changes in DNA methylation are the hallmark of cancer developmsiA.
hypomethylatioreventsan cancer was first described BginbergandVogelsteinin 1983, that
reportedhypomethylationof genesin cancer cells compared with their normal counterparts
[128]. Global hypomethylation resulting in activation of oncogenes, repetitive genomic
sequencee.g., LINES) noncoding RNA or suppressinghibitors of oncogeneg®.g.,.SFRR
secreted frizzledelated proteinAPC- Adenomatous polyposis cbhave been reported in the

development of multiple cancer tygd9].

In addition, hypermethylation leading to inactivation of-ppmptotic genealso play crucial

rolesin tumorigenesisas shown in Figurd. 11 [130]. Baylin et al. first reportedNA
hypermethylatecatterrs of the calcitonin gene in human lum@ncers and lymphomas in
1986,and demonstrated thatthemost aggressive forwf human lung cancesifall cell lung
carcinomg, and in lymphomashe 5‘region of the calcitonin (CT) gene exhibigain of
methylationof CCGG sites in comparison with normal adult tissliel]. Later, nultiple

studies have reported hypermethylation of tumour suppressor genes in multiple cancer types
which are involved in DNA repair, cell cycle regulation and apoptotic prg82s4.32, 133]
Alterations in epigenetic mechanisms, particularly in DNA methylation have been found
essentially in all types of cancer and is now clear that inactivation due to promoter
hypermethylation is one of the primary mechanisms leading to loss of expressimnoof t
suppressor genes, includindLH1 and MGMT [92, 134] In addition, silencing tumour
suppressor genes gives cancer cells proliferative advantages over normal cells and involved in
the aggressiveness and metastatic behayaucancer cell§91]. Table 11 showsa list of

known tumour suppressor genes that gets hypermethgatiobctivatedn cancemlong with

the reported gene function and the potential consequences of gefi8iiss
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NORMAL CELL CANCER CELL

(a) Repetitive Sequence —W— —m— e.g. LINE family member L1

¥
TF Y e
(b) CpG Island promoters mmj?x;l’-—lfx:nz .~ | Bonl — Bion2 — &9 WMLH]. MGMT, BRCAT.,

p16™“, p15™*, RB.

(c) CpG Island Shore 4 4 45 3 (T |_Tf.{s::-am2 o6 o B |—¢r::-emz e.g. HOX2A, GATA2

T
(d) Gene Body P’ Eon'l'._fgo'n'z —— = [:E;;l'—! wf_

T Unmethylated Cytosine T Methylated Cytosine

Figure 1. 11: DNA methylation pattern in mmal and cancer cells. (a) Global loss of
methylationleads to expression of repetitive sequences that are silenced in normal cells. Gain
of methylation at (b) CpG island resulting and (c) CpG island shore result in silencing of
tumour suppressor genes. )(d.oss of methylation at gene bodies leading to initiation of

transcription at incorrect siteszigure taken fronj130].
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Table 1.1: List of genes hypermethylated in canciablereproducedrom[135].

Gene Function Consequences of silencing and loss
Symbol
hMLH1 DNA mismatch repair Genome instability, frameshift mutations
plghKkaa Cyclin-dependent kinase inhibitor and cell | Loss of cell cycle control
cycle regulation
pl14RF MDM?2 inhibitor and cell cycle regulation Loss of cell cycle control
p1gNKab Cyclin-dependent kinase inhibitor and cell | Loss of cell cycle control
cycle regulation
MGMT Repair of alkylated DNA guanine residues | Mutations and chemosensitivity to alkylatin
drugs
GSTP1 Biotransformation of electrophilic substance Higher incidence omutations
RARDbeta Retinoic acid receptor and cell cycle and Loss of cell cycle control
growth control
RASSF1A Ras effector homologue Unknown
Rb Cell cycle inhibitor Loss of cell cycle control
CDH1 Cell adhesion Metastases
CDH13 Cell adhesion Metastases
HIC1 Transcription factor Unknown
APC Inhibitor of beta catenin Loss of cellular growth control
DAPK Apoptosis Resistance to apoptosis
IGFBP3 Growth factor signalling Resistance to apoptosis
ESR1 Oestrogen receptor and sigmi@nsduction Aberrant growth and differentiation
CHFR Mitotic stress checkpoint gene Chromosome instability
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HSPA2 Heat shock protein Unknown

SOCS2 Suppressor of cytokine signalling Enhanced growth

PGR1 Unknown Unknown

ATM DNA damage response Enhanced DNA damage
FHIT Cell cycle control and apoptosis Unknown

Laminin5 Cell-basal membrane interaction Unknown
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1.2.1.3Methods for genome wide DNA methylation analysis

With this enormous evidence of the involvement of aberrant DNA methylation in theobnset
genetic diseases, over the past 40 years scientists have tried to develop different methods for
detecting andnalysingDNA methylation patterns in normeeéllsanddetermininghow these

patterns are changed in disease. These techniques have been evolved from quantification of
global methylated cytosine to locus/gene specific analysis, which was further improved for
genome wide scale. The development of technique®fA methylation can be broadly
classified into three approaches: Enzymatic DNA digestion with me#ngitive and
insensitive restriction endonucleasdsisulfide conversion and affinity enrichment of

methylated CpGractions.

The overview ofdifferentmethodgor determining DNA methylation and analysise shown

in Table 1.2 and have been reviewed extensively with the merits ananeets of each
techniqug136-141]. Initially, most analysis was based on differentiiglestionby restriction
enzymege.g.,Hpall and Sma), although this was generally a rather slow process that require
large amounts of DNA to examine single or a small number of<ije§142]. Later,bisulfide
conversation, which turns the methylation difference into a sequence difféFenoe 1. 12)
greatly expanded the potential and accelerated DNA methylation analysis,theaugh
techniques such as methylation specific PCR, which enabled more rajyisisamath much
smaller amounts of DNAHowever, a clear picture of éhabnormal patterns of DNA
methylation across the genome were pagsibleto obtain until the development of genome
wide approaches, initially based on mienay systems and more ratg on next generation
sequencingThese genome wide approaches have led to a number of important discoveries,
including determining that gene hypermethylation was much more common than originally

thought and can impact thousands of genes in a singleutuph3]. Furthermorethese

45



genome wide approaches enabled to reveal thgatiterns of abnormal methylation are quite

tumour specific and global patterns of methylation can be used to differentiate different tumour
types as eacltancer type is associated with a characteristic DN&t hy | at i on Af i n
[144] and also, within the same tumour ty@@\NA methylation profilingcan be used to

differentiate different molecular subtypigi5].

Me Me Me
] | ]

GATCGACGATCGGAGCGTAGGTACGACGTT

Me Me
I | I
GATCGAUGATCGGAGUGTAGGTAUGACGTT

Bisulfite Conversion
v Me

'Vie Nl‘e v PCR Amplification N;e
GATCGATGATCGGAGTGTAGGTATGACGTT

Figure 1.12 DNA sequence following bisulfide conversion and R@Rlification.Treatment

with sodiumbisulfide results inunmethylated cytosines converted into uracil while the
methylated cytosines remain as cytosine. The methylation profile of the DNA can then be
determined by PCR amplification followed by DNA sequenovhere theuracil will be

detected as thymin®&le - Methylation. Figure taken frorfi46].
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Table 1.2: Methods for DNA methylation analysiksble taken fronj147].

Pre-treatment

Enzyme digestion

Affinity enrichment

Sodium bisufide

Analytical step

Locus-specific

analysis

Hpall-PCR

MeDIP-PCR

MethyLight

EpiTYPER

Pyrosequencing

Gel-based

analysis

Southern blot
RLGS
MS-AP-PCR

AIMS

Sanger BS
MSP
MS-SNuPE

COBRA

Array -based

analysis

DMH

MCAM

HELP
MethylScope
CHARM

MMASS

MeDIP
mDIP
mCIP

MIRA

BiMP
GoldenGate

Infinium

NGS-based

analysis

Methyli seq
MCAI seq
HELPi seq

MSCC

MeDIPi seq

MIRAT seq

RRBS
BCi seq
BSPP

BSPP

AIMS - amplification of intermethylated sites; BGeqi bisulfide conversion followed by

capture and sequencing; BiMPbisulfide methylation profiling; BS bisulfide sequencing;

BSPPi1 bisulfide padlock probes; CHARM comprehensive higthroughput arrgs for
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relative methylation; COBRA combinedbisulfide restriction analysis; DMH' differential
methylation hybridization; HELP Hpall tiny fragment enrichment by ligatienediated PCR;
MCA- methylated CpG island recovery assay; MCAMCA with micrearray hybridization;
MeDIP ,mDIP and mCIR methylated DNA immunoprecipitation; MIRAmethylated CpG
island recovery assay; MMAS$S3nicroarray-based methylation assessment of single samples;
MSAP-PCRi methylationsensitive single nucleotide primer exdem; MSCC- methylation
sensitive cut countingMSP - methylationspecific PCR ; MS-SNuP- methylationsensitive
single nucleotidgrimer extensionNGS1 nexti generation sequencing; RLGSestriction
landmark genome scanning; RRBSeduced represeation bisulfide sequencing;-seqi

followed by sequencing; WGSB#/holegenome shotgubisulfidesequencing.
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1.2.1.4DNA methylation for disease stratification and prognostication

Differentiation of cancers into biologically relevant classes provides the basis furcinate
pathological diagnosis that is crucial for optimal treatment of patients with caGegiome

wide DNA methylation techniquedsncluding microarray and genorwade bisulfide
sequencing have revealed that the extent of altered DNA methylation was very large with
highly complex methylation patterns and several thousand promsdeciated CpG islands
could becomaberrantlymethylatedn a singletumour[148, 149] DNA methylation profiling

have revealed that while alteration in methylation at some loci is shared amaipdencahcer

types, each cancer type has a unique methylation signature that is specific for each subtype
[144]. It has been shown thaancer methylomé comprised of aberrant methylation, often
inhibiting the expression of tumour suppressor gamesacilitating oncogenesigl32, 150]

and DNA methylation pattersithat persists in tumour development refilegthe cell of origin
[151-153] The latter property enablesracing the primary site of highlgedifferentiated
metastatic stage ofn unknown origin for example using supervised machine learning
algorithm to build a classifier that utilised DNA methylatsignaturego predict the tumour

type of unknown primary154]. Furthermoreijt has been shown thah accurate profilingf

DNA methylationis achievableesven from small samples with poor qualithaterial[155].

These propertiesgive DNA methylation profiling advantageous andaptimal choice for
molecular classification ahultiple cancethat were previously considered homogendgé-

158]

49



In multiple cancettypes DNA methylationbased classification has proven to be useful for
revealing biologically and clinically relevant tumour subgroapd,in many case®und to be
superior to histopathological classification for reflecting distinct biological groups and
predrcting treatment outcomd-or example,n rhabdosarcoma, the most common-fisfiue
sarcoma of childhood, DNA methylome analysis have been applied to reveal four molecular
subgroupsssociated with gene mutation, copy number profiles, histologieaiotys,and
patient survival. Two subgroupsAl andA2 show association with alveolar histology with
Paired box A (PAX4/j fusion genewhereas both E1 and E2, mostly showing embryonal
histology are characterized by high copy number altergtlb8§R4/RAS/AK pathway and
PTEN mutations Patients belonging to subgroup Bave frequeniTP53 inactivation and
exhibit worst prognosis as compared to other subgrfil§®. Furthermoremultiple studies
have demonstratetiat DNA methylation profilingcan beprognosticandpredictresponse to
drug treatmentdn a study of 10635 patients with colorectal canGaG island methylation
phenotypg CIMP) have been shown to be independent and associated with poor survival
which CIMP positive patientsaveshorterdiseasdree survival as well as overall survival as
compared to CIMP negativid60]. Promoter rethylation status of the DNA repair gene,
MGMT have been demonstrated to be a prognostic maker for patient survival and treatment
responsdn multiple cancerln glioblastoma,promoter methylation leading to silengirof
tumour suppressor geMdGMT have been shown to be associated with patient surviva!
averagesurvival for patients with methylateMGMT was 14 months as compared to 2.5
months for unmethylated patienEurthermore, patients with methylatsttGMT showbetter
respond tadrug treatmenttémozolomid® demonstrating thalGMT methylation status as

marker for drug sensitivitj161].
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1.2.2 Histone modifications

Histones are small globular proteins whicteacrucial for the organizations of genomic DNA.
Genomic DNA is organised intaucleosome consists of 147 bp of DNA wrapped around the
core histone proteins (2 subunits each of H2A, H2B, H3 and [H&2-164] Histone
modification is acovalent postranslational modification to histone proteins and includes
histone acetylation, phosphorylation, methylation, ubiquitylatifit65]. Similar to DNA
methylation, histone modificatiomoes not alter DNA sequencedyut can impact gene
expression byltering chromatin structure or recruiting histone modifiersd modifying its
availability to the transcriptional machinerji66]. Different combinations of these

modifications conwlling gene expression is terméeefi Hi s t o n[&63, C6,ALE6H

Generally,histone modifications areatalysed by specific enzymésat act primarilyat the
amino acids of histond&-terminal tail histonessuch asserine, threonine,and tyrosine
Summary of various forms of hte modifications are shown iRigure 1. 13 and the
consequence of these changes in gene expression are detaaédeinh 3. In general, histone
acetylationand phosphorylatiomsually leads to upregulation of gene expression, with the
exception of H4 that in some studies reported to have repressivd E&fgcHowever, histone
methylationand ubiquitinationcan have either enhancement or repressive effect on gene
transcriptiondepending orthe locdion of the target amino acid residues and the number of

methyl group addefl65].
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ac’ Acetylation
@ Methylation
° Phosphorylation

@ ubiquitination H4

Figure 1.13 Important sites of podtanslational modifications at histone tails (H2A, H2B,
H3 and H4). Ki Lysine; S serine; P- Phosphate; S Serine; R Arginine, Ti Threonine; Y

T Tyrosine. Figure taken frofd68].
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Table 1.3: List of common histone modificatioff@ble adapted frorfiL65].

Modification, site,and abbreviation
Histone acetylation

Histone 3 paracetylation (H3ac)
Histone 4 paracetylation(H4a9

Histone 3lysine 4 acetylatiofH3K4ag
Histone 3 lysine 9 acetylatiqii3K9ag
Histone 3 lysine 14 acetylatigrhi3K14ag
Histone 3 lysine 18 acetylatigrhi3K18aq
Histone 3 lysine 27 acetylatigrhi3K27a9

Histone 4 lysine 16 acetylatigrl4K16a9

Histone methylation

Histone 3 lysine 4 methylatigiii3K4meJ)
Histone 3 lysine 4idmethylation(H3K4me2
Histone 3 lysine 4 trimethylatiofiH3K4me3
Histone 3 lysine 9 dmethylation(H3K9me2
Histone 3 lysine rimethylation(H3K9me3
Histone 3 lysine 27 trimethylatigii3K27meJ
Histone 3 lysine 36 trimethylatigii3K36meJ

Histone 3 lysine 79 methylation (H3K79mel)

Histone phosphorylation

Histone 3 serine 10 phosphorylatigfi3S10ph

Effect on transcription

Activating/permissive
Activating/permissive
Activating/permissive
Activating/permissive
Activating/permissive
Activating/permissive
Activating/permissive

Activating/permissive

Activating/permissive
Activating/permissive
Activating/permissive
Repressive
Repressive
Repressive
Activating/permissive

Activating/permissive

Activating/permissive
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Histone ubiquitination
Histone 2A ubiquitinatiorfH2Aub) Repressive

Histone 2B ubiquitinatioiH2Bub) Activating/permissive

1.2.2.1Histone acetylation

Histoneacetylationoccurs by arenzymaticadditionof an aetyl groupfrom the acetylCoA

to the amino group dargetlysineresidues in histone tajFigurel. 13). Histone acetylation
is controlled by two classes of enzymes, histapetyltransferases (HATs) and histone de
acetyltransferases (HDACs) which have opposite functj@f8, 169] Histone acetylation
results inneutralzingthel y si ne 6 s p tha diministesthe elecirostgtie affinity
between histone proteins and DN#ndmakes the chromatiless compact and are therefore
more accessible to transcriptional machirj@i®0]. Based on the cellular localization, there are
two major classes of HATdype A and type BWhile Type B HATs are predominantly
cytoplasmicand acetylatingthe newly synthesized histones.§., H} at K5 and K12)and
influenang the structure of nucleosomthie TypeA HATSs functionin transcriptioml related
histone acetylation in chromatil71]. The TypeA HATs are a more diverse familgf
enzymes than TypB and often are associated witrge multiprotein complex, that play
important roles in enzyme recruitment, activity and substrate speciflai®]. The TypeA
HATs can be classified into five families based on the catalytic domalaoding 1) The
GCNb5related Nacetyltransferases (GNATSsR) The MOZ, Ybf2/Sas3, Sas2 and Tip60
(MYST)-related HATS, 3) The nucleahormonerelated HATs SRC1 and ACTR (SRCand

4) p300/CREBbinding protein (CBP) HATsand 5) General transcription factor HATs
including the TFIID subunit TBRssociated factet (TAF1)[173]. Broadly speaking, each of

these enzymes modifies amino acids at multiple sit®é&terminal histone taildndeed their
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ability to neutralisepositive charges, thereby disrupting the electrostatic interaction between
DNA and histone proteins, correlate well with their functioning in numerous transcriptional
co-activatorsand subsequemnhancedjene expressiofl72]. More details of various HATS,
their subunits and substratnd functionaldetails of these HAT® histone acetylation and

transcription are reviewed [d74, 175]

In contrast to histone acetylatioRlistone deacetylase§HDACS) catalyse the hydrolytic
removal ofacetyl group from histone lysine residu&his restoreghe positive charge of the
lysineg, stabilising the local chromatic architecture asdconsistent wh HDACs being
transcriptional repressof$72]. There are four classes of HDA@3lass 1 HDAC1, 2, 3,and
8), Class Il HDAC4, 5,6, 7,9 and 10)Class lll,also referred to asirtuins (SIRT 12,3,4,5,6
and7) andClass IVHDAC11[176]. While Class 1is ubiquitously present in all tissy&3lass
Il and Class Il HDACs are localised in nucleus and cytasolmitochondria; ot much is

known about HDAC11177].
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1.2.2.2Histone phosphorylation

Similar to acetylation, histone phosphorylation is higiyywamicandcontrolledby two types

of enzymegkinases and phosphataskeayinganopposite effectWhile kinases add phosphate
groups to the histone tails phosphatases remove tlphosphates[178, 179] Histone
phosphorylationoccurs mainly on seringhreonine,and tyrosine, predominantin the N-
terminal hstone tail{Figurel. 13)[179]. Histonekinases transfer phosphate group from ATP
to the hydroxyl group of target amino acidding negative charge the histones and
influencing the chromatic structur@and regulation of transcriptional activity180].
Additionally, histone phosphorylation works in conjunction with other histone modifications
and caninfluence other histone modifications. For examphéstone H3 phosphorylation can
affect acetylation levels at two amino acid residues of the same histone (H3K9ac and
H3K14ac) Details of histone phosphorylation associated with chromatimodellingand

regulationof gene expression are reviewedig0].
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1.2.2.3Histone methylation

Histone methylatiorfFigure 1. 13) mainly occurs on the side chains of lysine and arginine and
are mediated by enzymes such as histone methyltransferases (HMTs) such as lysine
methyltransferases (KMTs) and arginine methyltransferases (PRMibBsyever histone
demethylation is mediated by histone demethylases (HPM$). Unlike histone acetylation

and phosphorylation, histone methylation doeetsalter electrical charge of the histone proteins
but insteadt influences the recruitment dfifferent regulatory proteins to chromaf{ib81,

182]. Furthermore, there is an additional complewith these modificationas lysine may be
monao, di- or tri-methylated, and arginine may b®nc or di-methylated 183, 184] There

are several histone methyltransfera@esiTs), and HMTs arereported to benore specific

than histone acetylase (HAT®)r lysine or arginine residue to which they modifyor
example, on histone H3{MTs such asHistone methyltransferase SETSET1 SET7/9
speifically catalyse methylation of histone H3 at lysine 4 k8, whereas HMTs such as
DIM5 and SUV39H1 (SUV39H1 histone lysine methyltransferpsgpecifically catalyse
methylation of H3 at lysine 9 (HR9) in mammaliarcells.EHMT2 (Euchromatic histone lysine
methyltransferase)Zand polycomb enzymsuch asEZH2 (Enhancer of zeste 2 polycomb
repressive complex 2 subuytaitalysenethylation of histone H3 at lysine 27 (#27). While

H3-K4 methylation is commonly associated with the activation of the nearby genes{3ot

K9 and H3K27 methylation mediates heterochromatin and associated with gene silencing at
euchromatin regiofil71]. On the other handgrginine methylation of histones (H3 or H4)
generally promotes transcriptional activation mediated by arginine methyltransferases
(PRMTSs). There are two classes of PRMTmonsisting of very large protein family (11
members)all of which transfer methyl gup toy-guanidinogroup of arginine formingnono

or d-methylation of arginine residu¢sd5, 186]
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Histone demethylagéiDMs) mediatsremoval of methyl groups from histone proteidased

on thecatalytic mechnism, there are two class of HDMSrsly, Lysine specific demethylase

1 (LSD1)or KDM1 that remove methyl group from momr di-methylated H&4. Secondly,

the Jumoniji domain containing (JmjC domain) histone demethylases (JMJD2, JMJD3/UTX
andJARIDs) that mediate demethylation ofone, di-, and trimethylated lysine residues at

various histone amino acid residy&%3].
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1.2.2.4Histone ubiquitination

Histone ubiquitination, unlike other modifications affelatively small molecular changes
to amino acid chainsndresults in a much largerovalentmodifications regulating major
aspects of cellular function in many signalling pathwajistone ubiquitination is regulated
by two enzymes that has opposite effettistone ubiquitin ligase ande-ubiquitinating
enzymegq187, 188] Ubiquitin is 8.5k protein which is conjugatetb substrate proteins
particularly histondysine by the action of three enzymes,-g&dtivating, E2conjugating and
E3-ligating enzyme$189]. Histone ubiquitination aaeither be monoor poly- ubiquitinated
and involves in regulation of gene transcriptibtistone ubiquitinationmay be involved in
gene silencing or transcriptional initiation depending on the target lysine residues. For example,
while Histone H2AK119ub1 is involved in gene silencid@9], H2BK123ublis involved in

transcriptional initiation and elongati¢h90].
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1.2.2.5Histone modifications andcancer development

As various histone modifications work in a concerted and interdependent fashion to regulate
gene expressio@terations in the patterns tiesehistone postranscriptional modifications

have beerextensivelylinked to cancef94, 191194]. In cancer,mis regulationsof these
changesmay lead tp 1) altering gene expression programmes, including inappropriate
activation of oncogenes or activation of tumour suppressor geng)anc global levelnis-

regulatechistone modifications may affect genome integrity or chromosome segreld&n

Disruption of HATs and HDACs function has been reported in many types of cancer.
Enhanced HAT activitjhaving an oncogenic effect in cancer is demonstrated by analysis of
the MOZ-TIF2 fusion that is associated witicute myeloid leukaemia (AML)The MOZ
(monocytic leukaemia zinc finger protginis a HAT and TIF2 (transcriptional
mediators/intermediary factor) 2 a nuclear receptor etivator binding to another HAT
protein CBRICREB binding protein When the MOZTIF2 fusion protein was transded into
amouse haematopoietic progenitor deltking selfrenewable capacity, the fusigenerates
chimeric oncoproteinghat confes the capacity to seffenew invitro and causing the
development of AML irvivo[195]. Additionally, abnormally high levels of HDACs have been
reported to be involved in devg@iment of multiple cancer typels colorectal cancer, enhanced
expression oHDAC?2, induced byloss of theadenomatosis polyposis coPC) tumour
suppressor gene leads to aberrdMIT signalling [196]. Overexpression oHDACG6 and
HDAC3was reported to be involved in the development of breast cr@dgiand colon cancer
[198] respectively These findings suggeltATs and HDACsoncogenic otumoursuppressor

effects in cancer amose dependant
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Deregulation of HMTs has been found to be correlated with cancer recurrence, poor prognosis,
loss of tumour suppressor genes and upregulation of oncogenes as shdwgural. 14,

although it remains to be determined whether the changes are the causal or the consequences
of disease developmeni99, 200] Nevertheless, these changes could be exploited as
molecular markers for disease diagnosis and treatment. For example, Polycomb group gene
EZH2 (Enhancer of zeste homolog & found to be upregulated in prostate cancer and in
lymphomas[201], MMSETNSD2(Nuclear receptor binding SET domain prote)ng2ne is

found to be upregulated in glioblastoma multiforf292] and SETDB1 (SET domain

bifurcated histone lysine methyltransferageupregulation in the disease progression and

metastasis of Hepatocellular carcinof@3s].

© H3K27 methylation
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Figure 1.14: Dysregulation ofTumoursuppressor genes (A) and oncogenes (B) by Histone
methyl transferases and Histone acetyl transferases. HMT: histone methyltransferase; HDM:
histone demethylase; HAT: histone acetyltransferase; HDASore deacetylasePicture

adapted from Albert et al, 201200].

61



1.2.3 Crosstalk betweenDNA methylation and histone modifications

Multiple studies have reported the existence of synergy between DNA methylation and histone
modifications inthe regulation of gene expressi{#0, 108, 204206]. Early gudies have
shown that the link betweeDNA methylation and histone modifications is mediated by
methylated DNA binding proteinsuch asnethyl CpG binding protein (MeCP2), methyl CpG
binding domain protein {IMBD1), and Kaiso protein (or ZBTB 33J.hese proteindind to

DNA methylated promoters and recruit protein complexes containing histone deacdtylases
remove active histone modificatiof207, 208] and histone methyltransferasdsat add
repressive H&K9 methylation,resulting inrepressiorof the associated gerfEigurel. 15B)

[208, 209] Additionally, DNA methyl transferases (DNMTSs) have been reported to directly
interact with histone ndifying enzymes involved in inhibition of gene expressi@oth
DNMT1 and DNMT3A are known bind to histone methyltransfer&dV39H1(SUV39H1
histone lysine methyltransfergsmdmediateH3 histone methylation (HE9), a modification

that restricts gene expressi¢g@10]. Furthermore DNMT1 and DNMT3A can both bind to
histone deacetylagesulting in chromatic compaction and restricting access to transcriptional
machinery(Figurel. 15B) [211]. These resultBave highlighted that DNMTs interacted with
histone modifying enzymes involvedadding or removing histone marks to inhibit expression

of the associated gene.

Histone modifications can also influence the patterns of DNA methylatior. example,
DNMT3L binds to H3 histone tails and recruNMT3AandDNMT3B a process mediated
by repressive histone markd3-K36 trimethylation[212]. However, the presence of H31
trimethylation anactive histone modificatioimpairsthis procesgpreventingdirectbinding of
DNA methylation enzymeBNMT3A, DNMT3Br DNMT3Lto the H3 histone tail13, 214]

CFP1(CxxC finger protein Lis a component of H&4 trimethyl transferase complex that
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target unmethylation DNAparticularly at CpG siteand maintain their unmethylated state

[215]. Indeed, CpG islandenerally have high level of HR4 trimethylation[216].
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Figure 1.15: Crosstalk between DNA methylation and histone nuadi€ins in regulating gene
expressionA. Active transcriptional statedDNA methylationis regulatedby proteins such as
Tet proteins that are involved in active chemical modifications such as DiNAroxy
methylationand removalof DNA methylation.Histone tails are also enrichedn H3-K4
methylation that inhibits binding of DNMTs to the-mmethylated CpG sites, therefore

maintains active transcriptiorB. Repressed transcriptiahstate DNMTSs targets CpG sites
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and acively methylated DNA, a procefisat isalso enhanced by binding witbNMT3L.
Methylated DNA gets recognised by MetBylG-binding domain proteins (MBDs), that along
with DNMTsrecruit histone modifying enzymes such as Hfsthove acetylatiorgnd HMT
(add methylation) These histone adlifications along with DNA methylation teaming up to

silence the expression of associated gene.
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1.3  B-cell Acute LymphoblasticLeukaemia

Acute Lymphoblastic Leukaemia (ALL) is the most common childhood cawddr.is a

cancer of blood and bonmarrow thought to arisedue toabnormalgenetic change
progenitor cellcommitted to differentiatdown theT-cell or B-cell lineagesesulting n the
malignant transformatiof217, 218] Although it is generallyunderstood that ALL can be
caused bynteractions betweeendogenous (e.g., Inflammation, oxidative stress) or exogenous
exposures (e.g., infection, radat, drugs),inherited genetic susceptibility or by change
however these factors account for only around 1 in 2000 childhood[Z1%]. The precise
pathogeni@vents underlying the development of Aatestill unknown As few as<5%cases

are reported to be associated with inherite
syndrome, ataxitelargiectasia, Nijmegen breakaggndrome or with exposure to radiation or
chemotherapeutic dru¢@20]. Additionally, studies have reported that high birth weight (over
4000q) is associated with increased risk of developing Al221]. Moreover, thereexist
substantial conflicting factors poorted to increase the risk of developing ALL, including
parental tobacco or alcohol use, maternal diet, exposure to pesticides or solvents, prenatal

vitamin use220].

According to Cancer Research UK sttiis around440casesarediagnosed with ALL in the

UK each yeaf222]. ALL incidence is strongly related to age, with the highest number of
incidence peak at age betwezh, and drop sharply across childrexolescentsand young
adultreaching minimum at 30 34 for females and 4549 for males and gradually increases
thereafte with age as shown in Figutke 16 A. The current treatment ahildhoodALL is
highly successfulwith overall survival rate >90%althoughsurvival rate for adult ALL is
significantly lower at 40%223]. However, it isalsoestimatechs many a$5-20% of children

treated and achieve initial remission will have diseaspse[224].
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per 100,000 in the UK, 201i62018[225].

66



1.3.1 Common genetic subgroups of Bell Acute Lymphoblastic Leukaemia

ALL is heterogenous disease with underlying diverse biological, genetic cytogenetic and
clinical featuresThe majority of childhood Bcell ALL acquire chromosomalltarations as
shown inFigure 1. 17A. These includes recurrenhromosomal translocations that result in
generation of fusion genes that in turn expreskaemogenic proteins or result in over
expression of oncogendtor example, t(12;21)(p13;922ncodingETV6ERUNXL (TEL 7

AML);  1(1;19)(q23;p13), encodingCF3-PBX1 (E2APBX1); t(9;22)(g34;q11), encoding
BCRABL, MLL (mixedlineage leukaemia) rearrangemeninvolving translocation of
chromosome 11923 with a wide range of partner genes inclédidg ELL, ENL resulting in
translocation of t(4;11)(g21;923), t(9;11)(q22;928)1;19)(q23;p13.1), t(11;19)(g23;p13.3),
respectively and aneuploidy characterisely gain or loss of multiple chromosom#ésat
include highhyperdiploidy with nonrandom gain of at least five chromosomes (including
chromosome X, 4, 6, 10, 14, 17,,278) and hypodiploidywith less tham3 chromosomes
[219, 223] Many of these chromosomal rearrangements disrupt genes that play key roles in
normal haematopoiesis and malignant transformation, for exaRlpghX1andETV6activates

MYC oncogene and cause constitutive activation of tyrosine kiABsed [219]. Although
thesechromosomahbnormalitiesareobserved in all ages, there is a strongelation between
ageand frequency of these changes. For exanpde High hyperdiploidy, t (12,21) and

MLL translocatios are more common in younger patients (below 9 yeta(8)22) encoding

the BCRABL fusionis more commornn older paients(Figurel. 17B).
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Several of thesgeneticchanges arassociated with patient outcome and can be used for risk
stratification, for exampleETVERUNX1 B-cell ALL is characterised by a translocation
involving t (12;21) (p13; ®2) that results in the formation ohimeic fusion geneETV6
RUNX1 (previously called TEFAML1) andis the most common translocation in paediatric
ALL (25% B-cell ALL) with overall survival ofaround 98%227, 228] High hyperdiploidy
(HeH) is the most common genetic abnormality observed-@elBALL with up to 35% in
children [229]. HeH is the first chromosomal abnormality in ALL to be associated with
outcome and is associated with low white blood cells, eggearsat diagnosisind favourable
outcome (> 90% event free survivgh30]. HeH is characterized by chromosomal gains,
mainly trisomy and tetrasomy due to simultaneous gain of multipteretsomes between chr5

T chrl9that resulted inncreasingthe total number of chromosomes (modal chromosome
number) to 51 65 chromosomeR31]. The chromosomal gasrarenonrandom, with eight
chromosomes (X, 4, 6, 10, 14, 17, 18, 21) shown to be the most cojp8&n TCF3BPX1
sulgroup is characterized by translocation involvinfl;19) (@23; [l3), that resuk in the
fusion of TCF3 (E2A) and PBX1 genein 90-95% of case$233]. This genetic abnormality
occursin all ages and does not vary with agéh the exception being absent in infaffgure
1.17B). In children, patients with (1;19) have been reported to have gobdical outcome

with >90% survival ratg§234].

Intrachromosomal amplification of chromosome 21 (IAMPi2n ntermediateRisk Genetic
subgroupin B-ALL with an overall survival >70%235]. iIAMP21 is a structurally abnormal
chromosome 21, characterised by multiple regions of amplification, insertion, inversion, and

duplication of chromosome 2235].
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1.4  Medulloblastoma

Medulloblastomas a tumour othe primary central nervous systeand is the most common
(WHO grade IV)malignant brain tumour athildhoodwith about55 new cases every yemr
the UKwith meadian ageat presentation of years [236,237]The name fimedul | ob
was introduced by Harvey Cushing and Percival Bailer in 182%escribea tumour seen in
the posterior fossaf pre-adolescents.It originates from granuleell progenitors located at
external granular layer (EGL) of cerebelluforming a small blue cell malignancand is
comprisel of a biologically heterogesous group of embryonal tumour$238].
Medulloblastoma haastrong tendency to spread through cerebrospinaltituide other areas
of the brain or spinal cordnd forma tumour of variable size along the ventiizr surfaces
(Figure 1. 18) [239]. Tumour growth can occur adjacent to the brain or spinal; cisthnt
mefmstaseare rare, however in cases with metastag®se or lungss the most likelfrequent

affected site§240, 241]

Over 14% of brain and central nervous system tumour associated deaths among children are
attributed to medulloblastomaccounting for 15% 20% of all childhood brain tumouf242].

Up to 70% of medulloblastoma cases occur among children under the age of 10 and incidence
decreases significantly with agypically affecting young adultand occurringvery rardy

over the age of 4[241]. Medulloblastoma is more common in males, at around 1.6 times more
frequentthanin females[243]. Overall, thesurvival rate for children with medulloblastoma
presenting withoumnetastasisan be as high &%, while thosevith metastasito other parts

of central nervous system haweoreroutcome, with overall survival ofaround 60%4241].
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Figure 1.18: Medulloblastoma is a brain tumour of cerebeflin the posterior fossaPicture

taken fron244].
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Theexactcauss of medulloblastomareunknown. A small percentage of cases (less than 5%)
have been reported toe related tohereditary famibl cancer syndromed~or example,
individualswith Gorlin syndrome, also known as Nevoid Basal Cell Carcinoma Syndrome,
exhibit germline mutations iPTCH1 (patched 1)or SUFU (SUFU negative regulator of
hedgehog signalingtumour suppressor genes, leading to aberrant activatigheasonic
hedgehog $HH) signalling, and predisposing them to develment of multiple cancers
including medulloblastomf245, 246] Similarly, Turcot syndrome is a hereditary syndrome
in which a patient with colorectal adenomas or familial adenomatous pEy@oAP) also
develops primary brain tumo{247]. Patients with FAP hee loss of functional adenomatous
polypasis coli APC) protein due to inactivating germline mutation of tumour suppres8ar
gene. Los®ftheAPCproteint hat f or ms part of eaaténid,eesuits uct i c
i n the ac c-oameniiatheicytoplasm &nd buclelibiscaugsupregulaion of the

Whn t-¢atenin pathwayleadng to increased risk of developing medulloblastoma in the FAP
patients [247, 248] Additionally, LiT Fraumeni syndromevhich is caused by germline
mutation inTP53 developed medulloblastoma at a higher rate thargémeral population
[249]. As germline mutations afP53are frequently observed in SHH medulloblastqat®],

this maysuggest that Li-Fraumeni syndrome is associated witbreased risk of developing

SHH medulloblastomf251].
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1.4.1 Histology of medulloblastoma
TheWorld Health Organisatiorecognisedour distinct histological types medulloblastoma
theclassicmedulloblastomaDesmoplastiédlodularmedulloblastoma (DNMedulloblastoma

with ExtensiveNodularity(MBEN), LargeCell/Anaplastic medulloblastom(&CA) [252].

1.4.1.1Classic medulloblastoma

The classic medulloblastoma is the most common histopathological subtypes in
medulloblastoma, comprising about 80% of medulloblastoni283]. The classic
medulloblastoma is composed of small round cells withga nucleatto-cytoplasmic ratio

and roundto-oval or triangular hyperchromatic nuglewhich is visible with H& E

(haematoxylin and eosirstaining shown in Figurel. 19A [254].

1.4.1.2 Besmoplastic/Ndodular medulloblastoma

The desmoplastic and nodu(@&N) histopathological subtype of medulloblastoma is observed
in about 1015% of medulloblastoma. s mostcommonly seen in very young children
representing about 50% of infant casasdhas been previously associated with an improved
patient outcome[253]. However, the DN subtype of medulloblastoreariuch less common

in patients over 3 years of age at diagnosis (~ 5% of cades)DN subtype isharacterised

by a biphasic architecture consistingrefiions with dense intercellulagticulin and odular
reticulin-free zones, inwhich thetumaur cell shows a neurocytic phenoty(Figure 1. 19B)
[254]. The extend ohodularity @n be variable and an increagsestlular density has been

associated withraimproved prognosig55].
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1.4.1.3Medulloblastoma with extensive nodularity

The medulloblastoma with extensive nodularity subtype (MBEN) comprised of abo2e4d

of medulloblastoma cas¢&b5]. The MBEN histopathological subtype is closely related to the
DN subtype, differing irthe presene of large and numerousdules(Figure 1. 19C). This
histopathological subtype is often associated with presentag¢ifume the age of 3 years and

with a good prognosig54].

1.4.1.4 Large cell/Anaplastic medulloblastoma

The Largecell and anaplastic tunuos make up between 2%% ad 10% 22% of
medulloblastomasyespectively [254]. As these two histopathological subtypes form a
continuum with shared poor prognosis, they have geenped as largeell/araplastic (LCA)
medulloblastomad.arge cell medulloblastoma is characterised bydaound neoplastic cells
with a large and prominent nucle@ind abundant cytoplasni254, 256] All large cell
medulloblastoma contain regions where round cells giag to polyhedral cellghat are so
densely packed forming a pavHige pattern(Figure 1. 19E). Anaplastic medulloblastorsa
were also large but markedbtypical with coarse chromatin and irregular shaj2&s].
Anaplastic medulloblastomas characterised bylarge cell size and large cytologic

pleomorphism, where cells wrap around each difigurel. 19D) [257].
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Figure 1. 19 Histologic variants of medulloblastoma. A. Classic medulloblatoma, B.

Desmoplastic/Nodular medulloblastoma, Medulloblastoma with Extensive Nodularify.
Anaplastic and E. Large cell medulloblastor#g.B, D and E shows section stained with
haematoxylin anakosin; C shows section stained with NBuantibody (specific for neural

cells). Picture taken frof254, 258]
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1.4.2 Medulloblastoma tumour staging

Tumour stging represents an important prognostic factor and is fundamental to selecting
appropriate treatment strategies. The extent of dissemiradtibie tumour is determined pre
operatively by MRI scans of the entire cerebpmnalaxisand themetastatic stats assigned

with referencal[259]assbwaimapléls4. cr i t er |

Table 1.4: Metastasis Stage for Medulloblastoma. GSEerebrospinal fluidM i stage is

assigned based on poperative MRI scan259] (Table taken fronfi260].

Stage Criteria

MO No evidence ofgross subarachnoid metastasisd no tmour cells
observed in CSF (50%)

M1 Microscopic tumar cells observed CSF(20%)

M2 Gross nodular seeding in cerebellum, cerebral subarachpaceor in
third or fourth ventricle$5% - 10%)

M3 Gross nodular seeding in spirsalbarachnoid spa¢20%)

M4 Extraneuraxial metastasisare case(1%)
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1.4.3 International consensus molecular subgroups, 2012

Medulloblastoma is a heterog®us disease with diverse developmental origim biological
behaviour distinct phenotypes, and clinical outconmgsveral groups across the wodtlised

a variety of genomics approagand platforms such dasnscriptomic profilesgenomewide
DNA methylation profiles,mutational spectra,and copy number profilegd molecularly
classify the diseaseMultiple independentstudiesreported the presence @fur to seven
subgroupsin medulloblastoma with largely convergentconclusions [261-264]. The
inconsistenies inthe estimated number dfubgroys canlargely be attributedto differences

in patient cohortgn = 46 to n = 194)with largercohorts identifying additional levelof
hierarchical complexitiedn 2012, members from mltiple laboratories working on the field
publishedamutual agreement on the presence of fourggal transcriptional based subgroups
in medulloblastomdwingless WNT), sonic hedgeho¢SHH), Group 3 and Groug) [265],
shown inFigure 1. 20. It was alsosuggestedhatthese subgroups will likely k@ more than
onesubsequent level of hierarchicalbtypesThe molecular subgrou@secharacterised by
unique set of genetic,gene expression as well as demographicdainital behaviouf265].
While transcriptome and methylation profiling could clearly identify WNT and SHH subgroup
as distinct anavith minimal overlap with other subgroupgbese subgroupsaye characterised
by activation of he WNT and SHHembryonal signalling pathways respectivelhereaghe
DNA methylation profiling ad transcriptomesf group 3 and group dremoresimilar each
other andhese subgrougdack defining biology. Group 3 and groupid contrast to Wnt and
Shh hawe fewer point mutations but exhibit multiple cytogenetiabnormalitieqe.g., i17q)
[265]. This resuledin the assignment of group 3 and 4 as provisional entities according to
2016 WHO classification of CNS tumour&urther suldivision of SHH subgroup based on
TP53 mutation status§HH with wild-type TP53 and SHH with mutantTP53 was also

recognised by #n WHO[265].
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Wnt subgroups characterised bgenetic changes leading éahanced Wnt signallingndis
associated with a vergood longterm prognosis in comparison to other subgroups, with
survival exceethg 90% This subgroup compris@about 10% of medulloblastoma caf2s6].
Somaticmutation inCTNNB1(catenin beta 1 n ¢ o d-catergn miitations have also been
reported insporadicmedulloblastom4267], supporting theenetic basis for thaetiological

role of Wnt signalling in the pathogenesis of this subgrapt medulloblastoma shows
frequentmonosomy othromosome @65], althoughcasesavingintact chromosomé have

also been reportg@63]. The subgroup is mostly associated with classic histology, with few
cases of large cell/anaplastic histologyhile in the disease as a whole, male cases exceed

female casefl.6: 1), the gender ratio adhe Wnt subgroup is about 1[265].

The Sonic hedgehog subgroprevalence is estimated around 3[®66] andis named due to
enhanced sonic hedgehog signalling which is thougttit@ tumour initiationin this group

of patients The prognosis of Shh medulloblasta is intermediate between Wnt
medulloblastoma (very good) and group 3 (pp@stimated to benore than80% overall
survival[265]. Somatic mutationgn genes involved in Shh signallinBTCH1, SMO, SUF))

as well as amplifications @LI1 (GLI family zinc finger 3 andGLI2 (GLI family zinc finger

1) have beenreported in sporadic medulloblastonf268-270], implicating aberrant Shh
signalling pathway in thaetiologyof this subgroupThe Shh subgroup showsgh expression

of MYCNandmultiple aneuploidiesncluding gain of chromosome 3q and deletion of 9q and
10g Most cases of Shh medulloblastohavedesmoplastic and nodular histologyith gender

ratio 1:1 for malefemale[265].
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Group 3medulloblastomare the most aggressigabgroupwith estimated overall survival
50% to60% and comprised around 25% of cas&oup 3 medulloblastoma &haracterised
by amplification ofMYC[271-273]. Male patients arenore common than female in group 3
tumours,and tumours of this subgrougmmmonly occur in infants and childreGroup 3
tumours show frequent metastasis gymically have classic and largell/anaplastic histology
[273]. Multiple genetic features are common between group 3gamap 4, including over
expression of oncoger@T X2 (orthodenticle homeobox 2273, 274] deletion of 11p, gain of

179 and 18q, althougiain of 1q and loss of 5g and 10q appears to be tintgroup J265].

Group 4 medulloblastonmae the most common cases among all the subgroup (8&#ihave
an intermediate patient prognosisgnilar to Shh tumourg266] and tumoursshow frequent
metastasif265]. Althoughseen irboth groupg, isochromosome 17ig much more common in
group 4 (66%) as compared to group 3 (26248, 275]and loss of chromosome X is found
to be limited to group 4 female patiemsigh male: femaleatio of group 4 medulloblastoma

(2:1)[265]
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1.4.4 Second generation molecular subgroups, 2019

Following the2012 four principal consensus molecular subgroups in medulloblastomua,
2016 WHO classification of Central Nervous Systenultiple independent research groups
investigated the moleculand clinicalfeatures of medulloblastoma subgrowssng larger
cohors than the previous reportgith more comprehensive genomwae assessmeii45,

276, 277] However, he number of reportedubgroupswas inconsistent mainly due to
differences irp a t i aohott @nd analytical method of choice, especiaityin group 3 and
group 4 with studies repoimg these subgroups to be separable into betfaer{145] and
eight molecular sulgpes[277]. In 2019, acollective effortusing cohorts from three studigs

= 1501)was undertaketo reach an agreement and#ésolve the inconsistencies in the number
of molecularsultypesbetween studied he study reported eight consensus molecular subtypes
(I't VHI) in group 3 and groug medulloblastomanddescribe the clinicpathological and
molecular featurel278]. A summary oimolecular subtypes of Grp3/4 medulloblastshawn

in Figurel. 21. These reported eight molecular subtypes in Group3/4 medulloblastoma has
been recognisely the WHOIn the 2021 Classification of Tumors of the Central Nervous
Systen [279]. In additionto the eight molecular subtypas Group3/4 medulloblastoma, the
WHO also recognised the presence of four molecular subtypes in SHH sub@biips | b,
0  arbdsed on theecentintegrative study using multiple data types such as gene expression
and genomavide DNA methylationto identify molecular subgroups in medulloblastoma
[276]. The clinicopathological features of these four subtypesdascribed if276, 280]
Briefly, SHH-band SHH2 c or r e shjdhooddasd adudt cases respectively (median
age at diagnosis 8 and 26 years respectiveifereas SHHJ a n d-U aseHehriched for
infant casesrfiedian ages of diagnosis9 and 1.3 yearsespectively. About onethird SHH-
UpatientshaveTP3mutationsand is associated with poorer outcome as compeitedinother

norrinfant SHHU subtype Infant subtypeshowed a lowerfyear survival than SHi4 [280].
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1.45 Impacts of molecular classification on clinical treatment decisions

Historically, ageat diagnosismetastatic stagand extent of resectiomave shown to be the
most strongly associated with the disease outcomemased for préreatment prognosis,
treatment allocation and clinical trial desjgnth younger patients and more advanced disease
associated with poorer outcorttegh-risk group)as compared to older and those with limited
diseasdstandard risk)]259, 281] Later, disease prognosiasrefined using histopathological
classification into multiple variants: large cell medulloblastoma, apkastic,
desmoplastic/nodular andedulloblastomavith extensive nodularity (MBEN). In children,
the latter two variantave beershown to have significantly superior prognosigatients
with large cell and anaplastic medulloblastd2f2]. The most recent insights into the biology
of medulloblastoma at the molecular levave led to @etter undestanding of molecular
pathways drivingtumorigenesis irmedulloblastomaThis enableda paradigm shiffrom
standard clinical and histological stratification to novel molecular basedyiomarker driven
clinical trials A consensus molecular based risk stratificati@spublished in 20170 refine

risk group of norinfant and childhood medulloblastomayée3i 17)[283]. The following risk
groups were defined basedpra t i sermivalsl@aw risk (>90%), standard risk (B®%), high

risk (5075%) and very high risk (<50%]) he low-risk group manly comprised of Wnt
subgroup and nemetastatic group 4 with whole chromosome loss 11 or whole chromosome
gainl7 andarepotentially eligible foreduced therapyetastatic oMY CNamplified Shh, or
group 4 tumoursvere classified as highsk. Very highrisk group aremetastatic group 3

tumours or Shh subgrowpth TP53mutation[283].
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Many clinical trials have been started usiing the knowledge of better molecular
understanding and deeper insights into the biology of medullobiaskmr example, clinial
trials NCT02066220, NCT01878617, and NCT027245R@cently clinical trials have been
aimed atutilising the new molecular classificationsredue treatmentrelated toxicitiesand
to improve quality of life, while maintaining high survival rates among loisk group of
patients(Wnt subgroup]281]. Inhibition of the Shh signalling pathway Bdeenreportedas

a potential targeted therapy for tumowsh abnormalShh signalling.Studies ortreatment
with competitive antagonist of smoothened receptor vismodegib and sonidegghbawean
improved survival in Shh patienf284-286]. However many patients developedsistance
against SMO inhibition over time, suggesting the limitations of monotherapy for durable
remission.A proposed target downstream of SMO in Shh signalling pathway ilsitioh of
CK2 (Casein kinase )2using inhibitor Cx4945 althougha report is yet to be published

(NCT03904862[287].

Finding new effective treatments for group 3 is of high importance given the dismal overall
outcome in this subgroupn ongoingclinical trial (NCT0187861Y placedthe $andardrisk

and highrisk nonWnt/nonShh with priority for high intensity treatmemith pemetrexed and
gemcitabine[287]. Although not in clinical trials, there are promising results thatits a
further studyfor the effective treatment of group 3 medulloblastoma. &ample, BET
bromodomain inhibition usingJQ1 inhibitorsuppresssMY Cexpression aniflY G-associated
transcriptional activity inMYC amplified medulloblastom§287]. HDAC inhibitors have
shown to inhibitumour growthand synergize wit?I3K antagonist to inhibit the growth of

MY C-driven medulloblastomf288]. Unfortunately, there are no currgnactive clinical trias

or preclinical studies dfigh-risk group 4 medulloblastomalthoughthere are clinical trials in

progresghat assess a favourable risk group of group 4 patients defined by 2 or more of chr 7

84



gain, 8 loss and 1Ibsseg289]. However, the high molecular overlap with group 3 tumour
might allow for extrapolation of future therapies for teigogroup A further breakdown of
group 3 and group tumours intodifferent molecular sulypeswith distinct molecular and
clinical characteristic§288] will hopefully reflect on improving the current therapeutic

strategies and survival rates of patients with medulloblastoma.
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1.5 Neuroblastoma

Neuroblastoma is embryonal tumour of the autonomic nervous system, whoseociglinois
thought to be developing and incomplgteommitted precurserof neural crest tissug@90].
Tumoursariseanywhere alonghe sympathetic nervous systewith the majority of case
occurringeither inadrenaimedullaor sympathetic nerve gangliaat runalongside the spinal
cord in the neckghest,or pelvis[291]. In about50% of cases, neuroblastoma can spread to

other parts of the body through blood and lymphatic system to bone, liver aj@%Xin

Neuoblastomaepresergthe most common cancer during the first year of &fed is the third
leading cause of mortaliyom paaliatric cancer after Acute Lymphoblastic Lagknia and
brain cances [290]. As with all embryonal tumourshe incidence of the disease pgak01

4 years of age, with medianof 18 months, anground96% of cases occur before the age of
10 [293]. Neuroblastoma accounts f6#6 of malignancies in children and is responsible for
around 15% of all paediatritancefrelateddeathg294]. The incidence of neuroblastoma is
around 10 cases per million children under the age of 15, andKtheeuroblastoma effects
around 10Cchildren each year in the UR95].The frequency of incidenas slightly higheiin

males than females (gender rati@:1) [294].

Similar tomany other cancers, the exact cause of neuroblastoma is unknown. Hatisver,
estimated that familial neuroblastoma account for- 2% of casef296], with the median age
of diagnosis 89 months, as opposed to ~18 monythars in general neuroblastoma c4264].
Germlinemutatiors in anaplastic lymphoma kinas@l(K) oncogeneaccount for majority of
hereditary neuroblastomg297]. Thesemutationsresult in singlebase substitution inthe

tyrosine kinase domain of tid_K gene, causing constitutiyghosphorylation andctivation
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Figure 1.22 Clinical presentation of neuroblastomiBumours can arisalong the sympathetic
nervous system, most commonly in the adrenal medullaours in the neck and chest can
cause Hor ne(ptéss, miogisn ahd anindzosisjumour along the spinal column
(paraspinal tumour) can cause cord compression leadingatalysis. Neuroblastomacan
metastasieto regional lymph nodes and bone marrow tisSu@nours can also metastasize

to liver particularly in patients with stage 4390].
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of the kinase leading tapremalignant stat90]. Additionally, loss of function mtation in
Phox2b(paired like homeobox 2Bgenehave been reported ipatients with neural crest
disorders or malignancies such as Hirschsprung disease, congenital central hypoventilation
syndrome and neurofibromatosis type 1 (N&iglareassociated with tumouwtevelopmenin

a subset of patients with familial neuroblastoi2@8-300]. Genome wide association studies
have identified multiple germlinegenetic variantgsingle nucleotide polymorphismsin
multiple genesl(INC00340, BARD1, LM01, DUSP12, DDX4, LIN28B, HAGBRATP53 that

may predispose to the development of neuroblastf3@®306]. These variants are more
common than mutations ALK or Phox2h but individually have less impact in neuroblastoma

developmentlue to low penetrand@90].
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1.5.1 Clinico-pathological features of the disease

Neuroblastoma has one of the lowest survival rates in childhood cancer, with ovenadidive
survival of about 67%Despite recent advances in treatment, neuroblastoma remain one of the
most difficult childhood cancers to cure. The diseasaibits abroad spectrum otlinical
behaviour The likelihood of tumour progression and disease outcome vary according to
anatomic stage and age at diagnamnsl other biological variablesIn general, infants
diagnosed before 1 year of age anmrmetastatic disease usually have a better prog(esis
85% surviva) andare mostly curable with surgery dihttle or no adjuvant therapyOlder
children in contrast usually haveextensive hematogenous metastasis and majority die from
the disease dgpite intensive multimodal therapy, witinly 43%survival [293]. It is estimated

that about half of highisk tumours thatretreated and achieve initial remission welapse

and, in most cases, a cure is no lomyessiblg307]. In addition, 15% of highrisk cases does

not respond to initial treatmefR08].

Disease outcomes depeds on thelegreeof neuroblast differentiatiomMost neuroblastoma
are characterised by undifferentiated tunsowith small round cells called neuroblasts
tumours with partial histological differentiation (ganglioneuroblastgmasd the most
differentiated end of spectrum (ganglioneuroma) consist of ctustenature neurons with
surrounding dense stroma called Schwann ¢8098]. The INPC systemThe International
Neuroblastoma PathologZlassification distinguishes neuroblastoma tumours into four
prognostically significant anbliologically relevant categories, 1 eNroblastom&Schwannian
stromapoor)i NB, 2) Ganglioneuroblastoma, intermixé8chwannian stromech) i GNBI,

3) Ganglioneuroma(Schwannian stromdominant)i GN and 4) @nglioneuroblastoma,
nodular (composite, Sctamnianstromarich/stromadominant and strompoor)i GNBn. The

stromal poor NB are further divided into three main subtypased on the degree of
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differentiationinto, 1) Undifferentiated\B with norecognizable neuropil by light microscopy

- NUB, 2) Poorly differentiatedNB with clear discernible neuropiand having < 5% of
differentiating neuroblasts NPD and 3) Differentiating NB subtype with >= 5% of
differentiating neuroblasts NDF. Similarly, the ganglioneuroma (GN) tumours are further
divided into two subtypes (matu@anglioneuromand maturingsanglioneurompg based on

the microscopic observation of two histological markeush asgrade of neuroblastic
differentiation towards ganglion cells, addgree of Schwannian stromal developn{&able

1. 5. Histologic variants oheuroblastoma recognised by the INPC system are shown in Figure

1. 23

Table 1.5: TheINPC classification of neuroblastiamours Table reproduced froif810].

Neuroblastoma Histology categories Subtypes

Neuroblastoma (stroraoor)i NB Neuroblastomayndifferentiated NUB
Neuroblastoma, poorly differentiateédNPD
Neuroblastoma, differentiatiigNDF

Ganglioneuroblastoma intermixéstromarich) - GNBI

Ganglioneuroma (strorrdominant)- GN Maturing
Mature

Ganglioneuroblastoma, nodul@omposite} GNBn
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Figure 1.23 The International Neuroblastoma Pathology Classification (INPC) classification

of neuroblastoma tumourg) undifferentiatedneuroblasts UB). b) Poorly differentiated
neuroblastomgNPD). c) Differentiating neuroblastomavith > 5% of the tumour cells are

differentiating neuroblastsNDF). d) Ganglioneuroblastoma, intermixed (GNBganglion
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cells and differentiating tumour celige surrounded by the Schwann cellsGanglioneuroma
(GN) maturingsubtype- large and mature ganglion cells surrounded by Schwans. dgll
Ganglioneuroma (GN) matured subtypeompletely matured tumours with sinattoplasm
and nuclei. g) Ganglioneuroblastoma, nodular (GNBn) demarcation between the
hemorrhagic stromgoor (neuroblastomatous) and the white stromarich/domingigure

taken from{310].

Shimada and colleagues[311, 312]reported the association of patient outcome with the
histological variants in neuroblastoma identified by the INPC, miasigorrhexis index
(MKI) and age at diagnosis and defihelinically relevant histopathological groups as

Favourable histology (FH) arldnfavourablehistology (UH) group as shown irmablel. 6.
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Table 1.6: Shimada system of neuroblastienours Table reproduced frof810]. NPDi

Neuroblastoma, poorly differentiateNDF - Neuroblastoma, differentiatindviKl - mitosis

karyorrhexis index NDF - Neuroblastoma, differentiating NUD - Neuroblastoma,

undifferentiated

Geuroblastoma (NB)

< 1.5 years

1.55 years

> 5 years
GNBI
GN

GNBn

Favourable histology (FH) Unfavourable histology (UH)

NPD or NDF with low or intermediat NUD or high MKI tumours

MKI

NDF with low MKI NUD or NPD or intermediate
or high MKI tumours

None All tumours

All tumours None

All tumours None

Depends on the neuroblastomatous component

In the pastthe criteria founiformdisease diagnosis and stagmgre thesurgcal/pathologial

International Neuroblastoma Staging System (INEX)3, 314] that was developed to

facilitate comparison of reta from different clinical and laboratory studies throughout the

world. Descriptionof different stages (Stagetd Stage4S) isshown inTablel. 7. Stagesl to

3 are localised tumourand are classified according to the extent of resectaalal

involvement,andlocal invasion.Stage 4is defined as distant metastasis or haematological

spread of the diseasgtage 4Ss associated with favourable outcome and is limitedfants

that undergo spontaneous regressandis characterized by tumour dissemination to skin,

liver and/or bone marroWwheINSSremains in use in numerous European and North American
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countrieq314] buthas certain limitationthat, particularlybecausesurgical approaees differ

acrossnstitutionsandthe INSS stage fotocoregional disease can vary significardaiypong

patients causingdifficulty in uniform diagnosisand compason of resultsfrom different

studieqg315].

Table 1.7: International Neuroblastoma Staging Syst@gNSS) Tabletaken fron{316].

Stage/Prognostic Group

Description

Stage 1

Localized tumour with complete gross excision, with or with
microscopic residualdisease; representative ipsilateral lymph ng

negative for tumour microscopically.

Stage 2A

Localized tumour with incomplete gross excision; representative ipsilg

lymph nodes negative for tumour microscopically.

Stage 2B

Localized tumour with owithout complete gross excision, with ipsilate
lymph nodes positive for tumour. Enlarged contralateral lymph nodes

be negative microscopically

Stage 3

Unresectable unilateral tumour infiltrating across the midline, witl
without regional lymph node involvement; or localized unilateral tum
with contralateral regional lymph node involvement; or midline tun
with bilateral extension by infiltration (unresectable) or by lymph n

involvement

Stage 4

Any primarytumourwith dissemination to distant lymph nodes, bone, b

marrow, liver, skin, and/or other organs, except as defined for stage

Stage 4s

Localized primary tumour, as defined for stage 1, 2A, or 2B,
dissemination limited to skin, liver, and/or bamarrow (limited to infantg

younger than 12 months
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In 2009, presurgical International Neuroblastoma Risk Group Staging System (INRGSS) was
proposed to uniformly define the extent of disease at diagnosis. The system was based on the
approach developed by an international consortium consistihgprth Amer ca ( Chi | dr e
Oncology Group), SIOPEN (International Society of Paediatric Oncology Neuroblastoma
Group), Germany, Japan, and Austrg§Ba7, 318] In contrast to the previous INSS, in the
proposedNRG staging system the extesftdisease will be determined ngiimaging studies

and morphology of bone marrow. The system uses radiological features to differentiate
locoregional tumours that do not involve local structures (INRGSS L1) to locally invasive
neuroblastoma tumours (INRGSS L2). INRGSS M andrbf€rsto tumours with evidence of

distant metastases or INSS 4S pattern of spread respe¢iiadlel. 8) [315, 316]

Table 1.8: International Neuroblastoma Risk Group Staging Syst&iRGSS). Tabladapter

from[316].

Stage Description

L1 Localized tumour not involving vital structures as defined by the li
imagedefined risk factors and confinedaoe body compartment

L2 Locoregional tumour with presence of one or more irrgafened risk
factors

L3 Distant metastatic disease (except stage.MS)

L4 Metastatic disease in children younger than 18 months with meta
confined to skin, liver, andf bone marrow

95



1.5.2 Recurrent genetic and cytogenetic changes in neuroblastoma

The first discovered genetic alteration in neuroblastonMYi€Noncogeneamplificationon
chromosome 2.(> 10 copies per diploid genomg19, 320] MYCN amplificationcan be
identifiedin around 20% of tumouysccounting for 50% of high risk cas@sd is associated
with advancedstageand aggressiveeuroblastomdg319]. MCYNis expressdin neural crest
cells, andt has been shown thaver-expression oMYCNIin the developing neural creist
able to induce tumour growth in transgenic mice and zebrafstiirming thefunctionalrole

of MYCN as oncogene in neuroblastontigvelopment[321, 322. Additionally, focal
amplificationof ALK, causingincreasd protein expression and kinase actiugyeportedn a
small number of patient®% - 3%). However, ALK amplificationis found to be mutually
exclusive with point mutatisof ALK [320], andalterations ilPALK are associated wittlismal
outcome especially amongtermediate and highsk patientd323]. Gain of chromosome 17q
is the most commogeneticabnormalityin neuroblastoma, which is detected in over 60% of
primarytumoursand often associated with other poor prognostic featigS€Namplification

or age > 15 yearg [324, 325] Although the specific set of genes that may have functional
oncogenic roles due to chrain is yet to beidentified, candidate genes includ®RC5
(baculoviral IAP repeat containing,5PMID (protein phosphatase, Mg2+/Mn2+ dependent
1D), NMEZ2 (NME/NM23 nucleoside diphosphate kinase)lthat become ovezxpressed

in asubset of tumourB26-328].

Deletion ofchromosome 1p can be identified in 25985% of tumourd315] and is also
associated with poor outconig29]. Deletion of chr 1lpcorrelats with MYCNamplification
and advanced disease stage (e.g., metastasis, age > 1.5329a1330] Multiple studieshave
reported loss of heterozygosity due to deletion of alleles from chromosome 1p is a strong

predictor of outcora[330, 331] While thegene or genes within chromosome 1p involved in
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the pathogenesis of neuroblastoanayet to be identified, candidate tumour suppressor genes
includechromatin modelle€EHD5 (chromodomain helicase DNA binding protei{532]and
CASZ]1(castor zinc finger J1[333]. Allelic loss of chromosome 11q can be identifie@5%-

45% of primary tumour$315]. Similar to 17q gain and 1p loss, chromosome 11q loss is
associated with advanced disease stage and poor oy@2®&34] Notably, 11qg deletion is
rarely associated witthMYCN amplification but is associated with advanced stage, older
patients,and unfavourable pathologlyurthermore, it has been shown that unbalanced loss of
chromosome 11q was independently prognostic for outcome in a multivariate afg9$is
Thus,loss of chromosme 119 definga subset of highisk patients within the neMYCNA

tumours.

Studies using comparative genome hybridization and SNP arrays have shown that patients with
numerical chromosomal aberratiortharacterized by segmental chromosome loss or gain
(SCA) are associated with poor outcome esmparedto tumours characterized lwhole
chromosomal gain or log%VCA) [335, 336] suggesting SCAmay be a strongredictorof

poor outcome in infants and ndhY CNAcase4316].

Tumour DNA content or ploidyhave also been shown to beredictor of outcome in
neuroblastoma patienta&neuploidy tumourscharacterised by multiple chromosomal gain
(hyperdiploid tumours with DNA index > 1havea more favourable outconmia comparison
to diploid tumours(DNA index =1) [337]. Tumour ploidy ha beenshown to be most
prognostic among infants and used for risk assessment and to tailor therapy ambiggHon

risk patientg338].
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It has been shown that neuroblastsnma contrasto many othercancershave relatively low
gene mutational burdeithe most mutatedyene iSALK which is reported in 8% to 10% of
tumours[339-342] . ALK mutation have been reported in all risk groups arehssociated
with dismal patient outcomi@43]. Mutatiors in the ATRXgene havéeen detected in around
3% of cases[342]. ATRX mutations occur in mutually exclusive manner whktYCN
amplification and are involved in telomere maintenance independent of telomerase, a
mechanism known as alternative lengthening of telome(a$d), which is normally
suppressed by witthpe ATRXin ALT negative tumourg344,345]. Additional gene mutations
that occurat low frequency(< 5%) include TIAM1 (3%) and genes involving ithe RAC-

RHO pathway[339], PTPN11(3%), MYCN (2%), NRAS(0.8%), TP53 and other genes
involved in Ras/MAPK signalling342]. Recent whole genome sequencing in neuroblastoma
reported gnomic arangements ahe TERTIlocus in a subset of higtisk neuroblastoma that
cause a massive upregulationTERT expression and activatioof telomerasg346, 347]
TERT rearrangement is reported to occur in a mutually exclutghion with MYCN
amplification andATRX deletion Furthermore, TERT rearrangementissociate with poor
outcome andare independent prognostic marker in a multi@deanalysis suggesting that
telomerase activated tumouase a distinct neuroblastoma subgroup with adverse outcome

[348].
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1.5.3 Clinical and molecular characterization and classification of neuroblastoma

Risk assessment and stratification depends combination okeveralclinical, pathologic
genetic,and cytogenetic factors that are used to predict clinical behaviour and respond to
treatment An improved understanding of underlying tumour biology and associated patient
outcome allowedtratification ofpatients into different risgroupsandsuccessfutailoring of

therapy Chi | drendés Oncol ogy Group risk stratific
tumour histopathologypNA index andMY CNstatus to assigpatientso one of the three risk

groups low-risk (> 95% survival) intermediateisk (>90% survival)and highrisk (40% -

50% survival) detailed features of each of the risk groups is giverainlel. 9 [316].

99



Table 1.9: Tabl e Chil drenbés Oncol ogy Grougble Neur ol
reproduced fron{316]. LR Lowrisk; IR T Intermediaterisk; HR 1 High-risk; DI i DNA

Index; FHT Favourable Histology; UH Unfavourable Histology.

Risk Group  Stage Age MYCN Ploidy Shimada
LR 1 Any Any Any Any
LR 2A/2B Any Not Amplified Any Any
HR 2A/2B Any Amplified Any Any
IR 3 < 547 Days Not Amplified  Any Any
IR 3 >=547Days Not Amplified Any FH
HR 3 Any Amplified Any Any
HR 3 >=547 Days Not Amplified Any UH
HR 4 < 365 Days Amplified Any Any
IR 4 < 365 Days Not Amplified Any Any
HR 4 365- < 547 Days Amplified Any Any
HR 4 365-< 547 Days Any DI=1 Any
HR 4 365- <547 Days Any Any UH
IR 4 365- <547 Days Not Amplified DI>1 FH
HR 4 >=547 Days Any Any Any
LR 4s < 365 Days Not Amplified DI>1 FH
IR 4s < 365 Days Not Amplified DI=1  Any
IR 4s < 365 Days Not Amplified Any UH
HR 4s < 365 Days Amplified Any Any
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This risk stratification successfully identds patient groups wittnighly disparateoutcomes
There exists controversy regarding the stratification especially at the extreme cénithe
spectrunwith respect to INSS disease stage andaadiagnosisOlder patients witimetastatic
stage 4are at high risk of deathn contrast, infants with localised tumowa® almost always
cured without cytotoxic therapilowever, it has been difficult to reach a consef@ugatients
between these extremekje to evolving nature of molecular diagnostics and relative m@afrity
caseq290]. In response to this, anternational consortiunconducted aollaborative study
comprising of 8800 patients with neuroblastoeraolled between 1990 2002to reach a
consensus preatment classification scherfdé49, 350] The new risk stratificatiorsystem
(detailed in Tablel. 10), based on the assessment of 13 prognostic faotstdted in 16
statistically significant risk group&.our broad main categories have been proposed in terms
of the patient survival: very low risk85% survival), low risk (> 75% to < 85%), intermediate
risk (>50 to < 75%) andighrisk (<50%), based othe analysis oage, INRG stage system,
DNA ploidy, histologic categoryMYCN status, chromosome 11q statdsgree of tumour

differentiation [350].
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Table 1.10: INRG consensus piteeatment classification schema. Table reproduced from

[316]. Ampi Amplification; GNi ganglioneuroma; GNB ganglioneuroblastoma; NA Not

amplified.

INRG Age

Stage (month)

L1/L2 -
L1 -
L2 <18

>=18
M <18

Histologic Tumour
Category Differentiation
GN maturing; GNB -
intermixed

Any, except GN -
maturing or GNB

intermixed

Any, except GN -
maturing or GNB

intermixed

GNB nodular; Differentiating

neuroblastoma

Poorly
differentiated or

undifferentiated

NA

Amp

NA

NA

NA

Amp

NA

MYCN Chr 11q Ploidy

Aberration
No -
Yes -
No -
Yes -
- Hyper
diploid

Pre-treatment

Risk Group

A. Very low

B. Very low

K. High

D. Low

G. Intermediate

E. Low

H. Intermediate

N. High

F. Low
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MS

<12 -

12/<18 -

<18 -

Amp

No

Yes

Diploid

Diploid

I. Intermediate
J. Intermediate
O. High

P. High

C. Very low

Q. High

R. High

Throughout the world, the most recent insights into the biology of neuroblastoma blastoma at

the molecular level have led to a better understanding of molecular pathways driving

tumorigenesis in neuroblastoma. This enabled a paradigm shift from standard clinical and

histological stratification to novel molecular based and biomarker driven clinical. trials

Treatment of neuroblastoma is tailored according to the risk of relapsgeatiibased on a

combination of clinical and genetic prognostic biomark&sd]. Patients with lowrisk disease

according to the Chilégrn 6 s

Oncol ogy

Group

( COG)

have ex

studies are evaluating whether subsets of these children may be cured with observation alone

(NCT02176967).In COG intermediateisk diseasea series of COG and legacy North

American cooperative groups Paediatric Oncology GroufPOG)and Chi

drenods

Group (CCG) studies have established that these patients also have excellent outcomes with

surgery and moderatiose chemotherag®51]. Later studies POG 924352], COG A3961

[338] and COG ANBL0531353] demonstrated that therapy reduction approaches maintain

excellent outcome for these interediate risk patigs. As for COG highrisk patients,

successivegandomized COG (CCG 3891, COG A3973, and ANBLO53®h increasingly
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intensive, multimodality treatments have led to new standards of care and improved survival

[351, 354358]

1.6  Personalized medicine

Personalised, precision, FRersonalised, Predictive, Preventive, Participatory) or stratified
medicire is generally undrstood as medical approach for stratifying patients based on their
genetic makeup, risk, prognosis or treatment response todaitgertherapeswith the best

response anshfety to ensure better patient d@®9, 360] While thereis nomedicaluniversal
acceptedefinition, the European Union Health Ministers defined personalised medicine in

their Council conclusions on personalised medicine for patients in December 2G5 as

medi cal model wusing characterization of indi
profiling, medical imaging, lifestyle data) for tailoring the right therapeutategy for the

right person at the right time, and/or to determine the predisposition to disease and/or to deliver

ti mely and t a[Bal]ePteerds opnrael viesnetdi omeodi ci ne ai ms t G
with the right dose atthei ght t i me t ¢362. haffersa pgrédigm ghidt frame nt 6
traditional (OneSizeFits-All) cancer treatment approath more spcific and less toxic
therapieghrough a better understandinggenetic, epigenetigproteomic profilesnd cinical
informationofaper sonés wunique genomic makeup under |

more responsiveo specific treatmen{863].

Personalised mdicineis anexpandingield in medicineas it provides many advantages over
the traditionalapproach includingl) It facilitatesearlier cancer diagnosierough the use of
molecular biomarkerto allow detection of early genetic and epigenetic events in cancer
development, 2jeduction of adverskealtheffects of cancer therapidisroughthe selection

of optimal cancer therapy dnreducing the negative consequenced trail-anderror
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approacks 3) more effective cancer treatment through tailoring cancer treatment to patient
characteristics, e.g., genetic profiles, stharter clinicaltrial design by selection of likely
responders to treatment, Bduce financial and time expenditure as a consequenc

optimisedand effectiveuse of cancer therapies

A key part of enabling personalised medicine is the development of targeted therapies directed
against genetic/epigenetic changes that are cancer spEoifiexample|matinib Mesylateis

a molecularly targeted theragpmmonly used for chronic myelogenous leukaemia (CML)
patientswho present with thBCRABL oncogenic fusion proteinmatinib acts as a selective
inhibitor of ABL and its derivative BCRABL tyrosine kinase protejpreviauslyc al | ed &6 magi
b u |l &sattevolutionized the treatment of CML in 20J864]. The drug works bypinding to

amino acids of ATP binding site at tB&€RABL tyrosinekinase andtabilises the norATP-

binding BCRABL (inactive form), thereby preventing tyrosine autophosphorylation and
activation of the kinaseThe process results imactivation of the downstream signalling
pathway that promosadiseaseprogressionin CML [365]. While the use to imatinib proved
effective tothe largemgority of CML patientsparticularly in the chronic phasa substantial
proportion of patients in the advanced disease pdraseninority of chronic phagmtientshad

initial refractory disease or developed drug resistapger timeleading torelapse[366].
Although there can be multiple mechanisofigesistance, the most common is attributed to
point mutatios in theBCRABL kinase domain thakduceimatinib or stabilisethe BCRABL
conformation leading to redusd affinity for imatinib [366, 367] Therefore, molecular
characterisation of CML patients resistant to treatment at the genetic or epigemttale

the potential tallow for the optimal use of imatinib through stratification of patients
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HER2 (human epidermal growth factor receptor typeg2heamplification is observed in
around 20% of invasive breast cancer and associated with aggressive phenotype and poor
prognosis[368]. The HER2 gene encodea transmenbrane tyrosine kinase receptor that
stimulates growth factor signalling pathwaysich as PI3KAKT-mTOR-pathway [369].
Herceptin (trastuzumad3 a monoclonal antibody therajpgainstcell surface kinase receptor
HER2 It exers an antirtumour effectselectivelyin HER2overexpressing breastancerby
binding to extracellular domain diER2, leading to downregulaiin of HER2expressiof370].
While Herceptin proves to be extremely useful drug argldignificant clinical benefiamong
breast cancer patients with amplifld@ER2gene many patients with metasi@cancerdo not
respond to treatment or suffer disease recurrébnoe. of the most commamechanism®f
treatment resistancagainstHER2 kinaseis through oncogenic activatingl3K mutations
causing persistent activation of PIRKT-mTOR pathway[371], thus highlighting the
importance of identification of specific sistancemechanisms tgrovide rationak for the

development of noveiER2targeted therapies
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1.6.1 Oncogene and noroncogendlisease dependency

Despite the multitude of genetic and epigenetic changes found across tisevenad,tumours
likely depend orfew selected alterations that resulthe continuous activation of oncogenic
signalling for survival floncogenealependendaddictiord) [372]. Thisled to the development
of several cancer therapi@gat inhibitkey activated oncogeisen tumouss which can cause
significant antitumour activity with minimal toxicity to normal cell&or examplemouse
modebk with inducible MYC expressionhave shown thamultiple MYGdriven cances
(lymphomas and osteosarcomas) can be reversed Mp@hsignal withdrawal [373, 374]
Similarly, oncogene addion toBCRABL andKRAShas been demonstrated lieukaemia and
colorectal cancemwhereoncogenenhibition results in the reveabof transformed phenotype
[375, 376] The subset of oncogenes whose inhibition resuit tumour cell death,
differentiation, growth arrest and senesceai@of great clinical importancand reviewed in
[377]. This strategy forinhibition of key oncogenghas proven successful in multiple cancer
that includesHER2(trastuzumab/Hercepiifi378], BCRABL (imatinib/Gleeve[379], EGFR

(gefitinib/Iressa, erlotinib/Tarcey#380].

However,while in many instancesarcertreatment resudtin theremission of tumour growth,
re-appearance of drugesistant clones frequentfpllows initial remission Furthermore, in
addition tocomplicationsdueto drug resistancestrategies to target oncogenes can only be
applied to a limited number of casér example, targeting nekinase oncogenes such as
RASandMYC has proven more difficult and challenging to identify compounds for effective
inhibition of these oncogenef377, 381] In contrast to oncogeneseintraduction, or
restoration ofoss of tumour suppressor gerees result in tumouregressiondemonstrated

in mouse by reactivation of P53 [382, 383] However, pharmacologicallyit is often

challenging and difficult to identify small moleculés that can reversss offunctional
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tumour suppressor gends potential way to overcome this limitation is not to focus only on
oncogenes which cancer cells depend on, but to idergpggritiencies, specific to tumours, on

genes that are not themselves oncogi38s).

Incontrast o fioncogene addi ct i thednstitutive activities ofevide e n
variety of genes and pathwayshich may notbe inherentlyoncogenicthemselves buare
essentiato supporbncogenic phenotyg@non-oncogenalependendaddictiord) [384]. Nor-
oncoger dependencygenes and pathways providmportant drug targes that may be

syntheti@ally lethal with theunderlying tumour genotype.

The tumorigenic state

Altered Aneuploidy Immune

Restructured  Altered survival Hypoxic Altered Genomic

¢ : proliferation r and copy system
stroma signals environment metabolism signals instability Simber varation aNasion
Dependence Dependence Dependence Glucose T RS : Novel
on heterotypic on prosurvival on angio- dependence 0:;?:;':8 DN»:t?:sn;age h:t':g;f Prc:;ter:;:xuc epitope
signaling signals genesis TCA inhibition display

— "", Lo Js

v - AT L4 2

Stromal Alternative
Pro-survival Angiogenic Stress Stress Stress Stress Immune
signaling =4 pa(hways_‘ pathways_‘ metabolic — support support support suppon_' suppressnon_‘

pathways pathways

Tumor cell lethality

Figure 1.24: non-oncogenalependencin cancer.Tumorigenic state could result &variety

of alterations causing extrinsic and intrinsic cellular streEhese alterations pose multiple
dependencies and vulnerabilities that could be lethal to carteess support pathways
through noroncogenedependencyhelp suppress this lethalityftherapeutic approach that
target and interfere with function of these multitude stress support could display tumour cell

lethality [377].
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Non-oncogenalependencynay fall into twogeneral categoridstumour intrinsic and tumour
extrinsic While intrinsic noroncog@e dependencygenes generally support tumour cell in
autonomous manneextrinsic genes function in stromal and vascular cells to provide
heterotypic support for cancer ce]&77]. The key advantageof targeting thesgenes and
pathwayss that tumour cells generally experience numerous cellular strasseEsnpared to
normal cells(Figure 1. 24, reviewed in detai[377, 384) and are therefore more likely to
depend on stress support pathways for surviMaére may be two approacheseixploiting

this dependencyn targeing tumour stress support pathways to selectively kill cancer cells.
The first approacl{stress sensitizatiorgims to diminish the activity of the stress support
pathwayssuch that cancer cells can no longer cope with the native cellular, stgingin
either loss of proliferation or apoptasiscrosisinduction. For exampletumour cells often
exhibit metabolic stresgue to cell intrinsic properties and tumaeunicroenvironmentTumour
cells rewire their metabolic processto promote cell growth, survival and proliferation
throughincreased glucose uptakad preferential metakisin of glycolysisto produce lactate
even in presence of oxygamd fully functioning mitochondriéThe Warburg Effect]385].
Multiple studies aimed at disrupting the glycolytic/biosynthetic pathweyjudinginhibition

of ATP citrate lyaseRNAI gene knockdown of lactate dehydrogenase, and inhibition of acetyl
CoA carboxylase and fatty i@csynthaseall leads tosubstantial reductiom tumour growth
[386, 387] suggesting thahetherapeutic approaatf targetng key metabolienzymes could
effectively atenuate cancer cell proliferatiohhe second approadktress overloaddims to
enhance the existing oncogenic stress to overwhelm tumour stress supporting system, leading
to tumourgrowth arrest or apoptodi877]. Forexample, tumouoftenshow increased level of
intrinsic reactive oxygen species (ROS88], due tomultiple factors including reperfusion
dueto hypoxic tumour microenvironmer889] or RAS oncogenénduced senescence can

stimulae ROS productiorf390]. ROS cause significant cellular streksading tooxidative
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damage to DNAproteins,or other cellular componentSiress supporting systerm cancer

can partially alleviate this stress through down regulation of functional mitochondria and
metabolism of glycose (glycolysi$389]. Therapeutic agents that enhance ROS production
weresuggested to cause stress overload in cancer celts aadsecancer celgrowtharrest.

In support to thisit has been shown that dichloroacetatehich inhibits pyruvate
dehydrogenase kinase and stimulatesochondrial oxidative phosphorylatioand ROS
production, induceapoptosis specifically in cancer but not in normal ¢8d]. Several other
pathways that are disrupted frequently in cancer may also be similarly targetable 1Figure

[377, 384).
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1.6.2 Synthetic L ethality

The term fAisynthetic | ethalityo was coined by
Drosophilamelanogasterwhen certain paiwise combinations of neallelic mutant genes
became lethal while theautantgeneson their own had little ono effect onviability [392].
Synthetic lethality occurs when combined perturbation in two or more genes leads to lethality
while perturbation of any of the single genes is compatible with vial§Hityure 1. 25 [393

396]). The concept of synthetic lethality has attracted many geneticists as it provides functional
relationship among genes that are required for normal development or genetic disease initiation
including cancerldentification of synthetic lethal genes is ondlgd most promising avenues

for development of targeted nooxic cancetherapies. $nthetic lethabenes are only required

for growth/survival of cells in the presence of mutation or disruption of the other gene. If this
other mutation iscancerinitiating mutation targeting itsynthetic lethajene panershould

allow specific killing of cancer cells (which bear the mutation) while sparing normal tissues
from toxicity [395, 396] The recent success of Poly ABibose polymeras@g?ARP)inhibitors

in BRCAmutantovariancancer is the first clinicaxample okynthetic lethal therapy itancer
treatment397, 398] The basis for this finding is both PARP atwinour suppressor genes
BRCA1/BRCA2are essential components of efficient DNA red@®9, 400] BRCAland
BRCAZ2are importanfor DNA doublestrand breakepairusinghomologous recombination
[401], while PARP is key enzyme involved in base excision repair and facilitapesr of

DNA single strandbreaks[402, 403] BRCAlor BRCA2mutant tumours are intrinsically
sensitive to PARP inhitors inbothvitro tumour mode[397, 398]and in clinial trials [404].

Only mild side effects have been reported from PARP inhibitor treatment in clinicatiil

to the specificity of PARP inhibitors ®RCAdefective cancer cel[g04].
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Figure 1.25. Concept of synthetic lethalitg. Mutational loss or inhibition of either of Gene

A or B or overexpression of Gene Acempatible with cell surval. Mutation leading to
double mutatiorof Gene A and Gene @®) or pharmacological inhibitiorof gene B (c) in
mutated gene £c) or pharmacological inhibition of gene B in cells with overexpressed gene

A (d) results in synthietlethality (picture taken fronj395]).
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1.7  Hypothesis of study

For many cancer typesurvival rates remaipoor,and cancer remains a leading cause of death.
Furthermore, most currently used treatments are associated with high levels of toxicity for
normal tissues. This leads to significant levels of morbidity for patients during thanapy
significant longterm toxicities that substantially affect the quality of life and reduce life
expectancy. Overall, the high toxicity greatly impacts patient outcome for several reasons:

1) Limiting dose (due to toxicities in healthy tissue) prevents detakilling of cancer

cells, leading to relaps# the disease

2) Patients with additional emorbidities may be unsuitable for therapies which may have

otherwise been curative

3) While survival rates are very good for some cancer types, thetdwigity of the
curative therapy results in numerous lgegn health problems leading to reduced

quality of life and lower life expectancy.

Development of novel therapies which can specifically target cancer cells, while producing
limited or nonormal tissue toxicity, will be crucial to improving survival and lgagnm
outcome for cancer patientdentification ofcanceisubtypespecific vulnerability geng$SSV)

genes is one of the most promising avenues for development of targetakicaherapies.

SSV genes are only required for growth/survival of cells in the presence of mutation or
disruption of the other gene. If this other mutation is cancer inducing, targetirgMtgede
should allow specific killing of cancer cells (which bearsrhgation) while sparing normal
tissues from toxicity A key reason for this is the&8SV gene partners for cancer driving
mutation need not themselves be altered genetically, epigenetically, or even altered in
expression and thus a standard genome sequeaathprofiling approaches would be unlikely

to identify SSV partner lethal genes.
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Our group has recently developachovel bioinformatic pipelineshich utilises genome level
data (DNA methylation and gene expression) to identify SSV parteerin spedic genetic
subtypes of cancer. Two features of genamde methylation data provide a unique
opportunity to identify SV genes, when integrated with gene expression data. Firstly, several
thousand ceprdinated genomeide methylation occur across all g#ic subtypes and are
essentially consequences of ALL development. These methylation events clearly cannot be
detrimental to Bcell growth in general or the cells would not survive. Secondly, in addition to
these shared methylation changes, each gendtigpsuselects additional methylation changes
during clonal expansion as shown Figure 1. 26. However, if any of the genonrwide
methylation changes (from step 1Figurel1. 26) are specifically toxic for thgeneticsubtype

(i.e., are SSV genepartney, these will be strongly selected against during clonal expansion
(Step3in Figure 1. 26). As a result, methylation changes at th&S& genes will be absent in

that specific genetisubtype bupresent in all other subtypes (Step Figurel. 26).

A critical feature of focussing on the selected methylation changes, is that methylation at that
locus impacts only on the adjacent gene, as DNA methylation functions in cis. Thus, the gene
affected by the methylation change can readily be identjfied the adjacent gene). This is
unlike gene expression changes driven by teantisig factors (e.g., transcription factors or cell
signalling pathways). These generally involve altered expression of large numbers of genes
making it difficult to identifythe specific changes which are critical for the growth/survival of

the cancer cells.
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Thus, in our screewulnerabilitygenes will have the following properties:

1. Frequent hypermethylation in all subtypes other than the one in which it is SSV gene

partrer.

2. Low/absent methylation in the subtype where B8V gene partnetmportantly, not

all hypermethylated CpG islands result in suppression of gene expression, thus the

methylation analysis must be integrated with gene expression profiling to idéetify t

third property required:

3. Significant increased expression in subtype where i858/ gene partnerwith

low/absent expression in all other subtypes.

‘ Synthetic lethal gene
hypermethylated and inactivated

O No synthetic lethal genes
hypermethylated and inactivated

Step 2 Genetic
mutation/chromosomal
aberration occurs leading to
clonal expansion

Step 1 —Genome
wide epigenetic
disruption

Cells with hypermethylation of synthetic lethal
gene for the specific genetic initiating event
are lost from the population during clonal
expansion.

Cells without any synthetic lethal genes
inactivated are selected for and clonally expand.

Step 3 — Genetic subtype
specific methylation
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Figure 1.26: Generation otancersubtype specifiwulnerabilitygenes. Step Lo-ordinated
methylation of thousands of promoters associated CpG iskaseen in essentially all ALL

cases. Step 2: Initial genetic lesion drives clonal expansion of epigenetically disrupted cells.
Step 3: The result is a natal fiexperimend in which all genes affected at step 1 atested

for subtype specific lethality i.e., cells in which a SSV gene for the specific genetic initiating
mutation is methylated and inactivated will be lost during clonal expansion (red eii),

cells with no SSV genes methylated/inactivated will clonally exguosequently we can
identify SSV genes based on their unusual methylation patterns (i.e., high methylation in all
other subtypes, but very low methylation in the specific gendityge for which the gene is
specifically lethal). For illustrative purposes gencmigle and subtypepecific methylation
changes (driven by the initiating genetic event) are shown as occurring sequentially. They may
occur simultaneously, during the initigtages of clonal expansion driven by the subtype
specific defining mutation, but this would not alter the hypothesis as hypermethylation of SSV
genes would still be selected against only in the genetic subtype in which they are specifically

lethal.
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1.8

1.8.1

1.8.2

1.8.3

1.8.4

Aims of study

The Fmawedimigteuse knowledge about the mechanisms which @iNa
methylation changes in cancer cetiadto better understand the complexity of cancer
associated methylation patterns and utilise tmslerstanding to identify novel
therapeutic.

To integrate genome level data to identify candidate Subtype Specific Vulnerability
(SSV) genes as potential new therapeutic targets in cancer

To demonstrate the applicability of the approach feritlentification of SSV across
multiple cancer types.

To utilise understanding of the underlying causes of all specific DNA methylation
changes (methylation mapping) to allow identification of true cancer associated

methylation changes
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2 MATERIALS AND METHODS
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21 Reagents used
2.1.1 Tris-HCL (pH 1 6.8)
1) Weigh 1219 of Tris base in 800mL of water

2) Adjust pH to 6.8vith HCL andmake up the volume to 1000mL

2.1.2 SDSlysis buffer (90mL)
Tris-HCL (pH 6.8)i 12.5
SDST 2g
Glyceroli 10mL

Wateri 67.5mL

2.1.3 SDS loading buffer (20mL)
Tris-HCL (pH 6.8)1 2.5mL
SDS- 0.4g
b-mercaptoethanel 1mL
Glyceroli 2mL
Bromophenol blue (0.1%) 1mL

Distilled wateri 13.5mL

2.1.4 Running buffer (10X)
1. Weigh 144g of Glycine and 30g of Tris base into 1L beaker
2. Add 10g of SDS
3. Add 800mL of distilled water and dissolve the SDS completely using magnetic stirrer
and a flea

4. Once dissolve make up the volume to 1L
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215

2.1.6

2.1.7

218

5. Running buffer is tive used to at 1X concentration, thus use the 10X buffer in 1 in

10 with distilled water

Transfer buffer (10X)

1. Weigh 30g of Tris base into 1L of beaker

2. Add 141 of Glycine and dissolve in 1L of distilled water

3. Transfer buffer to be used BX, thus use 100mL of 10X, add 200mL of methanol

and make up the volume to 1L with distilled water

TBS (10X)

1. Weigh 249 of Tris base and 80g of NaCl into 1L beaker
2. Add 800mL of distilled water and dissolve completely
3. Adjust the pH with HCL to 7.6

4. Make up the volume to 1L with distilled water

TBS/Tween (1X)
1. Into 900mL of distilled water add 100mL of 10X TBS

2. Add 1mL of tween20 and mix ygorous shaking

Blocking solution (Skimmed milk)
1. Weigh 2.5g of skimmed milk into 50mL tube

2. Add 50mL of 1X TBS/Tween and mike by vigorous shaking.
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2.2 Mammalian cell culture

2.2.1 Medulloblastoma cell lines

Medulloblasbma cell lines used in the studsere two cell lines (DAOY and UW228lerived
from the SHH subtype antivo cell lines (MED8A andD283) derived from the Group 3
subtype All the cell lines were cultured iDulbecco's Modified Eagle MediugfDMEM)
D5796(Sigma Aldrich-UK), supplemented witth% Sigma G7513 glutamine and 106&tal
calf serum (FCS)yand 1% Penstrep(GibcoU K, 5.000 wu/ ml penicil |
streptomycin) at 37°C and 5% CA2A0Y and UW228 have an estimated doubling time 24
36 hours and therefore were passeee times in a weeo avoid full confluencyHowever,
MEDS8A and D283 has an estimated doubling time o#86hours and around 52 hours
respectively andveretherefoe passedwo times in a weeli-or long term storage cells were
allowed to growuntil full confluency was achievedells were then harvestecentrifuged,
and resuspended in freezing media (10% DMSO and §88th media) 1mL of cell
suspension was thetiquotd into cryogenic vialg1.5mL). Cells were immediatekeptat -

80°C overnight beforéeing transferred intliquid nitrogen for long term storage.
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2.2.2 Neuroblastoma cell lines

Neuroblastoma cell lines used in the study were three cell liNg#3-832, NGP andGR-N-
91), which were known to exhibMYCNamplification andhree cell lines (GIMENSK-N-
AS & SH-SY-5Y) known to lack amplification oMYCN All the cell lines were cultured in
RPMI medium 164@Sigma Aldrich-UK), supplemented with 109%etal calf serum (FCS)
and 1%PenstredGibcoUK, 5. 000 wu/ml penicillin and

5% CO2 All cell lines were typically passed three times in a week
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2.2.3 siRNA transfection

SRNA is 217 23 nucleotides long that can be used to achieve transient interference with the
expression ofa target gend405]. However, the efficiency of targeting a gene is largely
dependent upon the degree of complementarity between siRNthetadget RNA sequence.

All seven siRNAsfor medulloblastoma SHEubgroupSSV candidatesATOH1, FOXS1,
CPLX1, CRIR, PNPLA2, GPR6&Nd SPHKJ) and control nonsilencing siRNA were
obtained from Horizon DiscoveryAll six siRNAs of neuroblastomasubgroup 3SSV
candidates AKT, POLR3H, FASN, RPS2, EER2ad EEF1D) for a robotic, hgh/medium
throughput approach was availabteéhe University high throughput facilibadditionally, two
SsiRNAs RPS15andRPS2 were obtained from Dharmacaohll the siRNAs used in the study

contains a pool of-3 unique siRNA duplexes

All cell lines (medulloblastoma and neuroblastom&re transfectetyy utilising the
TransIT-X2 Transfection Reagent (Geneflow Limited, UK). The cells were pldied
triplicates) at 96well plates 24 hour prior to transfecti@ an appropriate concentration
described in the result sectnCells were transfecteds per manufacturer's instructions
Briefly, cells were platedn a total volume oB2ul. Serum free mediun{9ul, OpttMEM,
Thermd-isher scientifi¢ and0.25ul of the SIRNA (20uM stock)were mixed to make a final
siRNA concentratiorof 50nM per well To this mixtured.3ul of TransIFX2 reagentvas added
for TransIT-X2:siRNA complexformation The complex mixture was then incubated for 15
30 minutes to allow sufficient time for complex formatidrhen,the reagent:siRNA complex
mixture was addedto the cells andncubatel at 37C for 2-3 days depending on further

experiments such as cell proliferation assay or apoptosis assay.
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2.24 RNA extraction and cDNA synthesis

RNA was extracted from cells 48 hours ptiansfectionusing a Total RNA Purification Kit
(Norgen Biotek Corp., Canada) Brefyacellswereg t o t
trypsinizedand resuspended in 100uL of culture meds®0LL of Buffer RL (providedin the

kit) and200pL of 90100% ethanolvas addeédndmixedby vertexingfor 10 secondsAll the

cell lysate(650uL) was added to the RNA binding column and wesstrifugel at 6000rpm for

one minute The column waghen washedthree times with400uL of WashSolution A

(providedin the kit)and centrifugdor one minutdor eachwashng. RNA was then elutetly

adding50pL of Elution solutiomA (providedin the kit)and centrifugtionat 2000 rpm for two

minutes andollowed by centrifuge at 14000 rpm for one minufbe extracted RNAvas

stored at2(°C (for use in the following days) or é80°C if long term storage was required.

The purified RNA was quantified using tiNanodrop NB1000 spectrphotometer
(Nanodrop, Delawar&)SA). About2jug of RNA was usetbr cDNA synthesisisingtheHigh-
Capacity cDNA Reverse Transcription Kit (Applied Biosystems, UK) according to the
manuf act ur €Tabiel. 1)plouh bfanasbel mix and 1Quof RNA (total volume
made up with RNAse free watdrconcentration was higher than 200ngJpkas added ta
0.1mL thinwalled PCRtubefor a total of 20jL reaction The mixture was thelbaded onto
thermal cyclerusing aprogramof 25°C (10 minutes), 3C (120minutes), 83C (5 minutes)
and lastly 4C (5 minutes)Samples with no reverse transcriptase (RT) were also included in

the reactiorto act as a control in subsequent PCR
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Table 2.1: Calculation of master mixTable obtained frorf406].

Component Volume
10X RT Buffer 2.0uL
25X DNTP Mix (100mM) 0.8 pL
10X RT Random Primers 2.0 L
MultiScribe Reverse Transcriptase 1.0 yuL
Nucleasefree HO 4.2 uL
Total per reaction 10.0 pL

2.25 Quantitative RT-PCR (QRT-PCR)

Quantitativéreattime PCRIis a Polymerase Chain Reaction (P@R¥ed technique thallows
much more precisguantification than standard epdint PCR[407]. This isachieved as the
PCR product igstimated agvery cycle of amplificatiorQuantification can be achieved using
a probe specific for the PCR product or through using the fluorescent dyes Sy@R&reen
that bind specifically to double stranded DNRAIuorescent signahtensityis calculatedfor

eachamplification cyclethatcorrespondto the concentration of the PCR product DNA.

For this project qPCR was carried out usstgining with SYBR greerSample were tested

in triplicate in a 384well plate. Each 10ul sample was made from: 0.5ul primers mix (Eurofins
Genomics, Luxembourg) at 300ng/ul, 0.5ul cDNA, 4ul nuclefase water and 5ul Platinum
SYBR Green gPCR SuperMiMDG with ROX (Invitrogen, UK). A weer control, and no RT
controls were included. The samples were run on a QuantStudio 7 FlekiRedPCR system
and using QuantStudio Redlime PCR software v1.2 (both Applied Biosystenid)e results

of gPCRwere used to deriveexpression level of diffent genesand housekeepingyene
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GAPDHwas used as referenderimer sequence used for running the ¢ROR as listed in

Table2. 2

Table 2.2: Primers used for thguantitation of expression byP@R and their sequence

Primer Sequenec®&® (50
ATOHI1RT-FW TCTCGACTTTCGAGGAMGC (20)

ATOH1RT-RV  ACCGAGGCGAAGTTTTQCTG (20)

FOXSIRT-FW CCAACTGACCACAAGGAAC (19)

FOXS1RT-RV  GTGAGGCTGCCTTTACTCA (19)

CPLX1RT-FW TGATGAAGCAGGCTCTAGG (19)

CPLX1RT-RV  CTCCATCTTGGCGTACTG (19)

CRIP2RT-FW  CTGCGGGAAGACACTGAC (18)

CRIP2RT-RV CACCGGTGTTCACTCCQT (19)

PNPLA2RT-FW AACGCCACGCACATCTACG (19)

PNPLA2RT-RV CGGGCCTCTTTAGATACGCTC (20)

SPHK1RT-FW CACGCTGATGCTCACTRGC (20)

SPHK1RT-RV  CGTTCACCACCTCGTG@TC (20)

GAPDHRT-FW TCAACGGATTTGGTCGTATTGG(22)

GAPDHRT-RV ATTTGCCATGGGTGGAATCATAT(23)
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2.26 MTT Cell proliferation assay

Cellular proliferation of both medulloblastoma and neuroblastoma cell \wees assessed
using the 3-(4,5dimethylthiazoi2-yl)-2,5-diphenyltetrazolium bromid€gtetrazolium dye
MTT) assayThe MTT assay is a colorimetric assay for measuringileginetabolic activity
based on theeduction of a tetrazolium component (MTT) into an insolyilgple formazan
product by theNADPH-dependent cellular oxidoreductase enzymesiuced bythe viable
cells A solution ofa detergentsodium dodecyl sulphate (SQSljlutedin hydrochloric acid
is added to dissolve the insoluble formazan prodiee absorbance of this coled solution
is directly proportional to the number of viable cedlsd can be quantified by measuring

emissionat specificwavelengtls (usually between 500 and 600 nm) by a spectrophotometer.

After siRNA transfectiorand incubateat 37C (usually for three daygost transfectioy 5ul
of 5% MTT (Sigma, UK) in phosphate buffer saline was addegachwell andincubated at
37°C for 3 hourscovered in aluminium foilAfter 3 hours 100ul of 10% SDS wasaddedand
incubated again &7°C covered in aluminium foilReadingsveretaken on the following day
using FLOUstar Omega (BMG LABTECH) plate reader (OD 570re results were used
to assess the effect of siRNA transfection on cell proliferafod readings from cells

transfected witmontarget siRNAwas used as reference.
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2.27 Assessment ofpoptosis

Apoptosisinduction following siRNA transfectionwasassessedsing the Caspag8lo 3/7
Assay SystemPromega UK). Caspases are crucial mars of programmed cell death
(apoptosis)Among them Caspase8 and 7are frequently activated proteasessponsible for
executing cell deatlfapoptosis)with distinct functiors. Caspase 3 is required for efficient
execution of apoptosis ané€pase 7 is required for apoptotic cell detachiid@&]. The assay
kit provides a proluminescent caspas¥#¥7/ Z-DEVD-aminoluciferin substrag and a
thermostable luciferageagenbptimized for caspas&/’7 activity, luciferase activity and cell
lysis. Adding the reagent to cells result in cell lysis, followed &gpase cleave of the substrate,
releasing theamincluciferin substra#, which gets oxidised by the luciferase enzyme
generating luminescent sign@fFigure 2. 1). The luminescent signal is proportional to

caspase3/7 activity (level of apoptosis)d is mesured as the Relative Light Unit (RLU)

The assay was carried o uprotoeocAfter siRNA tragsfettion t he n
and incubation at 3T (usually two days post transfectipdDOuL of theCaspaséslo 3/7
reagen{(provided in the kitiwwas addedo each welbs well as into blank well. Plate was gently

mixed using a shaker at 3@D0rpm for 30 secondmd incubate at room temperature for 30

minutes. Luminescent readivgas taken using FLOUstar Omega (BMG LABTECH)he

results were used @ssess apoptosis inductioncells andreadings from cells transfected with

norttarget siRNAwas used as referendeeading from blank well were subtracted prior to

calculation.
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Figure 2.1: Schematic Diagram of the CaspaSé 3/7 Assay Figure taken fronj409].

2.28 Protein extraction and quantification

Cells were harvested 48 hours post transfection and treated with SDS lysis Baiffigres
were heated at 100 for 10 minutesn a heat bloclkand sonicated in ice (at 10 mA 10 seconds
on and off).Sonicated samples were spun at,080 rpm for 10minutes and supernatant

(protein) wascollected

Pierce BCA Protein Assay Kit (ThermoFisher scienfifigas used to estimate protein
concentratiomccor di ng t o ma n u Toagenerate & stabdard curve, B8AU Ct | C
concentratioaranging from O° 2000 pg/mLwereused.Briefly, 25uL of the BSA standards

and2uL of unknown proteins were loaded into 96 well plates in triplic&266uL of BCA

working reagent (provided with the kit) was loaded to eaethand incubateat 37C for 30
minutes.Absorbancevastakenusing theFLOUstar Omega (BMG LABTECH) plate reade

(OD at 56nM). Protein concentration was deduced using the equation derived from the

standard curve.
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2.29 SDSPAGE and western blot

The Laemmli method[410] was usedfor dectrophoretic separationf proteins.30ug of
proteins werereated with SDS loading dyédemmli buffe) and heated at 10@€ for 10
minutesto denature proteirend thedenatured proteingere separatedsing theMini-protein
precast genegBio-Rad UK). After electrophoresifSDSPAGE) the protens were then
transferred ontdolyvinyl difluoride transfer membras (mmunc Blot PDVF Membrang
Biorad, UK)as described byowbinet al.[411]. The transfer membrasgverefirst activated
with 100% methanol before transfer of the proteins was carriednoluthegel is then placed
in thefitransfer sandwiah(filter papergektransfermembranédilter paper), cushioned by pads
and pressed together by a suppord.gkiter pratein transfer, rembrans wereblocked in 5%
dried skimmed milk with 0.1% Tweetoprdvent ( TBST
specific bindingto primary or secondary antibodyiembrans werewashed three times with
TBST buffer for 10 minutes eaci hereafter,membranes weréncubated with primary
antibody overnight at 4C. Primary antibodies used: Rabbit a@iRIP2 (Novus biologicals
NBP2-59094, 1:1000) and rabbit as&iTOH1 (Novus biologicals NBP-#5693, 1:500). For
PNPLAZ membrane was blocked with 5% dried skimmed milk, 1% BSA in MBSnbrane
wasthen incubated with rabbit afINPLA2(Novus biologicals NB1131536SS, 1:1000) 1

hour at room temperature

After incubating membranesith respectivgprimary antibodiegheywerewashed agaithree
times with TBST buffer for 10 minuteandtheywere then probed with secondary antibody
(antirabbit IgG, HRPlinked antibody, Cell Signalling Technology, #707di) 1 hour at room
temperatureBlots were developed using SignalFireTM Plus ECL Reagent (Cell Signalling
Technology, 12630S) and ChemiDocTMWP imaging System (BiRad). Membranes were

then washedhree times witiTBST buffer for 10 minutegachbefore they were incubated
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with a loading control muse AntiU+tubulin (SigmaAldrich, T9026, 1:500Q)with secondary

antibodyandblotsdevelopedagain.

To quantify the reduction of protein following gene knockdown, blots were quantified using
ImageJ 1.53sThe results were used to assess the effect of SiRNA transfection on protein

expression and readings from cells transfected withtaget SIRNA was used as reference.

2.3  Bioinformatic s analyses

2.3.1 DNA methylation dataset

All genome wide DNA methylatiodataused in this study as derived fromthe Infinium
HumanMethylation 450K Beadchip arrayhe 450K arrayallows assessment of methylation
status in485,577potential methylation site@82,421 CpG sites, 3091 n@pG sites and 65
random SNPs The array providesapid andcost effective yet highly comparable DNA
methylation profiles generated using sequencing methods (avém@e95).The arraycovers
around99% of RefSeq genes withultiple probes per gene, 96% of CpG islands from the
UCSC databasand global average of 17.2 prolpes gene regiof#12]. The coverage on the

array includesCpG sites mapping to differemgeenomic regions such as promoter regions
(TSS200 and TSS1500 representing 200bp and 1500bp upstream of transcriptional start site
respectively)56 UT&Rx oM, gene body, 36 UTR, CpG islar
CpG island and Shelf\(and S) 2k flanking the Shore

The majority of methylation dataised inthis studywerepublicly available data sgtobtained

asraw unprocessed file ifi | D Afdrmdat These files represeiiie direct outpufrom the
methylation arrayas two-coloured signal intensities (redi unmethylatedand greeni
methylated)of eachprobe However, the study also includes processed files suchael B

Progenitor cell GSE4545% or MCL (EGAD0001000101p, obtaineckitherasbeta value( b )
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representing the methylation level of a CpG sitedable formator as methyation and
unmethylatiorscore corresponding signalintensities Details ofall the methylation datsets

source and number of samplesed in the study are listed in TaBle3
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Table 2.3: Methylation data set used in studgSE- Gene Expression Omnibus accession

numbersEGAT European Genomphenome Archive, TARGET herapeutically Applicable

Research To Generate Effective Treatments.

B-cell derived
Samples
Progenitor cell
Naive Bcell
MEM_NCS
MEM_CS
ALL

CLL

MCL

DLBC
PCNSL

Total

Medulloblastoma
Tumour data
Cerebellum

Total

Neuroblastoma
First cohort
Second cohort
Adrenal gland
Total

Source

GSE45459413]

EGADO00010000254414]
EGADO00010000254414]
EGADO00010000254414]

GSE49031 anGSE69229415, 416]
EGADO00010000254414] and inhouse data se!
EGADO0001000101417]
GSE37362andTCGA-DLBC [418, 419]
GSE9267420]

Source
GSEB85214276]

In-house data set

Source
GSE54719GSE73515GSE120650421-423]
TARGET[424]

TARGET[424]

No. of Samples

22

517
187
86

95
995

No. of Samples
763

18

781

No. of Samples
198

223

10

431

Data Type

Processes file

Raw data

Raw data

Raw data

Raw data

Raw data
Processedile
Processed and Ratata
Processed file

Data Type
Raw data

Processefile

Data Type
Rawdata
Raw data

Raw data
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2.3.1.1Methylation data cleaning and processig

For methylation arraydata obtained as raw data (idat format),array quality checg
normalisation and processingwgree r f or med wusi ng t4R5tofiterpubc kage
poorly performing probes that may has@nfounding effegon downstream analyses. Briefly,
array background fluorescent signal bias <co
exponential oubf-b a n [d26]pprobes that had detectigmvalue > 0.01 in 50% of samples

were removed, croggactive probeft27] were also removed, as were probes from X and Y
chromosomes and, probes with proximal SNPs with a minor allele frequency of 5% or greater

and maximum distandgrom CpG to SNP) of 2basedle extracted t he met hy
value) for the remaining probes, whidciinge from 0 to 1, indicating orethylated and full
methylation status respectivelAs for methylation samples obtained ®thylation and
unmethylaéion signal intensities, thb-valuearec o mput ed as bHwhere NI/ ( M+ U+ |
methylation signal, W Un met hy | at i d n00¢récgmmarnded aynlldimindBatch

effect correction for the source of the materials was performed by usiregribgeBatchEffect

function of the limma package v521 [428]. The log2-transformed intensities ofhe

methylated and unmethylated signal were corrected individually.\Béias were calculated

from the retransformedignal intensitiesas described277]. For all samplesbatch effect

investigation and correction in ostudy/one result chagitwas performed together.

2.3.1.2Dimension reduction, unsupervisectlustering, and subgroup identification

We selected the 10,000 most variable probes by standard deviation for clustering and subgroup
identification. We calculated pairwisei st anc e maweighted Pearson comgelatioi
coefficientd using Oweightsodé6 R77p238Wethea (V. 1.
employed the resulig distance matrix to perforrthe tdistributed stochastic neighbour
embedding tSNE, v0.13).The following parameters were used to perfof8NE: theta = 0,

max_iter = 5000, perplexity = 30, pca = FALSE, is_distance = T. We performed consensus
clustering by randomly sampling 80% of dateappedback the result to the full dataset and

the process ®as repeated 256 times. At each iteration, dimension reduction to two and three
dimensions were calculated using tH&NE and for each dimension, between 2 and 10 clusters

were assigned usirtgek-means clusterinf278]. We then calculated the average modal score
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for cluster assignment for each combination of dimension and cluster as previously described
[429]. Additionally, we measured the average silhouette score forpteuttiusters (ranging
from 1-10) to select the optimal dimension and cluster for discrimination of robust molecular

subgroups.

2.3.1.3DNA methylation derived copy number estimation

DNA methylationderived copy number alterations were assessed using the conumee R
package (v.0.13). Probes on X and Y chromosomes were retained for assessment of copy
number alteration. Briefly, the combined intensities of both methylated and unmethylated
signals were normalised against a set of normal adrenal samples (H424]J0and probes

within predefined genomic domains were then combined resulting in a bin of minimum size of
bases and minimum number of probé&& selected default parameters, minimum size (50000
bases) and minimum number of probes (15 probes) for the analysis. Data generated using
conumee were then utilised to generate copy number variation heatmaps for each sample across
all chromosomes, as prieusly described278]. Chi-squared tests were used to test subgroup

specificity of copy number alteration
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2.3.2 Gene expression data Microarray and RNA -seq

2.3.2.1Data used for the study

ALL of the samples used in this study were publicly available datérabte 2. 4). The
majority of the samples werbtained as raw unprocesseddilei C HL f othatcantains
probe intensity data corresponding to the level of gene expressimAffymetrix GeneChip
The study also includeprocessed files such fas CLL (EGAD0001000025pcontaining the
level of expression for all thgenegpresent in the array in table file format. In additiorirte
microarray data set, the study also includes procemseédhormalisedRNA_seq data set for
neuroblastoma (TARGEata set Details of all thegene expressiodata setssource and

number of samples used in the study are listed in Tahld.
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Table 2.4: Gene expression data set used in stGyE- Gene Expression Omnibus accession
numbers, EGA European Genomphenome Archive, TARGET herapeutically Applicable

Research To Generate Effective Treatments.

B-cell derived

Samples Source No. of Samples Data Type
Progenitor cell GSE4546(4413] 31 Raw data
Naive Bcell GSE24759430] 5 Raw data
MEM_NCS GSE24759430] 5 Raw data
MEM_CS GSE24759430] 5 Raw data
MEMORY GSE24759430] 5 Raw data
ALL GSE13159431] 326 Raw data
CLL EGADO00010000252432] 143 Processef(ile
MCL GSE93291433] 122 Raw data
DLBC GSE1131§434] 203 Raw data
PCNSL GSE34771435] 34 Raw data
Total 879

Medulloblastoma
Tumour data GSEB85214276] 763 Processef(ile

Neuroblastoma

First cohort data GSE73517421] 105 Processed file
Second cohort data TARGET [424] 130 Processed file
Total 235
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2.3.2.2Gene expression @ta processing

For gene expressioarray obtained as radata (CELformat), normalisation and processing
wereperbr med wusi ng afyfopd36RAIlIghae @k fdeg ebtaified were generated
from the Affymetrix GeneChip arraysand werenormalised using the Robust Multichip
Average (RMA)method.Briefly, in the Affymetrix arrays, each generepresented by set

of 11-20 pairs of probes, and thus to obtain gene expression megsolas level intensities
were combined for each probe set to give a single intensity value corresponding to level of
gene expressiod he RMA method perform normadisonand expression calculatiom three
steps such as, 1) Background correctgiap removesto local arefacts and noise, 2)
Normalization tocorrect for array biases hiyormalising across all arrays atalensure that
distributionsacrosseachdata set arthe same, 3) Calculating Expressgiapcombinevalues
from probes in the probe set and give a single intensity value for each[4ifjeAll
differential gene expression for diffential methylation region (DMRs) associated genes were

assessed wusteshg studentds t

2.3.2.3Gene expression and methylation correlation study
Correlation between methylation status of cgl11625005 probe located withimER&
promoter and correspondinBERT gene expressioim neuroblastomavas assessed using

Spearmandés correlation method.

2.32.4 Genetic mutation profiling

Mutation data, derived from whole genome and whole exome sequenanegiroblastoma
was availabldor 130 samples in thEARGET databasgt38]. Mutation data was visualised
with an Oncoplot, drawn using maftools (v.2.4.05). Cluster specific enrichmeALkogene
mutation was assessed using -Ghuared test. Th€TN and MUC16 genes were excluded

from this analysis, as their large size resulta imgh frequency of passenger mutatiftg9].
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2.32.5Survival analysis

In neuroblastoma,usvival information was available fd@05 samples from the first cohort
[421] and 195 samples from the second cohort (TARGET datpp438]. We performed
progression free survival (PFS) analysis on samples using the Kdplanmethod. Survival
of subgroups was compared using-tagk testMultivariable analysis was performed with the

Cox-proportional Hazats model using IBM SPSS statistics 27 (IBM, NY, USA).

Statistical assessments of differences in cell growth and apoptosis were carried out using the
ANOVA (Analysis of Variancejn SPSS softwarewith p-values < 0.05 deemed statistically
significant unless otherwise stated, all the bioinformaind statistical tests were performed

using R (version 3.5.3).
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3 RESULTS- IDENTIFICATION OF SUBTYPE-
SPECIFIC VULNERABILITY GENES AS NOVEL
THERAPEUTIC TARGETS IN MULTIPLE
CANCER TYPES
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3.1 Introduction

As prootof-principal, prior to my PhD studiesuyr lab initiallyuseshe ETV6RUNX1subtype

of ALL as a model of study to identify SSV genas this is the largest group of ALL and
caused by single genetic event. The bioinformatic pipeline to identify candidatge3®¥ is
illustrated inFigure 3. 1 This analysis identifiedix candidate SV genes forthe ETV6
RUNX1 The analysis was thenxtended to all the subtypes of ALL under staaiyl performed
functional validation for two SV genes TUSC3for ETV6/RUNXIALL and FAT1for PBX1:
TCF3ALL) and demonstrated that targeting these genes (using siRNA) resulted in inhibition
of cell growth andnducedapoptosis only in cells bearing the respectetgkaemianducing
fusion geng440]. Cells not expressing the associated fusion gene were insensitive to the
expression of the identified genes, confirming that both genes were functiepadificin

cells carryingthe appropriatéeukaemiadriving mutation[440]. The bioinformatics pipeline

for identification of SSV geneandidatess illustrated inFigure3. 1
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Figure 3. 1: Flow diagram of the bioinformatics pipeline for identification of SSV gene
candidates. (1) All DMRs for a specific subtype of cancer under study are initially selected
using DMRcate. (2) The initial region is then furthanalysedto identify the maximally
divergent region (must contain at least 2 CpG sites). (3) This region is then tested in
comparison with all other subtypes of cancer under study and only regions that are divergent
from all other subtypes are retained as markefrpotential SSV genes. (4) Gene expression
data sets are used tmalysethe expression of the nearest gene from loci derived from step 3,

to identify those in which the reduced methylation is associated with stdpgpdic gene
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expression. Genes in vehi expression is exclusive to the subtype of interest are taken forward

as SSV candidates.

3.2  Differential methylation shared across all ALL subtypes also occurs in normal
proliferating cells and are independent ofdiseaseransformation

It has been shvan in mature Bcell neoplasm that many of the alteration in methylation that
were thought to be disease specific are also seen in the late stagelbfi®/elopment441,

442]. This suggests that such methylation changes malyaretated to diseas@ o determine

if this was similarly true for altered DNA methylation in ALL subtypes, we assessed 9,348
CpGs previouslyidentified as alteredcross all ALL subtype¢in comparison to CD19
positive Blymphocytes)415]. We extracted these CpG sites from naive and-slagshed
memory B cells methylation dat@btained from ICGC, study ID: EGAS001000272 to
determine if the differenceseen in ALLwere mirrored when comparing naivecBlls toclass
switchedmemory cell 8760/9348 (93%) CpG sites exhibit altered methylation in the same
direction as seen in ALL when comparing naivelassswitched memory B cellg(< 0.0001

fi sher 6sTaeleBald)t Wherersstricted to those CpG sites that exhibit large beta
change >0.1 (equivalent to >10% change in methylation) between naive anesulasked
memory Bcells the similarity to ALL is even more striking. 98% (7371/7518) of these CpG

sites altered in the same direction as seenin AlL.@.0001 Fi sher d6s E¥Mact t es
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Table 3.1: Comparison of methylatiochanges in ALL and normal&lls

A Methylation changes in ALL
Hypermethylated Hypomethylated

Methylation change in normal Hypermethylatec 8680 45

CS memory Beells Hypomethylated 543 80

B Methylation changes in ALL
Hypermethylated Hypomethylateg

Methylation change (>10%) in Hypermethylatec 7321 20

normal CS memory Bells Hypomethylated 127 50

A. 9348 CpG sites identified by Nordluetial.[415] as exhibiting altered methylation (beta

value change of >0.2) in al\LL-geneticsubtypegcompared with total CDXpositive cells)

Changes in the same direction as in ALL were observed in CS (class switched) Memory B cells

(compared with naive Bells) for 93.7% of CpG sites (p = 8x16,*Fisher Exact Test)B.

Analysis was restricted to CpG sites exhibiting large changes (beta value change of >0.1) in

CS memory cells (found in 7518/9348 CpG sites (80.4%)). Sites with such large changes were

evenmore likely to mirror changes seen in ALL (98% of CpG sites change in the same

direction, p = 2 x 10 ° 8Fisher Exact Test).
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This suggest that majority of the methylation changes seen ing\dt truly disease specific
as it also occwin normalmemoryB-cells Also, as these are shared between terminally
differentiated normal cells and ALL cells, which are arrested in eadglBdevelopment, it
further suggests that the alteration in DNA methylatismot directly linked to Bcell
differentiation.Insteadthe resits suggest that these methylation changes are likely related to
B-cell proliferation, independentf dransformation or differentiation status of thec@&ls.
Based on tese findings, we hypothesized théitany ofthesepassenger methylation changes
are associated with transcriptional repression of a featevas a SSV partner farcancer
causingmutation or genomic alterationthen this SSV gene partner could be identified by
retention of low methylatiorand that resited in continued expression only & particular
genetic or molecular cancer subtypdile acquiring methylation and reduction/no expression

in other genetic/molecular subtype described iRigure 1. 26.

Our hypothesis further predicts tmethylation patterns of the identified SSV genes should be
reflective of naive Beells in the subtype in which they are specifically lethal,(will have
retained the methylation patterns seen in normal cells that have not undergone extensive
proliferaion). In contrast, methylation patterns in all other ALL splets should mirror that

seen inclassswitched memory Rells (.e., normal cells that have undergone extensive
proliferation) Analysis of individual CpG sites across the &XV6RUNX1 candidags
confirmed that the methylatn patterns across these genesich that seen in the predicted
normal cell populationgTable 3. 2. This emphasises that the methylatipatterns at the
identified SS\Vgene candidates are reflective of normal statesdiBeasespecific event is not

the hypermethylation of these genes, butdtention of the noproliferative/nave cell pattern

in the genetisubtype in which the gene was identified as a SSV candidate.
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Table 3.2 : Comparisonof methylation levels in ALL subtypes and normal

types for ETVARUNX1 related SL genesi correlation coefficient.

TUSC3
Methylation
differenced Methylation levels in ALL subtypes and normal cell t§p
Other

subtypes  memCS ETVE Naive Other ALL

CpG sitesin  vs ETV6 cells vs RUNX1 cells subtypes memCS cells
DMR RUNX1 naive cells average average average average

cg14202099 -0.10 -0.18 0.90 0.79 0.80 0.61
€g19353006 0.03 0.01 0.92 0.84 0.95 0.85
€g16243756 0.33 0.21 0.16 0.25 0.49 0.46
€g18145877 0.28 0.28 0.09 0.07 0.36 0.34
cg03127174 0.35 0.25 0.11 0.13 0.45 0.39
cg03032098 0.49 0.41 0.11 0.13 0.60 0.54
€g26374823 0.15 0.11 0.07 0.16 0.22 0.27
cg07568779 0.14 0.04 0.02 0.14 0.17 0.08
€g13996963 0.16 0.15 0.04 0.09 0.19 0.24
cg12089439 0.26 0.17 0.15 0.23 0.41 0.40
Correlations r=0.97 r=0.99 r=0.97
DSC3

Methylation differences Methylation levels in ALL subtypes and normal tyglés

Other

subtypes  memCS ETV6 Naive Other ALL

CpG sitesin  vs ETV6 cells vs RUNX1 cells subtypes memCS cells
DMR RUNX1 naive cells average average average average

€g25769889 0.19 0.03 0.16 0.35 0.35 0.38
€g11814235 0.41 0.16 0.13 0.23 0.54 0.39
€g25970832 0.44 0.28 0.11 0.08 0.56 0.36
€g20029745 0.51 0.31 0.18 0.23 0.69 0.54
€g19967492 0.14 0.09 0.10 0.15 0.24 0.24
€g15439862 0.58 0.30 0.21 0.27 0.79 0.58
cg05987251 0.38 0.22 0.15 0.16 0.53 0.38
€g16492377 0.40 0.23 0.10 0.12 0.49 0.35
€g11722699 0.46 0.28 0.11 0.07 0.57 0.35
€g27648075 0.48 0.32 0.13 0.12 0.62 0.44
cg06263193 0.30 0.09 0.11 0.04 0.41 0.14
€g26861703 0.33 0.10 0.11 0.07 0.45 0.18
€g25789861 0.45 0.19 0.11 0.05 0.57 0.24
€g14631834 0.65 0.39 0.14 0.16 0.78 0.55
€g11832722 0.65 0.29 0.19 0.27 0.84 0.56
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cg03017520 0.45 0.23 0.15 0.17 0.61 0.40
€g26497348 0.36 0.12 0.13 0.30 0.49 0.42
€gl14534277 0.21 -0.08 0.47 0.67 0.68 0.59
Correlations r=0.88 r=0.89 r=0.79
DSC2

Methylation differences Methylation levels in ALL subtypes and normal cell tyf

Other

subtypes  memCS ETVE Naive Other ALL

CpG sitesin  vs ETV6 cellsvs RUNX1 cells subtypes memCS cells
DMR RUNX1 naive cells average average average average

€g22017726 0.37 0.14 0.06 0.08 0.43 0.22
cg06973234 0.23 0.18 0.08 0.10 0.32 0.29
€g27051931 0.41 0.33 0.14 0.06 0.55 0.39
cg00196671 0.43 0.22 0.13 0.12 0.56 0.34
cg00566759 0.27 0.22 0.09 0.10 0.37 0.32
€g13870990 0.45 0.19 0.26 0.30 0.70 0.49
€g05110943 0.54 0.25 0.22 0.32 0.76 0.57
€g05662655 -0.09 -0.18 0.81 0.77 0.73 0.60
€g23512701 -0.09 -0.06 0.96 0.88 0.87 0.82
€g24505073 -0.10 -0.07 0.93 0.82 0.82 0.75
Correlations r=0.91 r=0.99 r=0.93
IGFBP1

Methylation differences Methylation levels in ALL subtypes and normal cell tyf

Other

subtypes memCS ETV6 Naive Other ALL

CpG sitesin  vs ETV6 cells vs RUNX1 cells subtypes memCS cells
DMR RUNX1 naive cells average average average average

€g21616089 0.48 -0.17 0.22 0.78 0.70 0.61
€gl4484274 0.59 -0.18 0.21 0.82 0.79 0.64
€g01885832 0.53 -0.01 0.37 0.77 0.90 0.76
€g20966754 0.57 0.05 0.31 0.58 0.78 0.64
cg07075026 0.54 0.12 0.17 0.47 0.71 0.60
€g22947322 0.23 0.00 0.14 0.42 0.38 0.43
€g10950924 0.36 0.02 0.22 0.55 0.58 0.56
€g11673840 0.43 0.03 0.16 0.55 0.60 0.59
€g18128536 0.49 0.07 0.11 0.54 0.61 0.61
€g25220979 0.46 -0.06 0.16 0.59 0.62 0.53
Correlations r=0.12 r=0.54 r=0.94
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NOVA1l

Methylation differences

Methylation levels in ALL subtypes and normal cell tyf

Other

subtypes  memCS ETVE Naive Other ALL

CpG sitesin  vs ETV6 cells vs RUNX1 cells subtypes memCS cells
DMR RUNX1 naive cells average average average average

€g19534149 -0.04 -0.11 0.95 0.82 0.91 0.71
cg04850842 0.12 -0.37 0.26 0.68 0.38 0.31
€g23159678 -0.41 -0.40 0.91 0.80 0.50 0.40
€g19832521 0.51 0.26 0.14 0.20 0.65 0.46
cg07559273 0.41 0.23 0.11 0.06 0.52 0.29
€g20961943 0.29 0.14 0.11 0.15 0.40 0.29
€g18488855 0.32 0.22 0.09 0.13 0.41 0.35
€g15602241 0.34 0.23 0.09 0.10 0.44 0.32
€g20478129 0.55 0.45 0.11 0.06 0.66 0.51
€g18468511 0.32 0.25 0.10 0.10 0.42 0.35
€g02014003 0.42 0.23 0.10 0.19 0.52 0.42
cg07543626 0.54 0.35 0.10 0.08 0.64 0.43
€gl16791424 0.60 0.28 0.16 0.22 0.66 0.50
€g23502778 0.29 0.29 0.15 0.11 0.44 0.40
cg11146971 0.17 0.20 0.42 0.32 0.59 0.53
Correlations r=0.86 r=0.89 r=0.91
PTPRK

Methylation differences Methylation levels in ALL subtypes and normal cell tyf

Other

subtypes memCS ETV6 Naive Other ALL

CpG sitesin  vs ETV6 cells vs RUNX1 cells subtypes memCS cells
DMR RUNX1 naive cells average average average average

€g20639396 0.52 0.15 0.27 0.46 0.79 0.62
cg04791477 0.41 0.22 0.17 0.10 0.58 0.32
cg06726374 0.03 0.03 0.07 0.12 0.10 0.15
€g22466350 0.37 0.21 0.14 0.06 0.51 0.27
cg07927488 0.15 0.10 0.09 0.10 0.24 0.21
€g12148919 0.18 0.13 0.14 0.13 0.31 0.26
€g25328795 0.11 0.03 0.07 0.08 0.18 0.11
€g23365490 0.21 0.04 0.13 0.09 0.34 0.12
€g19033035 0.14 0.03 0.10 0.05 0.23 0.08
€g15381769 0.12 0.04 0.10 0.11 0.22 0.15
€g02214443 0.18 0.06 0.11 0.13 0.29 0.18
€g22179510 0.15 0.02 0.10 0.07 0.25 0.09
€g02010020 0.25 0.04 0.13 0.05 0.37 0.10
€g25012434 0.17 0.03 0.11 0.07 0.28 0.10
€g04023641 0.26 0.01 0.23 0.44 0.49 0.45
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Correlations r=0.72 r=0.84 r=0.85
*Differences in methylation beta values at individual CpG sites within the identified DMk
shown for comparison cETV6ERUNX1vs all other subgroups (grouped togethany for
comparison of the same CpG sites in naive B cells vs-sleisshed memory B cells
AAverage beta values are shown for individual CpG sites within the identified DMET {6
RUNX1ALL/Naive B cells and then for all other ALL subtypes/class@wihemory cells. This
showsvery high similarity of methylation patterns betwdehV6RUNX1ALL /Naive B cells
and between all other ALL subtypes/class switch memory cells at DMRs associatéd Wih

RUNX1specific SL genes
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3.3  Confirmation for previously identified candidate SSV in common genetic

subgroups of ALL

Bioinformatic analysewasrepeated using same pipeline anderiato ensure that | waable

to use the pipeline appropriately and could replicate previous resulgE TV6RUNX1as a

model of study Briefly, Subtype specific differentially methylatecgion (DMR) was
identified using DMRcatd443], DMRs were selected on the basis of average-\mdtee
difference across the full DMR exceeding,(hdving a false discovery rate (FDRyalue <
0.0001 This initial pass was performed by comparing the subtype of interest to all other
subtypes combined.rém these DMRs, welentified region of maximal changeithin the
selected those DMRi®cated within/overlapped a CpG islandy removing DMRs located
further than 20 kb from the transcriptional start site of a gsraescribe#40]. For this study,

we performed the analysistegrated with the wmouse pipeline, utilizing our owjd16] and
publicly available genomeide DNA methylation 450K array dafd15]. We identified six
candidate genas ETV6RUNX1that fulfilled all criteria as shown ihable3. 3 The identified

genes have not been extensively studied in their role in ALL and are likely to generate novel
therapeutic target genes. The expression data is obtained from publicly available MILE study
[431]. SSV genes for each of the other subtypes of ALL were also identified using the same
approach. The analysis waspeatedand the previous results were reprodudedall the
subtypes. Important finding to emphasize is the location of the DMR in the gene. Majority of
the identified DMRs were in the transcription start site of the associated genes. The details of
the genes, chromosome location and the distance of @MBRnscription start site are provided

in Table3. 3 Figure3. 2A shows an example of the identifie@®geneidentifiedin ETV6
RUNX1subtype of ALL Figuresfor all the SSV candidatgseviouslyidentifiedand replicated

in all the subtypes of ALL is shown [A440]. In addition to replicating all the previous results,
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we further perform visuesation ofdifferentially mehylated regions (DMRS) in thgenomic
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Figure 3.2: A) Methylation and gene expression patterns of an exang§l¥g&ne candidate
(DSC3)identifiedin the ETVERUNX1 subtype. Gene expression plot derived from Bloodspot
(http://servers.binf.ku.dk/bloodspot/). Benomic context aflentified DMRs in ETVM @UNX1

ALL. DMRs for the 6 candidate SL genes in the ERUBNX1 subtype are shown relative to
the associated gene. Each Figure illustrates the transcriptional start site of the gene, GC
content across the region and methylation levels (beta value) at all CpGrsitethe DMR

that are represented in the 45@fray data. Average methylation levels of ETRIBNX1 cases

are in pink and average methylation for all other ALL genetic subgyges blue. Methylation
across this region is low in the ETAFAUNX1 subtypéor all the candidatesut significantly
higher in all the other subtypeall the candidates identified in ETMWUNX1 subtype of ALL
have their differentially methylated regions located at the transcriptional start site or to the

CpG islands and havagh GC content >50%.
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Table 3.3: Confirmation ofprevious result for andidate SSV genes identified in ALL genetic

subtypes
ETV6-RUNX1
Gene symbol Chr Distance toTSS DMR start DRM end No. of CpG P-value
DSC3 Chrl8 0 28620915 28624074 19 <0.0001
PTPRK Chr6 0 128839906 128842405 15 <0.0001
NOVA1l Chri4 0 27065974 27069329 13 <0.0001
IGF2BP1 Chrl7 15177 47089952 47092272 10 <0.0001
DSC2 Chri8 0 28681121 28683794 10 <0.0001
TUSC3 Chr8 0 15397211 15398333 10 <0.0001
TCF3-PBX1
Gene symbol Chr Distance toTSS DMR start DRM end No. of CpG P-value
NLGN1 Chr3 0 173113110 173116248 25 <0.0001
FAT1 Chr4 0 187644620 187648358 25 <0.0001
UGT8 Chr4 0 115518992 115521241 14 <0.0001
WNT16 Chr7 0 120967900 120970606 14 <0.0001
TCERGIL Chri0 O 133109013 133111331 9 <0.0001
SPAG6 Chri0 O 22633916 22635028 14 <0.0001
DCHS2 Chr4 0 155410477 155413789 12 <0.0001
CHST6 Chrié O 75528459 75529892 7 <0.0001
PHACTRS3 Chr20 0 58151913 58152803 4 <0.0001
High hyper-diploidy
Gene symbol Chr Distance toTSS DMR start DRM end No. of CpG P-value
CADPS Chr3 0 62859289 62861925 16 <0.0001
PLVAP Chr19 0 17487776 17489311 8 <0.0001
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MLL/11023
Gene symbol
SKIDA1
ZC3H12C
BCR/ABL
Gene symbol
MIRLET7BHG

PDK4

Chr

Chr10

Chrl11l

Chr

Chr22

Chr7

Distance toTSS DMR start

1446

0

21802824

109962727

Distance toTSS DMR start

4750

0

46468422

95225520

DRM end

21805402

109964976

DRM end

46471442

95226433

No. of CpG
7

10

No. of CpG
7

11

P-value

<0.0001

<0.0001

P-value

<0.0001

<0.0001
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3.4 Identification of candidate SSV genes in Medulloblastoma

Similar alteratiors in DNA methylationasseen in ALL occur in all cancer typesjggesting
that the approach used above may be applicable to many canceftype®stigatethis, we
extenckd the analysis t@ nornthaematologicatancer, medulloblastomaccording to WHO
classification otumoursof central nervous systef#44] and previous studig265, 445446,
medulloblastomaomprises four molecularly defined subgroups (WNT, SHH, Gd@nd
Group 4), defined through international consensusadmch are identifiable by transcriptomic
or methylomic signature8VNT and SHH subgroup are characterised by enhancemehttof
and sonic hedgehog signalling pathway respectiaig, whichplay a prominent role in the
pathogenesis and drive tumour initiation in the respective subgratneseas grou@ and
group4 lack subgroup defining biology and have multiple common genetic features (e.g., 117q)
with similar transcriptome and methylation profjlélsat could not be clearly separated into
different tumour entitie[265]. To address this intertumoral heterogeneity, gr@&ip
medulloblastoma has been recently furtherdalsified into eight DNA methylation derived
molecular subtypes-{{Iil). The eight subtypes show distinct molecular specific driver gene
and cytogenetic alterations and clisHgathological features with highly disparate survival

outcome[278].
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3.4.1 SSV andidate gene identification using international consensus molecular

subgroups, 2012

We first performed SSV gene analysis based on the four subgroups of medulloblastoma,
according to the internationabnsensusnolecular subgroups, 201Re., WNT, SHH,Group

3 andGroup 4) We obtained’63 paired genome wide DNA methylation and gemrpression
data set @mprisingof four consensus molecular subgro8NT (n = 70) SHH (n = 223)
group3(n = 144)and groug (n = 326) Molecular subgroupingwas performed usinghe
similarity network fusior(SNF) computational methqdntegrating both methylation arggne
expression followed by speat dustering[276]. When we an the SSV analysissing our
pipeline, we identified seven candidate geremchfor the weltldefined WNT and BH
subgroups However,in group 3 and group #umourswhich lack known growglefining
molecular defeg candidategene identification was very limited with only a single candidate
identified in group4 (Table 3. 4). Most of the identifiedcandidategenes havenot been
previously reported to bassociated with medulloblastoménterestingly,all the candidates
that are norBHH have their DMR at the transcriptional start §it8S) while 5/7 of the SHH
are located distal from thESS @ = 0.0013).The limited number of SL genes identified in
group 3 and 4 may indicate that these arelbgically heterogeneous, which is consistent with

the additional sulypesof thesesulgroup that hae now been reportef278].

Both medulloblastoma and AlLlare types of cancer that are comparatively common in
childhood but much rarer in adults. Thus, potentially this approach could be limited to
childhood cancerddowever, the medulloblastondataset includes both childré628/763,
82%),adult case$101/763, 13%) and 4% (34/763) unknownnwhs found that the identified
genes were independeritpatient ag€Figure 3. 3) andwere independent of children or adult

suggeshg thatthis approach could have broad applicability across differanter typesvith
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varying demography For all the genecandidates identifieéh subgroug, methylationand

expression patternsxhibited very strong similarities in both the adult and childhood cases.

The exception was tHeHETA2gene(WNT candidate) which exhibited higher methylation

and corresponding lower expression in the adult cases versus the childhooticase®r,

even here methylation and expression remained clearly different in the adult WNT cases

compared to all other subgroups.

Table 3.4: Candidate SSV genes iddigtil in medulloblastoma subtype

WNT subgroup

Gene §mbol Chr

NKD1 Chrl6
LINCO1124 Chr2

LRP4 Chrll
MIR193A Chrl7
PHETAZ2 Chr22
RASIP1 Chr19
SYK Chr9

SHH subgroup

Gene §mbol Chr

ATOH1 Chr4
FOXS1 Chr20
CPLX1 Chr4
CRIP2 Chrl4
PNPLA2 Chrll
SPHK1 Chrl7

Distance toTSS

Distance to TSS

5441

0

7060

5328

3495

8471

DMR Start

50580632

171568412

46939436

29885787

42469756

49242037

93563776

DMR Start

94755520

30431758

811641

105944604

822397

74381214

DRM End

50585731

171574592

46941490

29888936

42470868

49244965

93564603

DRM End

94756895

30434529

812884

105946891

824970

74383906

No. of CpG

15

38

12

10

No. of CpG
4

9

10

P-value

< 0.0001

< 0.0001

< 0.0001

< 0.0001

< 0.0001

< 0.0001

< 0.0001

P-value

< 0.0001

< 0.0001

< 0.0001

< 0.0001

< 0.0001

< 0.0001
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GPR68 chrl4 O

Group 3

Gene §mbol  Chr Distance to TSS
Noneidentified

Group 4

Gene §Ymbol  Chr Distance to TSS

LMX1A Chrl1 O

91699881

DMR Start

DMR Start

165321224

91701304

DRM End

DRM End

165327380

7

No. of CpG

No. of CpG

27

< 0.0001

P-value

P-value

<0.0001
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3.4.1.1WNT subgroup candidates

We identified seven candidates in WNT subgroup as showabie3. 4 Noneof the seven
identified WNT candidates were previously implicated in WNT subgroup medulloblastoma.
However, some of the candidates have been reported to be associated with multiple cancers or
involved in the regulation of Wnt signallingcor example NKD1 (NKD inhibitor of Wnt
signalling pathway Jlis an inhibitor of Wnt signalling, thatitenuatecanonical Wit signalling

by bindingto and destabilising Wrf fcatenin component, dishevelled family of proteins and
allowing phosphorylation and b i q u i t i -catenin[4d7n 448 Similarly, LRP4(LDL

receptor related protein 4 anegative regulator of Wnt signalling through interacting with

Wnt antagonists, sclerostin (Sost) and Wise (Sosdjd49-451], and overexpressioof the

genes hows d e c r-acatersnesignalMig it ¢ulbured celld52, 453]
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Figure 3. 3: Methylation and gene expression patterns of SSV genes identified in WNT
medulloblastoma. Gene expression paytd DNA methylation data from the region of largest
change within each DMRas indicated)are shown for all candidate SSV genes identified in

the WNT subgroup medulloblastoma subtypes. For each plot the relevant genetic subtype (in
which the gene is predicted to be SSV) is highlighted in red. Data is shown separately for adult
and childhood cases (for group 3 there were not sufficient adult samtpl generate
meaningful data). Methylation and expression patterns are highly similar in both adult and
childhood cases from the same subtype for all seven identBedehes Cerebellum (n =

18), Group 3 (childreni 131, adulti 5), Group 4 (childreri 300, adulti 14), SHH ¢hildren

- 146, adulfi 69) WNT (childreri 51, adulti 13).In total there are 34 samples with unknown

age for Group 3n = 8), Group 4 (n = 12), SHH (8) and WNT (6).
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3.4.1.2SHH subgroup candidates

Similar tothe WNT subgroup, we identified seven candidatekerSHH subgrougFigure 3
4). Among the candidateghe Atonal bHLH transcription factor (ATOHYMathl) has
previously been implicated in medulloblastoni@SHH medulloblastoma&TOH1along with
other proteoncogene such adYCN and GLI1/2 are highly expressedinhibiting neuronal

differentiation andnduce preproliferative geneGLI11/2) to generate tumour initiating cells

and accelerates MB developmé#®4].
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