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ABSTRACT

DNA repair plays a critical role in maintaining the egtity of the genome and the
dysregulation of key DNA repair genes has been implicated in the development, progression
andchemotherapeutic resisize of different cancer types. Consequently, many sthdies
made attempts to identify and quantify theregsion ofzarious DNA repair genes and their
products in different cancers. It is on a similar note that this research was conteived,
evaluatdhe expression patternstbie base excision repaened\eill, Neil2, Neil3, Oggl,
andNthl1, the nucleotié excisiorrepair gend=rccland the mismatch repair gekihl in
colorectal cancer (CRQumous and matched normal colon tissue. The project whsn
extendedo analyse a further sixteen colsamples that focused deil3, NthilandErccl,

that encodeDNA repair proteins that have been implicated in chemotherapy resitance
mechanisms. To learn more about mechanisms of genotoxic agent resisiglg&and
Ercclwere analysed at the transcriptome and proteome led@AMY medulloblastoma
cells and cisgtin 7 resigant DAQY cells. Additiomlly, attempts were made to generate
mesotheliomaderived cancerstem cek and preliminary gene expression dyses were
undertaken orhumanembryonic stem cedl Thus RNA was extractedcomplementary
DNA synthesizedand RT-PCR performed Gene expression levels were determibgd
guantitative PCR using the Sybr green method and analysed the comparative Ct
methodand glyceraldehyde phosphate dehydrogenase (Gapdh) as the stardhitte
matched samplesvesigated,75% showedncreased expressiafione or moref theDNA
repair genesnalysed, however, there was clear pattern of expression aadviderange

of expression levels observed for individual geimelsoth normal and tumour tissudor
example, thegeneencoding the DNA glycosylase Nthl1l w#se most frequently highly
expressed ioth normal and tumour samples wahout75% showinghigh expession of
theNthl1gene withexpression levels ranging froBn3 toover 1406fold higher tharGapdh
DAOQY cdls weregrown in cisplatin and gene expressionNgl3 and Erccl analysed in
the resulting cisplatin resistant cells. Results indicated thag #xpression of both these
genes may be increased in the resistant cell line and that NEIL3 prosaiseacreased.
Cancer stem cells were derived from parental mesothebettsebut were still too small a
fraction of the cell population to be analgidey these methods. The expressioiGapdh
Neil3andErcclwas determined in a series of jprenary experments on human embryonic

stem cells.
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Chapter 1
1.1. General introduction

In a multicellular organism, the constituent cells undergo cell divia®®a reproduive
mechanism, resulting in the formation of walfjanised and collaborative entities known as
tissuesThese cells are subjectastrictly regulated form of collaboration, characterized by
selflessness and parently devoid of competitiorHenceat any pont in time, each cell is

either, resting, graving, differentiating, dividing, or dying, aseededandfor the benefit of

the other cells that made up the organi$hus, a form of gcial control network oversees
cellular behaiwours, induding celtto-cell communication, such as relay, receipt and
interpretation of setof intracellular, as well as extracellular signals in an elaborate manner
(TIsty and Coussens, 2006). Disregard to the sense of commuuity @ttempt to evade

the cellcycle systemthat controls the timing of cell divisioby a cell or group of cells

could pose serious problems for the organism. Additionally, molecular disturbances such as
geneticmutations, may selectively confer undue advantagegivea cell or grap of cells
thatmay result in the cells growing morapidly, differentating and dividing more rapidly

and evading death signalslanahan & Weinberg, 2000 onsequently, theelectively
advantaged cellsnay become the progenitor of a vigorously growimgtant clone,
initiating selfishness and encaging ®mpetition. Through repeated mutations, the mutant
clonescould engage in serious competition, and natural selection could usher in dangerous
cell population, and subsequent tumour developméhis is known as themutator

phenotype and is probably the m#éneory of cancer development (Loeb, 2001).

From the foregoing, cancers could be defined as heterogeneous multicellular assemblages,
made up otells of different origins, inte@icting with each otheand the extragllular signals

in complexfashions that encourage the dysfunctidiell cycle contralEssentiallycancer

is adiseasehat arises from the disruption of cddluand genetic functionglthough, cancer
developmenis a multistep procesg, ultimately resuls from changes irthe genomegin

which intrinsic cellular functions including apoptosis, cell differentiation, metabolism, cell
cycle checlpoint control and cell adhesieimmunological response, as well status of

the vasculaturare affected(Hanahan & Weinberg, 2011 fact, reports from human
cancer studies and animal models have clearly demonstratedutivag the process of

tumorigenesis a rangeof genetic changetake place each conferring a given type a



specializel competive advantge, resultingn the sucessive and progressive change of
normal human cells into cancer cellsoéb, 200). The heterogeneous nature of cancer
accounts for the prevalence of many different types, each displaying different combinations
of chamacteristic cular and genetic change Even within a single type of cancer,
heterogeneity and tumour subsets that are uniquely defined can be idéDfiSdusaet

al., 2013)

The increasing incidence of cancerslarming,and cancer has become afehe major
factors responsible for diseasdateddeatls globally (Kanavos, 2006)This highdeath rate
could be attributed to the inherent abilities of cancer cells to resist chemotherapy, metastatic
ability and high degree fammortality with cwncomieint recurrene capacity Current
treatments includeonventional therapies such as surgery, tagi@pyandchemotherapy
(Banerjeeet al, 2017; Huanget al, 2017) In the past decade, immugene therapy has
been introduced as the fourth treatment modalue to ts robustness and promig&arney

& Chang, 2003)Unfortunately, irrespective of the availability thlese varietyf options

for the treatment of camg, it is still daunting to define an effective treatment regimen to
cure patients espediathose whos cancers haveetastizedo distant organs. This can be
linked to resistance to therapy and relapse associated with most c@ateeddine &
Borden,2013.

Neverthelessstudies that target the discovery of molecular pathways that prounoder
growth haveimproved our understanding of this disease and has revolutionized the way
cancer cells can be targeté8inicropeet al, 2016) Today, several mechanisms that
contribute to the development of cancer have been elucidated, indicatifeyende in he
dynamics and characteristics of normal cells compared to cancer kEeltahan &
Weinberg, 2011:Turkson, 2017) Whereas normal tissues mgiin tissue integrity and
function by balancing the signals that are involved in cell growthcahdlivision, cancer
cells exhibit both dysregulated proliferatigggnalling and replcative immortality, thus
giving them a growth and survival advantgg@nahan and Weinberg, 2Q@D11). Unlike
cells under normal physiological condits, cancecells anploy severaimectanisms to
achieve uncontrollegroliferation andDNA replication, most of whicimvolve a subset of
the regulatory instructions transnedk by an activated receptacting as an oncogene
(Vogelstein & Kinzler, 2011 Cancer cells upegulte growth fator ligands andstimulate
normal cells to release factors that can support cancer growtagulate receptor proteins



that render cellfiyperresponsivéo growth factor ligansland structurally alter receptor

molecules that falitate ligard-independentell division(Chenget al., 2008).

In the last decadesgvaluationof several humartumours has implicated somatic and
germline mutations as additional downstream pathways by which cancer cells sustain
immortality (Strattonet al, 2009; Daves and Samug, 2010) To contribute to the global
quest toconquer cancer, this PhD projesiught to investigate the expresspmatterns of
selected DNA repair genasdifferent cancer types, ihaing colorectal cancer (CRC) and
medulloblasbma.Howe\er, the thesi begins with a brief review of DNA damage, some of
which is premutagenic and therefore thought to be a prerequisite for carcinogenesis. This
is followed by a review of DNA repair mechanisms that are found in mammalian cells. Many
of the proeins involvedn DNA repair are tumour suppressor genes and individuals lacking
particular DNA repair functions are often more cancer prone. Nessth@psis of eacbf
thecancer typesmployed in this research is presenfetlowed by an intrduction tostem
cells.While preliminary experiments presented here were carried out on human embryonic
stem (ES) cells, the concept of cancer stem cells is the focus of much resdiactimiare
effective treatments (Dawoa al.,2014).

1.2. DNA Damage

DNA is the adive moleculeof an organism and serves as a repository of genetic information
Since DNA plays a major role in replication and transcription, its integrity and stability at
any time is a prerequisite for evolutionary fitness and forhbalth of the indivdual
organisn. Anindividual cell can receive up to one milli@NA alteratonsdaily. Someof
these changegre spontaneous, such as the loss of a purine base from the-stoariked
DNA molecule (depurination) and deamination, where the amino grdéogt isom cyosine

and adenine geePierce,2017 for review). However, othetDNA damage results from
exposure to endogenous and environmental genotoxic agents that can cause a multitude of
chemical alterations to the DNA moleculéhus, the resultant effeon the DNAmolecule

can range froomany different forms dDNA base damagéulky adducts attached to bases,
single and doublestrandbreaks and intratrand andnter-strandDNA crosslinks. Some

of these DNA lesions will be pmautagenic, leading tpermanent chages in the genomic
DNA sequence, while others will be toxic and aagsll death at the next round of DNA

replication due to collaps# thereplication fork(Friedberget al.,2005).



While the inherent lability of the DNA molecule can be dfarial, suchas in the process of
natural selection in evolutigit can alsdbe deleteriougo the cell and organismesulting

in altered pathologyThus, deleterious DNA changes can cause genomic instability and
challenge the stability and integrity thfe organisn{Pierce,2017).

Several endogenous and exogenous agents responsible for insults on DNA have been
described.The most common exogenous or environmental Bid#naging agents are
ultraviolet (UV) radiation, chemicalgentsand chemotherapeuticudys.Some ofthese will

resultin disease conditi@such as cancer. For instanités well known thatskin cancers

are the resulobf exposure to UV ligh{Seebodest al, 2016)and lung cancer irgelya
consequence afigarettesmoke inhalatiorfDoll andBradfordHill, 1950). Relatedto this

it has also beereported that colon epithelial cells are also prone to exogenous mytagens

many resulting from normal metabolism of ingested material (Greeetran 2007).

Apart from the aforeanentioned exogeussourcef DNA damage, cellular DNA is also

under constant attack from endogenous agsath as reactive oxygen species (ROS)
produced as aonsequence of normal aerobic metabolism or resulting inleommatory
cytokines that leads to a state ofaative stresgFedericoet al.,2007).However, another

source of DNA damage comes from the replicative Dpdlymerase. During DNA
replicationthe enzym@®NA polymerasadds a ndeotide to tle strand of the DNARierce,

2017. However, theDNA polymerase can add incorrect nucleotides rdurDNA
replication andighought he mai n replicati veb Pifeadimg! y mer a
exonunclease activity andan recognize and oect many ofthese errors, inefficient
corrections could lead to mutations that can in turn result in disease conditions such as cancer
(Pierce, 2017.

As mentionedendogenous agents suctR3Splay an important role ireactions resulting

in DNA damaggDurand & Sorz, 2017). The keyROSthat are of importance includiee
superoxide radical (§), hydrogen peroxide (D) and the hydroxyl adical, (OH)
(Beckman & Ames, 1997; Hazsd al, 2007) Although, the physiological role of ROS in
cells is evident in the maintenance ledmoeostasigHancocket al, 2001) damage to
cellular macromolecute such as lipids, protein, and DNA may ensue when cellular
production overwhelms its antioxidant capa¢ikyiedberget al.,2005. Such elevate®ROS
levels leads to increased levels of DNA damagisingmutationsand ultimately genetic

instability and athological conditionslt has been reported that several cancer types
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including pancreati¢Vaqueroet al, 2004)prostate(Kumar et al, 2008)breast(Hechtet

al., 2016)and colon(Acharyaet al, 2010)show an increased level of ROS. Besides its role

in cancer, ROS has been implicated in several human diseases including the ageing process,
cardiovascular disease, diabetes, sterility, autoimmune diseases and neurological diseases
(Sedelnikovaet al, 2010). The mechanism of action of ROS is by inductainseveral
covalent modifications to DNA includinigg single bae lesions, DNA strand breaks, intra

and interstrand cros$inks.

An example of oxidative DNA damage caused by ROS-ex®7,8-dihydroguame (&

0x0G), which ahough not toxicis highly nutageniqSuzuki & Kamiya, 2016 8-0xoG is

known to mismatch with adenine and by so d
Several independent repohtaveconfirmed the involvement of this mfmiring in somatic

mutations in lung, CRC, breast, gastand ovarian cancéFortini et al, 2003) Besides

causing mutation, ROS is involved in activating transcription factors such dBNF

activator proteirl (AP-1) and hypoxia inducible factdr (HIF-1 }J whose role in cancer

cell growth and survival, angiogenesis/asion,and metastasis have beeall established

(Guptaet al, 2012)

1.3. DNA Repair Mechanisms

As mentioned earlier, cells are constantly under attack by agents known to generate genomic
instability, resulting in structural damage tile DNA molecule (Fortini et al, 2003)
Mechanisticdly, living organisms have evolved a plethora of molecular nrashes to

detect and repair the various types of damage that can occur to DNA, irrespective of the
source.This they do by employingne of five distinct DNA repair mechanisms tpéy a

critical role in maintaining the integrity of the genorffeiedberget al., 2005) This,
however,does not occur insolation but is inked to cell cycle regulationhefore the
replication of DNA and the eventual division of the cetin take place cell cycle
checkpointmechanisms ensure that a cell's DNAnisict Therefore, ifDNA is damaged,

the cell has the ability tstop the cell cycle in Gemove the lesion and restore the original
base sequenceefore passing through the cell cycle restriction paid commencing DNA
replication, thusnaintaining genetic stabilitfPierce, 201Y. Five DNA repairmechanisms

have been describéBriedberget al.,2005)and thesare: (i)mismatch repair (MMR)ii)



base excision repair (BERYjji) nucleotide excisiorrepair (NER) (iv) Norrhomologous
endjoining (NHEJ)and (v) homologous recombination rep@itRR). Recently Abbottset

al., (2014) reportedhatloss or truncation of thefficiencyof one or more ahe DNA repair
pathways can accelerate the accumaiatof additional mutations by up to 1066fd
(Abbottset al, 2014) Thus unrepaired DNA damage is the major source of potentially

mutagenic lesions that drive carcinogenéBisedberget al.,2009.

Loss of any one of these pathways can result inggGonsequences for the organism. For
example, individuals lacking NER are hypersensitive to sunlight and exiibier
accelerated ageing aancer predisposition (Friedbergt al., 2005. Similarly, sveral
inherited colorectal cancer (CRC) syndronaes associated with genetic defectskath

MMR and BER(Werenet al, 2015) On the other hand, high expressionDifA repair
proteins incancer cellxan conferesistance to certain chemotherapeutic agents used in
cancer treatmensuch aghe platinumbasedcompoundsnd alkylating agentshus it has

been reportedhat the excision repair crossomplementation group 1Efccl) geneis
upregulated in colon cancer cells treated with oxaliplatintlzatthe small interfering RNA
(siRNA) knockdown ofErcclin these cellsensitiseshem to the chemotherapeutic effect

of oxaliplatin (Seethramet al, 201Q. The BER DNA glycosylase NER is also highly
expressed in most cancer cell lines and metastatic melanoma compared to normal tissue
cells, where its expission is generally restricted to rapidly dividing cells in the thymus and
testes (Section 1.3.ZKauffmann et al., 2008; Hildrestrand et al., 2009) As more
biochemical information becomes available on the activity of this enZiiadin et al.,

2017 Albelaziet al.,2019), it is ofincreasing interest to determine the levels of expression
of Neil3in tumour samples and the likely effect this may have on conferring resistance to

genotoxic chemotherapeutic agents.

The next three sections review in moreaildhe mechanisms of MMR, BE&d NER. As
the doublestrand break rejoing pathways (NHEJ and HRR) are outwith the aims of the

project, these are not covered in the following sections.



1.3.1.Mismatch Repair

DNA mismatch repaiproteins function by recognizingase mismatches and other lesions
(e.g. nucleotide insertion or deletiothat result fromDNA polymerase slippage during
DNA replication (Lodish, 2004). As r@sult,it is sometimes called, pestplication repair
and if it fails, the errors induced dag DNA replication are fixed in the genorfreutation)

As mentioned pngously, during DNA replicatiorthe enzymeDNA polymeraseadds a
nucleotideto the growing strand of DNAat tre replication fork MMR is involved in the
postreplicative repair of the errors made by DNA polymerases that have escaped
proofreading Umar & Kunkel, 1996) The MMR system will recognise basebase
mismatches, insertiagror deletiors occurring in the doub-stranded DNAHarfe & Jinks
Robertson, 2000)Following this recognition, MMR proteins then initiate the process of
resectionand specifically degrade the affected region of the newnthesisedstrand. A
DNA polymerase will then correctlyesynthesisehe daughterstrandof the DNA in a
template dependent manner (Lodish, 2004)

Several genes are important in the normal function of MMR includirfguman cellsMutS
homolog 2 ad 6 (Msh2 and Msh6), MutL homolog 1 and 3MIh1 and MIh3) andpost
meioticsegregation increased 1 andP2ndl andPm<: Harfe & JinksRobertson, 20007
mutation in any of these genes can result in microsatellite instgMI&Y) and predisposes
the individualto certain cancers, including colorectal and ovarian car{édisotts et al,
2014)

Thus, g¢rmline mutatios in Mlhl, Msh2 or Pm<, or even deletions in thepithelial cell
adhesion molecul¢Epcan) gene that cause allegpecific Msh2 inactivation has been
linked to hereditary nonpolyposis colorectal cancers (HNPCGslggndrome) that results
in early onset CRCIt hasbeen repodd that inactivatingnutations in any of the MMR
genes can be found in up to 70%HNPCC and thabf these, over 90% occur thehMsH
or hMIh1l genes and display ahigh level microsatellitenstability (MSI-H) phenotype
(Wheeleret al., 2000)

The second major mutation of MMR gerfeand in human cells atbe somatic mutations
occurring because of promoteethylation ofMIh1. Often this methylation can be seen in
the context of CpG islandnethylator phenotype (CIMP). In sporadic candeyper
methylationof the promoter region is the causeMihl inactivation especially in CRC with
MSI-H (Haydon and Jass, 2002Firstdegree relatives of CRC patients witlyper
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methylationof the promoteregion are at a higher risk (up to 60%) of depeig CRC. In
order to reverskllh1l-methylation in colon cancer, the group of Fujita and colleagues (2007)
demonstrated that the -theethylating agent-aza2adeoxycytidine (5azadC) can induce
Mlhl expresn and sensitise cancer cells to Huorouracil (Fujita et al, 2007)
Consequently, the expression profileMih1 will be analysed in the course of this project,
particularly in solid colon cancer tumour tissues, with the view to ascertaining the express

pattern athetranscriptionalevel.

1.3.2.Base Excision Repair

Amongst theDNA repairmechanisms, BER is the most versatile repair mechanism and is
involved in repairing themajority of DNA damage arising from both endogenous and
exogenous sourcesSyilar et al, 2011) These include singlstrand breaks (SSB),
depurination and deamination, alkylation and oxidation derived base damage. DNA base
damage resulting from exposure to enmmmental factors, ROS as well as alkylation
induced damage especially teofrom alkylating agents including chemotherapy and
radiotherapy are also repaired by BERaynardet al.,2009; Whitakeret al.,2017) The

broad functionality of BER results mainlfrom a group of enzymes called DNA
glycosylases that recognise and exeig#ethora of chemically modified bases from DNA
(Mullins et al.,2019) Thus, DNA glycosylases recognize and initiate BERdmyoving an
overlapping subset of damaged bases, leagm@basic site that is further processed by
shortpatch BER or longpatth BER that uses different proteins to complete the repair
procesgWhitakeret al.,2017) Additionally, poly (ADP-ribose) polymerasé (PARR1)

and PARP2 are known to facilitate BER by binding to DNA ends at SSBs and synthesizing
poly (ADP-ribose) polymes on acceptor proteins and the DNA itg€l&ntzeret al., 1999;
Talhaouiet al.,2016) Thepoly(ADP-ribose) destabilizes the nuokme structure allowing

BER proteins access to the damage site. The role of BER in protecting the colorectal tissue
agains oxidative DNA damage, caused by high levels of oxygen radicals either generated
by bacteria or dietary carcinogens cannot be ovehasized. Steps involved in BER are

described irFigurel1.1.

DNA glycosylases aranportant enzymes in BERMullins et al.,2019) These enzymes
have been well studieand eleven different proteins have been identified in mammalian
cells (Jacobs & Schar, 201 heseelevenenzymesan be subdivided into four strucally



distincy supdiamilies, (i) the uracil DNA glycosylases (UDG), (ii) the hehigirpin-helix

DNA glycosylases (HhH), (iii) the alkylpurine DNA glycosylases (APNG or MPG) and, (iv)
the endonuclease VIil like DNA glycosylasesNEIL). These enzymes nabe further
divided into two classes, depending on whether they are monofunctional (UDG and
APNG/MPG), or bifunctional (HhH and NEIL) (Jacobs & Schéar, 20)2 The
monofunctional DNA glycosylases (UDG and APNG/MPG) have only DNA glycosylase
activity, catalysing the breakagetbe glycosylic bond between the deoxyribose sugar and
the damaged base, while bifunctional DNA glycosylases also have an associated
apuriric/apyrimidinic (AP) lyase activitfJacobs & Schar, 20)2The five bifunctional

DNA glycosylases in mammalian cells8-oxoguanine DNA glycosylase Ofgl),
endonuclease Il homologlthl1), and the three endonuclease VI parald¢SIC1, NEIL2
andNEIL3) all recognise and excise oxidised bases from either datrigleded or single
stranded DNA(Jacobs & Schar, 20).2

Base Excision Repair
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Amongst the&BEEL snzyhmed arceoe @atign ilumogney u® Inya | reg.i
endi ng wit hzitrmm dfeimmgseRrE Adediredad 49 ) .NE Blb t ahn d

NElI3are reported to be cell cycipdharsegahnat &d C
phase respa&tadiwselcy,nsvihitlud h v e bitghhes xdpirfefsesreedn t
of cell cyetl.€a0l(lReguwHaxtMart r a, 2e0t0@a0I1.6hak Tahbhes
while evidence from biochewmipgpalhts tiuddeiae so fa

i nvol veMEkdBit n of r a rcsocurpil petdi oBMER e(tCladlKli59 h o rrteyc et
bi ochemical rewisd epmrceeviroasisnfroeport s Nsiulppmodtin
NEI3L tahe replicatieodon2adiog;k Ned rRaduli2eri Further
NEI3lal so shows a unigpet t aesrmmalctcecal lesk,prieeisn ¢
only iyndhivgldli ng cell s suchnaset hdryemusnanide
(Hildrestrandet al.,2009;Mo r | eatn @a0l P. Bowever, high levels dfIEIL3 have been

observed in metastatic melanoma (Kauffma&aral., 2008) and in cancer cells generally
(Hildrestrandet al., 2009; Duweb, 2015)Recently, it was demonstrated that abnormal
expression of thisleil DNA glycosylase genes is associated witlnatiomutation in several

human cancer&Shinmuraet al, 2016)

An ongoing studyritre dvdihlaX aabgmhmdtyorex prepesed |
l' ine HCT116. However, foll owing si RNA trea
reduced. oFlkdoWWerndmd8m s enusmatwerdzles t o oxalipl at

(Tawyltoral 2015es.ulTthse sree wre a | a poNedBddnhidal hdi catv

that i1t could be a major resistance mechani
ages I humoauiCCobnsequently, it is one of the o
thepeessi onN@irge3niel eisn osfol i d tumours derivec

cancer patients.

Besides the DNA glycosylases, mutations in the BER genes are assodittesgveral
cancer types. Moreover, the observation that mutations in the geing éodVIUTYH, a

DNA glycosylase that releases adenine base paired8x#oG predisposdéo CRC has
provided strong evidence that dysregulation of the BER pathway contributes to disease
susceptibility(Hazraet al, 2007) Furthermore, a report Bferenet al. (2015 showed that

a germline homozygous mutation in tNéhl1 gene that codes for a DNA glycosylase that
removesoxidizedpyrimidines causes adenomatous polyposis and therefore, predisposes to
colorectal cancer (Wereat al.,2015). More recently, éllemanet al.,(2019) have reported

that biallelic germline mutatins in theNthl1 gene predispose carriers to tumours at multiple
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sites, again reinforcing the importance of unrepaired oxidative base damage in

carcinogenesis and of the DNA glycosylased BER in maintaining genetic integrity.

1.3.3.Nucleotide ExcisionRepair.

Mammaliannucleotide excision repaiNER) is a constitutive DNA@pair mechanism and

its impairment can result in several disease conditions including cancer and premature
ageing(Martdjn et al, 2014) It is usually involved in the repair of DNA lesisusually

bulky adductsthat destroy the normal doubtelical conformation of duplex DNA
irrespective of whetr the insult is induced by endogenous or exogenous dgeieidberg

et al, 2009. Bulky adducts are products of different DNlmaging agents inaling UV
radiation and chemicals includiagkylating agents. It has been extensively documented that
exposing DNA to UV radiation typically results in cyclobutane pyrimidine din@rRD)

and pyrimidine(6,4)pyrimidone products (@PP)that are known to be helix distorting
lesions Rastogiet al., 2010) When DNA is exposed to chemicals or alkylating agents such
as polycyclic aromatitydrocarbonghat are common in cigarette smoke charcoaled

meat, bulky adducts can also be fornfiéeliset al,, 2013) When bulky alterations happen,

it typically arrests polymerase progression during DNA replication and transcription
resulting in a damaged replication fork or stalled transcrigiidsble (Gillet and Scharer,
2006) Our understanding of the cellular mechanisms of NER and its relationship with
several cellular processes during DNA repair process indicates that NER employs four
mechanisms to repair damaged DNA: (i) NER recognizes ttentand location of the
damage, (ii) Upon this recognition, NER incises both ends of the damaged strand and
removes an oligonucleotide containing the damaged nucleotides, (iii) This is followed by
the synthesis of a new DNA strand to fill the gap andredte DNA duplex that is devoid

of damage, and (iv) ligation by DNA ligase to seal the nick at the end of the newly
synthesized DNA stran(Pierce, 201y Functionally, NERcan be divided intowo related
pathways; global genome repa@@-NER) and trangription-coupledrepair TC-NER).

These pathways are known to occur in a divergent manner but can proceed along the same
part when they have recognized the damage on the MNAis et al, 2013) They both
involve complex mechanisms to initiate the repaspmse, adopting several reaction
reversal steps before incisifiruijsterburget al, 2010) Such a process is necessary to avoid

undesirable and irreversible DNA modificatiand to ensure start of transcription
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GC-NER and TGNER function in a coatinaied mannerinvolving about thirty proteingo
achieveefficient DNA repair (Figure 1) The first step in G&NER is to scan the entire
genome for helix distortions; this is done through the recruitment of several damage sensor
proteins (Pierce, 201). In damage caused by UV radiation, recruitment of xeroderma
pigmentosum group C protein BC) results in a complex with the human homolog of yeast
RAD23 (XPQ RAD23B) and centrin 2 (CETNZMasutaniet al,, 1999. The principal role

of XPC-RAD23B-CETN2 canplex is to probe for distorting lesions and to recognize the
structural damage in DNA by ¢hactivities of the ultraviolet (UV) radiation DNA damage
binding protein complex (UADDB). Following recognition of this structural damage, XPC
will bind to strandopposite to the lesion resulting in the dissociation of RADgSharer,
2007).
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In contrast to GANER where damage is regiized directly, recognition of damage in-TC
NER takes an indirect approach. During transcription elongation, the stalling of RNA
polymerase Il is an indication that there is a lesion in the DNA. When this hapieRs,
recruits several proteins to remote tesions. ThesacludeUV-stimulated scaffold protein

A and ubiquitinspecificprocessing protease (chwertmaret al, 2012)and Cockayne
syndrome complementation group A (CSA) and B (CSB). The purpose of recruitment of
these proteins is to promote BNepair as well as restart of the transcriptaangation

processWhile CSA is implicated in the elongation process itselB @Sknown for its role
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in the displacement of the stalled RNA polymerase via a transient inter@€tiomuchiet

al., 2002) Upon stalling at a lesion, it has been documented that the affinity of CSB for
RNA polymerase Il increases, leading to the foramabf CSACSB complex. The formed
complex is then involved in the reversal of the translocation (backtrackin§Na&t
polymerae I, thus rendering the DNA lesion accessible for repair. After this step, the GG
NER and the TENER converge to continue thepair proces of the damaged DNA-{gure

1.2; de Laat et al., 1999

The dissociatiomf RAD23B in the GGNER mechanism and the backtracking step in the
TC-NER mechanism will trigger the deployment of the transcription factor 1l H (TFIIH)
complex, that is known to have helicase activities. The presence of two TFIIH Haseene
subunits mcluding XPB and XPD results in the opening of the DNA duplex site where
damage has occurred. However, if XPD fails to detect any darhad@NA repair process

can be aborted. This is because the major role of XPD is for damage venfit¢athere is
successful verification of damage by XPD, the helicase activities will proceed successfully.
This process will result in a bubble formation, allowing the engagement of XPA and RPA
(replication protein A), as well as the assembly of the dexgs necessary tinitiate
incision(Compe & Egly, 201p

The XPFERCC1complex is a structure activated endonuclease that incises the DNA strand

on the 5a side of the helix distortitg | esi
the lesion Figure1.2). This step leaves a single strand gap eB@2ucleotides and it has

been suggested that this step is necessary in triggering, a DNA dsignaajéng reaction

(Marteijn et al, 2014)

In cancer, several studies havewn that theERCCXXPF complex is responsible for
conferring resistance fgatinum basedrugs(Seetharanet al,, 2010; Babat al, 2012)and
in particular it has been demonstrated that the over expressiorEsttigene is associated
with oxaliplatn resistance in metastatic colon canc@ndueiriet al, 2015. Thus, it has
been shown that its knock down &l RNA-mediated gene silengrcan sensitize the CRC
cell lines to oxaliplatin, thereby implicating the roleEstclin conferring resistance this

crosslinking agenfSeetharanet al, 2010)

It is based on the above premise that this PhD thesis seeks to profile the exprdasioh of
in different solid tumours derived fro@RC with aview to establishing the expression

pattern in tumour versunormal colon tissue.
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1.4. Colorectal Cancer

Colorectalcancer (CRC) or colorectal adenocarcinoma is one of the pnedbminant
malignant neoplasmand it contributessignificantly to cancesrelateddeaths worldwide
(Ferlayet al, 2015) In 2014, the numbeaf newly diagnosed patients in the United &sat
alone reached nearly 140,000, ranking this diseasedond place as a causedehthdue

to cancein adults(Siegelet al,, 2014) Worldwide, t occupies thd place and second place
respectivelyas thdeading cause of deaths relating to @rno men and womefirerlayet

al., 2015) Although 55% of the casesefound across the industrialized world, Australia
and New Zealand record the highest rates of CRICAirica showing the lowest rateRigs
etal.,2017) The discrepancy in the documented incidences and dgatban be attributed
to poordiagnosis or improper data regis(ierlayet al, 2015) Diagnosis of CRC at the
stage when it has notetastizedo distant organ usualkignalsa good pognosis and@bout
50% ofpatients have a-$ear survival However, patients at the metastatic stage have only
12% survival rate at 5 years (Ferlayal, 2015). CRC may be asymptomatic for several
yeasand the American Cancer Society hasentlyrecommaded screening from 4fears

of age(Mannucciet al., 2019).Detecting blood in the sto@ndunexplaned weight loss
have previously been reportea bethe only symptoms warranting further exploration for
polyps andCRC (Adelsteinet al.,2011)

While there is nosingle, distinct cause ofCRC, several risk factors leading fits
development have been describ&differ & Ellis, 2017) This neoplasm is sporadic with
themajority caused by diet, lifestyle, age and only about 15% to 35% linked to hereditary
factors (Burt, 2007; Mishra & Hall, 2012)Evidence shows that patients with history of
genetic instability have a greatehance ofgetting the diseasand such patientre
especiallylikely to show germline mutation®lativeto the patientshat havespontaneous
CRC(Gallaghetret al., 2010)

Based on their origin, CRC has been traditionadiiegorizednto two biologicalsubgroups,
namelya minority (15%) that shownicrosatellite instability (MSI), which is primarily
predominant at the right colon arkthown to be frequentlyinked to the CpG itand
methylator phenotype (CIMARopatet al, 2005) Additionally, predictive and prognostic
information indicate that they exhibit hypewtation including mutation at both thk&RAS
andBRAFoncogenes. On thather handthe second groupompiising 85% of patientss
made up of sulgroupconsidered to be microsatellite stable but chromosomally unstable
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(Marisaet al, 2013; Roepmaret al, 2014) It is worthwhile to mention that the above
classificationsarelargely based on gene expression profiling; thus, might solely focus on
single mutations or epigenetic alterations. Therefore, with the advancgsnomic
technology, scientistare now focasing on whole exome and genome sequencing to cover
a wide range ofjenome analysis. This technique can sequence the entire human coding
DNA looking at both the coding amibn-codingregions. This will help to provide additional
information on all the altations that might have occurred at a single nucleotide including
copy number and structural variants. Recently, screening tigh-throughput gene
expression profiling including next generation sequencing or expression arrays (microarray)
hasdemonstrate that some CRC types overlap with gimvementionedyroups and aaot

be establisheanly by single mutations or epigenetic profilig§inicropeet al., 2016).

The development dERCis sen to be a multistep process thmatolves thedevebpmentof
benignpolyps that havethe capability to evolvento carcinoman situ by the accumulation

of somatic mutation€Shussman and Wexner, 201B3ctors such as agget, lifestyle and

family history are associated with the developntémolyps and CRQRasookt al.,2013).

Even though therés a goodcorrelation between pgbs and CRCdevebpment three
different subtypesf polyps havebeen describedlistinguished on the basis of histology
such as tubular/villous adenoma, hyperplastic polyps and sessile/traditional serrated
adenomagKalimuthuet al.,2016) Similarly, there is a suggested correlation between the
risk of cancer development with the number and size of previously developgis po
(Shussman & Wexner, 2014)his mans that multiple colonic polygevelopment with

malignant potential will amount to an increadigetime risk of developing CRC

1.4.1.Genetic Predisposition to Colorectal Cancer

Knowledge of the genetics that defines cancer development is critically important in the
discovery and development of corresponding therapies for the treatment of any particular
cancer. In recent years, cancer research scientists have fully become daaredbty that
genetic mutation is one of the hallmarks of cancer development including CRC (Hanahan
and Weinberg, 2000; 2011; Loeb, 2001). Like other cancers, CRC is leteusgn nature

and genome sequencing has identified 24 genes that are pradtdynsubject to mutation
includingAPC, TP53, SMAD4, PIK3GAndKRAS(Cancer Genome Atlas Netwo2)12).

The overall classification of CRC is categorised into three impottanbur subtypes
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including hypermutated, normutated and CIMP subtypes (RodrégSalaset al, 2017).
The hypermmutated tumours have been reported to account for up to 16% of all CRC
(Dienstmanret al, 2017). While only onguarter display somatic mistch repair (MMR)
gene andNA polymerasee alterations, threguarters of thenshow highfrequency MSI
(MSI-H) (Cancer Genome Atlas Network., 2012). Mutations in the germline account for 2
5% of CRC and may be as a result of autosomal dominant synd@atadi¢aet al, 2017).

The most prevalent and most studied is termed hergditarpolyposis colorectal cancer
(HNPCC) or Lynch syndromeLynch et al., 2015) When compared to the age of the
patients, evidence shows that most patients with sporadic G&@Glder patients, while
patients with Lynch syndronand other genetic predispositicare usually youngeMauri

et al.,2019. This can be due to loss Blihl expression, the increase of which is directly
proportional with age (Kakaat al, 2003). Morever, sporadic colorectal tumours are also
characterized by higBRAF (V600F mutation with loss of MLH1 and PMS2 proteins
(Kakaret al, 2003).

Furthermoremicrosatellite instability (MSI) positive CRC can be found at the proximal
bowel exhibiting poodifferentiation. This can be due to the presence of dense lymphocytic
infiltration, suggesting strong arttimoural immune responses. Moreover, this is an
indicative of positive prognosis (Nosteb al, 2010). On the other hand, the nontated
subtype acounts for 84% of CRC; with the majority characterised by many somatic copy
number changes and aneuploidy; exhibiting genetic alterations KiRA8and PIK3CA
genes This subtype is also known to pess loss of heterozygosity of several tumour
suppressogenes includin\PCandTP53(Cancer Genome Atlas Network, 2012).

The third subtype as mentioned above is the CIMP characterised predominantly by DNA
methylation of CPG islands (Hawkies al, 2002 Weisenbergeet al, 2006). This results

in gene silening and the subtype exhibits deficient MMR, resulting in MSMoreover,

CRC withan MMR/MS-IH phenotype is said to result in a higher proportion of sporadic
tumours, accounting for up to twhirds while the remaining onthird are linked to a
germlinemutation in the MMR genes includimdlhl, Msh2, Msh6 andPm< (Buchanaret

al., 2014). Furthermore, evidence has shown BRMF/V600Emutations can be another
consequence of the MMR/MIBI phenotypeas well as CIMP. Thus, M&H is suggested to

be causedypaberrant hypemethylation that inactivates, principalilh1l (Domingoet al,

2004).
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Additionally, two recessive cancepredisposing geneddUTYH andNthl1 that both code
for proteins that act in base excision repair (BER) have been confirmed sob&tes] with
increased polyposis and adenomatous polyposis with a high risk of CRCtresge
(Werenet al, 2018). Indeed, carriers of biallelic mutationsNthl1 have been shown to
have an increaseed risk of other cancer types, including breastr gghdper &

Hoogerbrugge, 2015).

1.4.2.Colorectal Cancer Treatment and Oxaliplatin
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Systemic chemotherapy has been used to control cancer and alleviate its related symptoms
at the metastatic stage. For metast@RC, it has been reported that a camalion of the
antimetabolite fluoropyrimidines (intravenousflsorouracil and oral capecitabinehe

DNA topoisomerase | inhibitoririnotecan andthe genotoxic platinunmi based agent
oxaliplatin (FOLFOXIRI) showedan improvedsurvival of these patientqLeal, 2017).
However, achieving complete remission at this stage is still daunting, as resistance

accounting for nearly 360% is stilla majorolisa c | e ( @al008)n e | |

Oxaliplatin Figure1.3B) is athird-generatiorplatinumi based alkylating agerbrming
primarily N-alkylation product at the N7 of guanine. Similar to cisplatiis{
diamminedichloroplatinumll); Figurel.3A), this leads to both intrand interstrand cross

links (ICLs) in the DNA molecule, effectively disrupting DNA replication and transcription
and leading to cell death. For cisplatin, thehh@xtracellular bloride ion concaetration
maintains the molecule in an inactive state and only whisntiansported inside the cell,
where the chloride ion concentration is 5 to 30 times lower, are the chloride groups displaced
by water molecules to cage an effective alkylating agent. The most prevalent products are
1,2d(GpG) intrastrand crosslinkfiat make up 90% of the DNA adducts, -ti(2ApG)
intrastrand crosslinks and ICLs. In the cell, the activated cisplatin has-l&éalf around

two hourswhile the protecting chelating ligands of oxaliplatin give this agent a much longer
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half-life, with sdutions of oxaliplatin and the related carboplatin being stable in water for a

period of weeks to months (Johnst@tel.,2016).

The repair otisplatini induced intrastrand crosslinks is thought to be completed by NER
and the resistance to DNA repand therefore the cytotoxic effectiveness of this agent, is
due to the bending of the DNA at the adduct and the resulting binding of the DNghby h
mobility group box proteins that have a great affinity for cisplatin modified DNA and thus
shield the lesio from the NER proteingdA\vuahet al.,2017. In CRC, increased expression

of Erccl, which encodes one half of the ERCC1/XPF lesion specificreradigase, has been
correlated with oxaliplatin resistanc@dlluzziet al.,2012) However, mouse cells lacking
the BER DNA glycosylase NEIL3 also showed resistance to cisplatin (Relsa&th2013).
Further evidence of a role for DNA glycosylases in If&pair came from bichemical
studies by Couvé and colleagues (2008)ich indicated that NEIL1 could excisesqralen

i induced ICLs from DNA and more recent work has shownlib#t NEIL1 andNEIL3

can resolvepsoralen induced ICLs inthree and fourstranded DNA stictures (Martiret

al., 2017 andalso that NEIL3 can releas€Ls at DNA replication forks§emow et al,
2016).Therefore, a NEIL3 has been reported to be highly expressed in cancerandlls
metastatic tumour@Kauffmannet al.,2008 Hildrestrancet al.,2009 and recent work from

my laboratory at thdJniversity of Salford had also indicatedrale of NEIL3 in the
resistance to oxaliplatin (Taylat al., 2015), it was important to determine the levels of

NEIL3 in the CRC tissues and cell lines analysed in this work.

1.4.3.Colorectal Cancer Treatment and Development of Targeted Therapy

The use of coventional therapies for cancer patients is long standing, with the treatment
modalities recording substantial improvements over the years. Patients with CRC can
benefit from radiotherapy, surgery, chemotherapy aormixture of surgery and
chemotherapeutiag@nts depending on the stage of the dis@dshraet al.,2013).Surgery

has been successful when diagnosis and therapeutic interventions happen at the initial stages
with the tumour displaying adequate surgiosargins and no invasive characteristics.
Although, there are no curative options for most metasER€, Kopetz and colleagues
(2009)reported thaén improvemenin the median overall survival can kealised through

surgical resection of both primary CRC and metastases (Kepatz2009).
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Due to theshortcoming of onventional therapies, scientists are focusing on targeting
metastaticCRC at the molecular leveCancers including CRC can be characterized based
on the biomarkers they present. This means that profiling tumours can be a whéMshie

in optimizing therapy tosudani ndi vi dual patientodos need. The
biomarkers by performing baseline assessment of iugene expression afodt immune
profile for the best chance of therapeutic sucdésth the receninnovations in molecular
testing techniques that allow foigh throughput genomic analyspgtients can be selected
for targeted therapy based on their tumour biology andsdispns(Ohharaet al, 2016)

So far, techniques involving next generatioguencing and even a much newer technology
for detecting amutationin circulatingtumour DNA have been describe®drakiset al,
2017) Since these technologies can detect sonmgdificationsand mutationsuch as
insertions/deletions, copy numbearigion and rearrangemerand base substitutions,
molecular intervention strategies can be tailored to target the key molecules inndDR@ i
proliferation,envasionand metastasiiaz & Bardelli, 2014; Sinicropet al, 2016) By
implication, targeted #rapy directed against the wrong mutation or given to a patient with
tumour of unrelated characteristics will not benefit the patient.

Several biomarkers for CRC includif@RAS, NRAS, BRARutation, DNA mismatch repair
(MMR), MSI, and CpG islandhypermetlylation have been evaluatg@inicropeet al,

2016) Consequent upon reports emanating from such findings, treatment modalities such
as the use of small molecule inhibitors, antibo@zsidino, 2015)immunotherapyLynch

& Murphy, 2016) and RNA-basedtechnologies such asiRNA or small hairpin RNA
(Seetlmramet al, 2010)have been evaluated. Although some of these techniques are still at
the preclinical stagethe majority have made their way to the clinic, recording some

promising outcomes

Recent repds show that better patient survival can be achieved by recombinant humanized
monoclonal IgG antibody targeting either the EGFR or VEGF pathway. The result of the
clinical trial using the above antibodies as summarized by Olgtarlg (2016 indicated

that one anti VEGF antibody; bevacizumab, amol EGFR targeting antibodiesttiximab

and panitumurab resulted in significant arBRC metastatic control in combination with
cytotoxic therapyOhharaet al, 2016) The clinical trial report shoad that thg can be

used in first line, second line or even in salvage settingaltanceverall patiensurvival
beyond40 months from thperiod of initialdiagnosigVan Cutsenet al, 2011; Heinemann

et al, 2014).However, this treatment is nstiitablefor everyone as only those in a healthy
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state can benefit from it due to inherent toxicity associated with chemotherapy. Additionally,
patientghat haveKRAS/NRA®utationsare not subject tthis therapy as this mtation lies
downstream of EGFR. In such instan mutation at theKkRAS/NRAStriggers the
transcription of the ligand for EGFR; transforming growth faetipha (TGFU ) . This wi
in turn create an autocrine signaling loop that contributes to tumoursiares to anti

EGFR monoclonal antibodies (mAbs) including cetuximab andyanab(Liévre et al.,

2006)

Immunotherapy for the treatment of cancer has come a long way and has been accepted as
the fourth treatment modality besides surgery, chemotheragyradiotherapy. This
treatment modality is currently approved for many sdalichours due to its efficacy in
controlling cancer with minimal overall toxicity. THenctionsof immune cells in the
development and progression of tumour has been well docuir{éfgeahan & Weinberg,
2011)indicating that several cancer types show phgno immune cell characteristics. It
has been demonstrated that CRC with MSI can be characterized by the presance of
particular immunogenic phenotype. It was further establishiedt this subtype has
increasing lymphocytic infiltration which can possitiie due to the creation of tumour
specific neeantigens during accumulation of mutatiof&hwitalleet al, 2008) When
primary tumour tissues from patients were further charaetd an increasing presence of
Thl transcription fact@rwas recorded. Thiss translated to the presence of activated
cytotoxic CD8T cells, Th1 cells producing high levels of {i#lds well as IBET expressing

T cells(Llosaet al, 2015) The presence of immuell infiltration in the CRC isndicative

of a positive prognosisHowever,theimmune microenvironment of CRC is composed of
immune checkpoints that are cytotoxic to activalecklls. In a similar gn, the presence

of apoptotic cell death ligands, such gwogrammed cell death ligand 1 (RD),
programmed cell death(PD-1), T lymphocyte associated antigen 4 (CTLA4), lymphocyte
activation gene 3 (LAG3) and indoleamipe3-dioxygenses (IDO) have been shoterbe

the hallmarkcharacteristiof several cancers including CROosaet al, 2015)

Targeting immune checkpds has been the major focus of immunotherapy. The
engagement PID1 on the surface of the tumour cells with Bpresent on the immune
cells including T cells, Bells and natural killer cellproduces inhibitory signals that result
in T cell exhaustion ahenergy(Llosa et al, 2015) Inhibition of this pathway resulted
tumour regression and reversal of T cell exhaustiomaority of cancer types including
melanana, norsmall lung canceand renal carcinoma. This is a pointer to the fact that the
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mechaism of tumour regression ugjrthis strategy lies in activation of tumour infiltration
lymphocyte around the tumour border. Recently, Brahmer and colle@f@£showed in

their phase Il clinical trial that, blocking PD1/RD interaction in CRC patientgith MDX -

1106 resulted in coplete response for a period more than 21 mo(8set al., 2015.

Looking at the individual treatment modalities, one can see their strengths and weaknesses.
Since longterm clinical benefit to more patients is the ultimgéal, future cancer therapy

iIs likely to focus on combinatorial approaches involving targeted inhibitors,
immunotherapy, chemotherapy, surgery, atidn as well as novel therapiés achieve

SuccCess.

1.5. Medulloblastoma

Medulloblastoma is a malignant, embngd, heterogeneous, and highly aggressive tumour
of the central nervous system with a preferential manifestation in children and a marked
metastatic tendency via the cerebrospinal fluid (CSF) (Letwak, 2007; Gibsa et al., 2010;
Robinsoret al, 2012;Gajjar and Robinson, 2014). The development of medulloblastoma is
mostly sporadic, originating from the interior fossa because of aberrant cerebellar
development (Marino, 2005). In very rare cases, medulloblastomaekasreported to be
associated withdritable disorders like LiFraumeni, Turcot or Gorlin syndrome (Parsbns

al., 2011; Johanssoet al, 2016). More than 70% of reported cases of medulloblastoma
occur in patients under the age of 15 years, with thdence peak being 3 to 6 years (Peris
Bonetet al, 2006). However, medulloblastoma is much less frequent in adults, accounting
for less than 3% of primary tumours of the central nervous system (Smoll and Drummond,
2012).

From a US registry analysis obtad from the Surveillance, Epidemiolggand End

Results (SEER) database, it was found that medulloblastoma incidence was 1.5 cases per
million in the general population, and children were reported to show over 10 times more
likelihood of developing the dease than adults (Rutkowski al, 2010; Smoll and
Drummond, 2012). For the period 2000 to 2007, the European annual incidence rate
reported 6.8 per million children within the age range of13! years, with highest rates
recorded in Southern and Cehtarope (Massiminet al, 2016). Inmales, the occurrence

was sign more relative to females; and pnevalence rate per annum was reported to be
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higher in children that are not more than 9 years of age, indicating a frequency of less than
8 in every milion. On the other hand persons pemillion was reported in infants, an
indication of a reduction in the rate of incidence, whereas, in children whose age range is
between 10 to 14 years, the incidence rate was reportedly Joeysisented by dersons

in every million(PerisBonetet al, 2006). In thecase of individuals that were above the

age of 14 years but not more than 19 years of age, higher incidence rate was reported at an
annual frequency of 2.33 persons per million; with incidence datlining beyond 19

years of age up to tlege of 40 years, depicting an alignment i embryonal origin of
medulloblastoma (Giordanat al, 1999). Between 1978 and 1997, the incidence of
medulloblastoma was on the rise, with a record 1.3% inciaseg this period (Peris
Bonetet al, 2006. In parts ofNorth-America, the occurrence of medulloblastoma was
reported to be 5.07 per millochildren aged 0 td9 years (Kohleret al, 2011).
Comparatively, froml114 diagnosis of brain tumours at tgyptianCh i | dr endés Carr
Hosptal from 2007to 2013 medulloblastomaepresented 23.2% of the overall number of
diagnosed cases; this shows an agreemghtthe reported cases of medulloblastoma in
North Americaand EuropéEzzatet al., 2016).

Children dagnosed with medulloblastoma Europe, bateen theyears 20001 2007,
showed81% survival forl year,63% for3 years and6% survivalwas reported fob
years.Essentially, worst prognosis wésund among infantsvhere 5year survival was
reported to b&3%, but for children aged 1 to 4 yearsyedatively improved survival of
47% whereas, markepdrognosiswas reported for children aged 514 yearsof age, at
survival rate 067% (Kohleret al, 2011).From yea 1999 and 2007, survivalf paients
with medulloblastoma remained stable (Gattal., 2009), while in the nineties, survival
significantly improved and the possibility of the patients dytligpped by 30% (Gattat
al., 2014).

For children agedbove 5 years, the standard of aaepuires argical resectionyradiation
of the cranigpinal region, and CT that hasmounted t@n enhanced genesalrvivalrate,
which accounted for approximatelyi74®% in clinical setting (Lanneringt al, 2012.
The variation in the results reportadross European countriageindicative of the fact
that there are challenges in harnessingetiective treatment and/or reach effectively

timely and accuratg consistentdiagnosis. In Northern Europ@n improved5-year
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survivalrate at 64% was reportedhile it was relatively lowest ioountries witin Eastern
Europeat 53% (Gattat al, 2014).

Because théighestincidence ® medulloblastoma occsduring childhood; it isrational

to assert that certain factors operating at very early stage of life might play a key role in
determining the diseased#opment (Massiminet al, 2016). Birth weight is frequently
suggested as an easy but rough indicator of medulloblastomatadrexposures. On this
note, Hardeet al (2008)systematically reviewethe relationshipbetweerp at i ent s o b
weights andhe localisation ofprimary brain tumour®f specific histological features
Interestingly, they observed that high birth weigvas significantly associated with
increased risk of medulloblastoma. Similarly, other studies have made attempts to
speculate v a possible aetiology that is considered infectioksr instance, a study
conducted in England, investigatedvariety of perinatal factors and their respective
impacts onbrain tumours in childreiiFearet al, 2001). The researchers observed that
children whose mothers had a documented case of viral infection during pregnancy had
over 11 times increased risk of developmeinmalignant tumours of the central nervous
system(CNS)(Fearet al, 2001).However this finding was not supported by receraiyl

widely updated reviews (Johnset al, 2014, Crumpet al, 2015).In a large population
based contretase studytarding et al (2009 evaluatedhe profile of day care and social
contacts in the first yearf dife, alongside other indicatorsf infecious exposure. The
authors reportedlevated risk of medulloblastoma developmenthiidren that have had

no social contact with other infants in the first yeatife. However, they interestingly
noted that analysis of other related hallmaoksnfectious exposure such gsnt use of
bedroom, domestic exposure to sohage children, and sequence of birth; faileddaocur

with thepropositionof a protective effect of infectious exposure (Hardeh@l, 2009).

Diet is another player in medulloblastarand other tumours of the nergagistem, and its
implications asisk factoranda positive factor, have been reportednultiple studiesThe
hypothesis that aternal dietary intake of Iditroso compoundgNOC) and NOC
precursorsn the course opregrancy increases the risk of brain toon developmenin
offspring is known to be one of the most comprehensively investigated hypotheses
(Dietrich et al, 2005; Massiminet al, 2016). Based on this premise, a large international
collaborative caseontrd study on childhood brain tumouvgas conducted to ascertain the

relationships between histologpecific risk and consumption of specific food groups
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during pregnancy (Pogodet al., 2009). The researchers observed thated meats,
eggs/dairy, and oil pductswere the main foods regularly linked with increased risk;
whereasfoodsthat are mostlassociated wittoweredrisk werefresh fish,yellow-orange
vegetables, and graPogodeet al, 2009).

Another risk factor that has been under serious tigadson is the maternal ocpational
exposure.Li et al (2009), while studyingthe causal relationship betweematernal
occupational exposure arttie incidence of childhood brain tumours, evaluated the
implications ofextremely low frequency magneticltis (ELF-MF) just prior toand during
pregnancy. They reportedseriously elevatedsk for astroglial tumourard for the entire
childhood brain tumourivestigatedLi et al, 2009). Similarly, severapidemiological
studies lhve investigatedhe correlation between parental exposure to pesticicel a
childhood brain tumours, and many of the research outcomes suggestive of
affirmative correlatio{Massiminoet al, 2016). It was based on this rationale thhimet

al., (2009), conducted a populati based caseontrol study to evaluate that association
between the occurrence of brain cancer in children anehpal exposure to pesticides in
occupational and residential settings. They regabrnegligible relationshipwith
medulloblastomdor any ofthe pesticide subtype or tls®urcesexposureinvestigated
(Shimet al, 2009). Additionally,Rossocet al, (2008), evaluated theelationship between
the hobbies of fatherand medulloblastomaand theyobservedan increased risk of
medulloblastom@evebpmentin childrenwh os e f at her sd hobbi es
use of diemicals particularly pesticides. When parental occupation was considered,
Cordier et al, (1997), reported an increasedk of PNET with parental exposure to
polycyclic aromatic kidrocarbons and high maternal exposure to solvent during the five
year peiod befae birth. In another vejncertain genetic abnormalitiesich as Gorlin,
Turcot and Li-Fraumeni syndronge have been reported asancefpredisposition
syndromedhat are know to be defining risk factorsf medulloblastoma (Villanet al,
2012).
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1.5.1.Histology and Pathobiology of Medulloblastoma

To date, the actual cellular origin of medulloblastoma remains subject to debate (&ibson
al., 2010). Several reports hasieown thathe origin ofmedulloblastomaould befrom two
different embryonal cell groups: celfrom the ventricular zopnevhich differentiate into
variouscells of the cerebellum; and cells from the external gehiayer (EGL), which
differentiate intocerebdl granule cells (Kuzafkischeret al., 2018). These cell groups are
related to different molecular subtypes of méahlasbma and it has been establishieat
ventricular zonecells give rise to the wingless (WNT) subtype, whereas sonic hedgehog
(SHH) melulloblastoma is producdicom the EGL cells (Faand Eberhart, 2008; Ruseitt

al., 2014; KuzarFischeret al, 2018. In the subsequent sections, these molecular subtypes

will be reviewed in a more elaborate manner.

The 2007 WHO classification of tumaupof the central nervous system recognises five
major variants of medulloblastoma, including the classic medull@lest
desmoplastic/nodular, medulloblastoma with extensive nodularity (MBEN), anaplastic and
large cell (Giangasperet al, 2007; Massimineet al, 2016; KuzarFischeret al, 2018).
From these five formslargecell medulloblastomas well as anaplasticaxant of the
diseasehave significant overlapping characteristiceonsequently, several studibave
attempted to group them into largal/anaplastic (LC/A) medulloblastom&ibertson and
Ellison,2008. The incidence rate of the combined LC/A tygenedulloblastora has been
reported to oscillate between 10% aR#% wheras, anaplasc medulloblastoma is
established only in evenf severe and diffuse anaplasia, comprisumto50% of reported
caseqGiangasperet al., 2007). Nodular/desmoplastic medulloblastoomastitute about
7%, while MBEN comprises up t@% of the entire reportedases othe diseasewhile
classic subtype of metloblastoma make up the remaining (Gilbertson and Ellison, 2008;

Massiminoet al., 2016).

Histologically, the classicsubtype ofmedulloblastoma is made up tghtly packed cells
with characteristic oval, round, or carsitapedhyperchromatic nuclei emrcled by
minimal cytoplasm (Massiminoet al, 2013. The Desmoplastic/nodularfform of
medulloblastoma iknown to havenodular, reticulirfree zones, whichare neuronal
maturatiorzones. It is characterised agmallnuclear cytoplasmic ratio, a fibrig matrix,
andhomogenousgells with a neurocytic appea@n(Eberharet al, 2002a). Thalensely

packedcells at very active mitotic stagirround the constituent noduleghichresults in
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the production of dense intercellular reticulipositive netweok of fibres (McManamyet
al., 2007).

Medulloblastoma witlextensive nodularity (MBEN) is known to be predomineninfants

and it has characteristic better prognosis (Ebe#tat, 2002a); andt is distinct from the
closelyrelated nodular/desmoplast subtype by possessingan expansive lobular
conformatiorbecause of thenusual elongation of threticulin-free zonesnd enricheavith
neuropitlike tissue (McManamyet al, 2003). Such zoneare filled withsmall cellsthat

have characteristicspheri@al nuclei that bear close semblance to thelgedf a central
neurocytoma and exhibit a streaming pattern; coupled with the marked reduction of the
internodular component in some areas (McManatraf, 2007). Structurally, the large cell
medulloblastomasi made up of monomorphic cells with large, mduvesicular nuclei,
prominent nucleoli and variably abundant eosinophilic cytoplasm. Groups of these large
cells tend to combine with morphologically different ceNgh characteristic nuclear
polymorphism ad nuclear conformatignthis morphological varianthas beentermed
anaplastic (Massiminet al, 2016). Large cell and anaplastic histological forms of
medulloblastoma have been reported to show considerable cytological overlap and many
studies have attgmted to describe the histolicgl alternation between nesmaplastic to
anaplastic subtypes over timdowever, some studies have reported adtiuh transition
intra-tumour, as deduced from the presence of vargegrees of cytolgical atypia or

anaplasa in any givertumour (Eberhd et al, 2002a; Massiminet al, 2016).

Clinically, different reports have significantly shown gogatognosis for the
nodular/desmoplastic medoiblastoma at least in certaage groups as well ask groups,
particularlyin childrenat younger agéRutkowski et al, 2005; McManamyet al, 2007).
Additionally, classic form of medulloblastoma has been reported to show significantly better

prognostic outcome relative to the LC/A histological variant (Massirairad, 2013.

1.5.2.Molecular Subgroups ofMedulloblastoma

Increased understanding of the molecular characteristics of medulloblastoma and the advent
of molecular diagnostics have resulted in the classification of the disease into distinctive
subgroups (Kookt al, 2012). Fom the currently eablished global understandinthere

are four distnct subgroups of tumours of the medulla, including WNT (wingless), SHH
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(sonic hedgehog)Group 3medulloblastomaand Group 4nedulloblastomdTaylor et al,

2012, as represented ihable 1.1. These four molecular subgroups of medulloblastoma

wereisolated usingeries ofgjenomicsand molecular studiesh€y are known and identified

by properly definedyenetic,molecular clinical, histopathologial, and pr@nostic features

(Northcottet al, 2012; Ramaswamgt al, 2014; Schneideet al, 2105; Ramaswamy and

Taylor, 2017; Kuzasrischeret al, 2018). Fromrecent research findings derived from

genetic, transcriptional and epigenetic datahas ben suggested the need firther

categorise medulloblastomiato subtypesbased on molecularly characteristansd such

subclassificationis most likely tohave positive impact on patient stratification in future
clinical trials (Northcotet al, 2017; Shwalbeet al, 2017; Cavalliet al, 2017).

TablleMol ecul ar Subgroups of Medol
WNT SHH GROUP 3 GROUP 4
Age Group | Children | Infants, Children & Infants & Infants, Chidren
& Adults Adults Children & Adults
Metastasis | Rarely Uncommonly M+ | Very frequently | Frequently M+
M+ M+
Prognosis Very Infants good, others Poor Intermediate
good intermediate
Genetics | CTNNB | PTCH1/EMO/SUFU MYC CDK6
1 mutation / amgification amplification
mutation | GL12 amplification /
MYCN
amplification
Gene WNT SHH signalling Photoreceptor /| Neuronal/Gluta
Expression | signallin MYCN+ GABAergic matergic
g MYCN+++ minimal
MYC+ MYC/MYCN
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1.5.2.1.WNT (Wingless) Medulloblastoma

This is the least prevalemtedulloblastomanolecular sbgroup, constitutingpproximately

11% of the total reported incidence$s medulloblastoma (Kookt al, 2012). Though,
winglessform of medulloblastoma has been reported to occur at all ages, children ar
predominantly affected, with the highest frequeatgccurrence recorded in childrenl10

to 12 years (Tayloet al, 2012). Unlike other molecular subgroups of medulloblastoma,
WNT forms have been reported to have a female preponderance, based on gender ratio.
Typically, WNT tumours e known to occuin the mid regiorof the brainaffectingthe 1V

ventricle and extendgtothe brain stem (Gajjar and Robinson, 2014).

Based on their histological features, most WNiinfe of medulloblastoma belong tioe
classc histological subgroup; although, instanoéwinglessmedulloblastoma with LC/A
histdogy have been rarely reged (Gajjar and Robinson, 2014)HC expression of
DKK1, FilaminA, YAP-1, and betaatenin, particularly the nucleafi cytoplasmic
expression, have been demonstrated as a verylechabthod for the identification of
medulloblasbma that have characteristic wingless pathilison et al, 2011). On a
positive note, WNT medulloblastoma show much lower metastatic diffusion than othe
molecular subgroups and they have best prognesis,reported survival rates of about
95-100% (Salaroliet al, 2015). The reason behind the characteristic improved survival
ratesassociated with WNT is still unknown, thoughhiés been atbuted toits increased

susceptibilityto radiation therapy (&jar and Robinson, 2014; Salaretial., 2015).

More than 75% of tumours in the WNT molecular subgroup of medulloblastoma habour
an exon 3mutation, and in particular a point mutatwithe CTNNB1 genewhich encodes
betacatenin (Gilbertson, 2004)eallting in the increased excitation of the wingless
pathway throughbetacatenin resistant to breakdownd resulting imudear localisation
of the gene products (proteingith elevatedranscription of genesuch as cyclin D1 and
MYC, that are concernedith cellular proliferation(Massiminoet al, 2016; Kuzan
Fischeret al, 2018). Cytogenetically, WNT pathway tumours have been tegphéo show

a characteristic monoson®y/in more than/9% of patients (Shilet al, 2014). Besides
monosomy 6the genomicomposition of WNT medulloblastoma comparatively silent
and only associatedithl scarcechromosomal deletion and/or insertion acrés&sgenome
(Gilbertson, 2004). However, addition to monosom 6, other genetic alterations such as

copy number variatin (CNV) and/orsingle nucleotide varian{SNV) include mutatios
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in thegene that promotes celarlproliferation though the increased activating capaoity
betacatenin, SMARCB4, pB® gene alteratigntetraploidy, and MLL2 alterations
(Northcottet al, 2012; Jonest al, 2012). In a clinical trial that assessed medulloblastoma
patients with characteristic WNT molecular features, Cliffer@l (2015)revealed new
insights into the clinical features and further demonstrated that relapses occureat high
frequency in patiets of 16 years at diagnosis. This repaiegs with the earlier reports
from a series of retrospeactistudies, in which bimodadistributionof age and very poor
prognosis were demonstrated aalults with WNT medulloblastoma relagivto children
(Korshwnovet al, 2010; Koolet al, 2012; Cliffordet al, 2015).

1.5.2.2. Sonic HedgehogVledulloblastoma

In normal cerebellgshysiology andlevelopment, the sonieedgehodSHH) pathway plays
asignificantrole, where iis responsible for thmitiation of the rapid growtlof primordial
cellsof the neuron, and its proliferation the growing cerebellum and othebraintissues
alike (Massiminoet al, 2016). The formation and gwth of the extemal germinal layer
from the cells of the granuleand precursorcells is facilitated by the SHH ligand
(McManamyet al, 2007). Additionally, paracrine signalling eméng from SHH or the
activation resultig from PTCH1 mutations leads the breakdowrof some molecular
regulators, especiallthe serpermme G-protein coupledeceptor SMO from PTCH, and its
subsequent translocation into the apical sectiothefcilium, releasing GI2 from its
original repressor calledyopressor of fused homold@rcheretal., 2012) From thence,
the GLI2 localisedo the nucleus, wher it modulategenes that are responsilite the
excessive growth of the granule cell precursor a#lihe cerebellum, resulting in tumour

developmen{Joneset al, 2012; Archeret al, 2012).

The SHH molecular subgroumpf medulloblastma has been reported to account for

approximately 30% of all reported cases of medulloblastoma (Tetyldr, 2012). Relative

to age, its localisation is bimodal, occurring more frequentthildrenof less than 3 years

of age and adults of 16 yearsagfe and above; and less frequently reported in patients who

are 3 years to 16 years old (Gibsral, 2010). The gender ratio has been shown to be 1:1,

though incidence rate has been showhdslightly higher in male¢Gajjar and Robinson,

2014. The $HH subgroupof medulloblastomaredominantly occurin the hemispheric

region of the cerebellum; however, some tumours of the SHH pathway have beé&sdrepor
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to originate in the midkermis (Jonset al, 2012). Histologically, SHH medulloblasha

have chareteristic nodular cundesmoplastidorm with MBEN being exclusively added

into this group; though, there have been reports other forms of SHH medulloblastoma which
are knownto be either of clssic or LC/A histology (Ellisoret al, 2011). Molecular
biomakers like GAB1, SFRP, and GLI1 protein have been reported as the key hallmarks
for the identification ofSHH medulloblastom using tumour IHC expression fauch
molecular featuredut diagnosis of the disease at metastatic stage rarely occurs (Etlison
al., 2011; Tayloret al, 2012).

SHH medulloblastoma has characteri®d€CH1 mutations and approximatedgi 54%
cases of SHHnedulloblastoméave been reported to show PTCH1 mutatidtwol et al.,
2014). The characterisatiaf somatic mutations of PTE1 in patientsdevoid of Gorlin
syndromehas deep®ed the already established correlation between medulloblastoma and
sonic hedghogsignalling, including molecular alteratioms SUFU and SMQ elevated
expressiorof SHH, GLI2, andincreased expression fYCN genes (Massiminet al,
2016). Previous reports have associated the expression of MYC or MY CNistdtogical
features that are largeell/anaplastic and poor prognostic featuoésmedulloblastoma
Similarly, tumours with characteristic MYC or MY overexpressionand tumours
harbouring 6q insertion make wubgroups ofmedulloblastomavhich are especially
characterised by poor prognogiberhartet al, 2002b).Kool et al, (2014) observed that
mutations affecting PTCH1 gemecurred at angproximate percentagiequencyof 36%
in infants 42% in children, and54% in adults In their work, which was #argescale
genomic study of sonic hedgehsgbgroup of medulloblastomdngy further observed that
SUFU mutations were charadtgically predomimant in infantmedulloblastoma patients
and SMO mutations were more frequamtadult medulloblastoma patients (Kost al.,
2014).

The SHH subgroup of medulloblastoma fabroader molecular heterogeneity in older
children, where they shoincreased expssion d MYCN and GLI2 genes; TP53 mutations
predominant in cancers of older children with sonic leadg medulloblastombave also

been reported (Zhukow al., 2013). Similarly, oveb0% of such children were reported to
haveLi- Fraumenisyndrome and otations of genes in germline cefleat confered SHH
medulloblastoma in individualwith very poorprognosis (Jonest al, 2012). They also
reported tetraploidy in about 29% of investigated samples and it was associated3with p5
mutations In the same ein, alterations affecting copy number such as the increased
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expressiomf protein phosphatase]K3C2G,IRS2,YAP-1, and PIK3C2Roupledwith the
deletion of PTEN which are localiseh chromosomd0g23.31 and mutations in other

related geas was reporte by Northcottet al (2012b).

At the point of diagnosis, patients within the SHH molecular subgroup of medulloblastoma
rarely show a disseminated tumour because theytemable to immediate prognostic
propensity, withoverall survival ofover 75%acrossa Syear period, particularly when
standard therapy is employed in the treatnj€ayloret al, 2012). Althoughin a relatively
recent study, Minet al. (2013) reported that a complete deletion of chromosome 14,
increasecexpression of GLI2loss of g10MYCN upregulation, andastic andmetastatic
medulloblastoma d@he diagnostic stagdentify, have aidedhe characterisation of further
subgroups in sonic hedgehagedulloblastoma patients, worsening their prognostic

propensities.

1.5.2.3. Group 3 Molecular Subgroup of Medulloblastoma

Thismolecular subgroup of medull@dtomas roughly responsibléor 25-28% of the entire
diagnosed cases of melbldlastoma and it is predominantly found in children,
characteristially affecting more males, increased frequen€ynetastasis ahe point of
diagnosis and high incidenasf LC/A histology (Northcottet al, 2012). In children,
medulloblastomasroup 3has not been shown to be a defining factor andrtbkecular
pathogenesi®f the diseaseemains largely mknown. However, some scientistsave
identified expression foONPR3 (Natriuretic Peptide Reptor 3)as a confirmatory feature
of Group 3 medulloblastom&owever the validityof this biomarkeris in doubt(Taylor et
al., 2012.

Almost all cases of Group 3 medulastomahave aberrant MYC expressiosometimes
associated with highevel expression (Northcott al.,2012) Group 3 medulloblastoma
also shows chacteristic genomic instability witHrequent gains due to thénsertion at
chromosomedq, 79, and 17@long with loss of 10q, 11, 16, and 17p (Northeital,
2012) At an early stage in thdevelopment ofGroup 3 medulloblastomahere is a
significant occurrence of tetraploidy in up to 54% of all cases of seade (Jonext al,
2102). When there amo p53 mutations, chrombtipsis is a frequent event inr@p 3

medulloblastoma, resulting in aberrant chromosomal rearrangememisions due to
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inefficient DNA repair. Similarly, TGFb s i g @appealts itonbg increakbecause of
dysregulation of thgeneghat are implicateah this sgnalling pathway and association with

downstream target genes includi@@X-2 (Northcottet al, 2012).

Amongst all the four moleculaubgroups of medulloblast@nGroup 3is known to be
associated with the worst pramgis, with less than(% survival and no survivor exceeding
10 yearsof follow-up in evéduation of retrospective studi€kool et al, 2012; Massimino
et al, 2016). This agrees with the éimgs ofthe studyconducted by Shibt al. (2014) that
revealed hat the existenceof i17q, MYC upregulation, anthe presence of metastatic
medulloblastomahatare responsible fggoor prognosi®f Group 3 medulloblastoma, and

patients without these markers shavelatively better survival.

1.5.2.4.Group 4 Molecular Subgroup of Medulloblastoma

Group 4 medulloblastoma has been reported to be the most predominant subtype,
constituting approximately 35% of &l diagnosed medulloblastoma. Group 4
medulloblastomaffects patients of all age groups, with male predominance, isutater

in infants (Koolet al, 2012; Northcotet al, 2012). Although, @up 4 medulloblastoma is

the commonest of all the molecular subtypes, its molecular pathogenesis is poorly
understood (Kuzafrischer et al, 2018). Histologically, most of the Gup 4
medulloblastoma have characteristic classic histology; however, seta@das of LC/A

have been reported (Massimiabal, 2016). Group 4 medulloblastoma have been linked
with KCNAL1 as its IHC marker but no other report has validated such clairsa(idit al.,

2011).

Group 4 medulloblastoma patients have besorted to hve a moderate prognosis with
standard cytotoxicity regimenShih et al (2014) observed thagxcellent prognostic
features are on subset of patients with Group 4 medulloblaswliowihg the loss of
chromosome 1and the presence of il,7iiegardless ofie attainment of metastatic stage

by the disease at the point of diagnosis. lGkeup 3 tumours, @up 4 medulloblastoma

is characterised by tetraploidy in at least 40% of casean initial transformatiofdones

et al,2012). In over 80% cases of mddblastoma, the occurrence of isochromosome 17¢
has been reported in addition to 17p deletion, and MYCN and CDK®6 genes are reported to

be commonly amplified (Skowroret al, 2015) Female patients of Group 4
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medulloblastom@redominantly lose one copy of the X chromosome, implihatone or

more tumour suppressor gemaght be preserin this chromosome (Jonesal, 2012).

Also, in Group 4 medulloblastoma, neural stem celks kapt undifferentiated state due to
the exacessive amplificatiorof EZH2 (enhancer of Zeste homologue &)d mutations
affecting chromatirremodelling genes such a&DMG6A, which codes for a H3K27
methylase ad located on chromosome Xpl11.Z2YMYM3, and CHD7; thus, sustaining
tumorigenesis (Massiminet al, 2016). InTable 1.2, a synopsis of the key genomic and

clinical features of the four moleculsunbgroups of medulloblastoma is given.

Tabl2eA synopsis of

t

he

key genomic and

mol eeculsubgroups.

WNT SHH GROUP 3
Histological Classic, Rarel' Desmoplastic, Classic, LCA
Feature LCA Classic, LCA
Rate ol Low Low High
Metastasis
Prognostic Excellent Intermediate  Poor
State
Alterations i MYCN (12%) MYC (17%)
Somatic GLI2 (8%) PVT1 (12%)
Copy OTX2 (8%)
Number
Single CTNNB1 (91%) TERT (60%) SMARCA4 (11%)
Nucleotide DDX3X (50%) PTCH1 (46% MLL2 (4%)
Variants SMARCA4 (26%) SUFU (24%)
MLL2 (13%) MLL2 (16%)
TPS3 (13%) SMQ  (14%)
TP53 (13%)
Broad 6 Loss 3q Gain 1q, 7, 179, 18
Events Gain
9g, 10q, 14«
Loss 8, 10q, 11, 16¢

17p Loss

Expression WNT Signaling SHH Signaling MYC/Retinal

Recurrence 1 Local
Adapted from(Massiminoet al.,2016).
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Metastatic

GROUP 4
Classic, LCA

High
Intermediate
SNCAIP (10%)
MYCN  (6%)

CDK6 (5%)

KDM6A (13%)
MLL (5%)

7,17q,18q Gair
8,11p, X Loss
Neuronal

Signature
Metastatic
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1.5.3.Risk-Based Classification oMedulloblastoma Patients

Medulloblastana patients arraditionally categorized into twkeyrisk stratanamely, the
average risk anthehigh riskmedulloblastoma patient¥his classification ibased on three
clinical factors which includest he pat i entdagnossa wiethed ther isn g
leptomeningeal disseminatiam not and extent ofesidual tumoupostresectionKuzan
Fischeret al, 2018). Patients are classified as average risk if they are older than 3 years of
age at the point of diagnosis, with residual tumour size less1facni, in addition to
negative results for macrosgopnetastasis on imaging scans as well as CSF analysis for
microscopic tumour cells (Massimiret al, 2016; KuzarFischeret al, 2018). High risk
medulloblastoma patients are characterised by tlesepce of metastasis and/or a
postoperative tumour sizgeater than 1.5 cimMedulloblastoma patients that are infants
below the age of 3 years are generally referred to as high risk patients (Nogthalgtt
2011).

At the 2015 meetingeld in Heidelbeg, a new medulloblastoma patient ridkssification
protocol premised othe molecular and prognosteatures of the disease was suggekied
patientsof medulloblastoma that are withime ageangeof 3 and 17 years (Ramaswasety

al., 2016a, b). Thiproposed reclassification protocol is made up of fak groups, mainly
defined by outcom; and considerthe heterogeneous nature of tbsease andetailed
information of the molecular subgroufKuzanFischeret al, 2018). Based on survival
outcomethe protocokonsidersas very high risk it h e p aurviva is kess than 50%,
high risk patients show 505% survival, standard risk patients have survival outcome of
75-90%, and low risk patients have over 90%vsial outcome (Ramaswangt al., 2016b).

The protocd also opined that individuals suffering fronmetastatic group 3
medulloblastomaral patients that have sonic hedgehogourswith characteristic p53
mutations,show appalling prognosis and arelde acorded the class of very high risk
(Ramaswamyet al, 2016a; KuzasFischeret al, 2018). Medulloblastoma patients are also
considered high risk if they are diagnosed with metastatic or MYCN amplified SHH tumour;
same is applicable to group 4 medulloblasagratients with leptomeningeal dessination
(Ramaswamyet al, 2016b). On the other hand, medulloblastoma patients are considered
standard risk if they have unamplified MYCN, unmutated p53 SHH medulloblastoma, group
3 medulloblastoma with unamplified MYCGNnd group 4 tumours devoid dfromosome

11 loss, as shown ifablel.3 (Ramaswamyt al, 2016b; KuzarFischeret al., 2018).
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Importantly, the recently proposed patient risk classificagisas room for thessessment
of treatmentreduction for ptients whose doomes arefavourable andfacilitates the
possibility of icentifying as well as testing recent rationale for taggecifictherapies in
medulloblastomapatients within therange of high risk tovery high-risk categories

(Ramaswamt al, 2016b; KuzarFischeret al, 2018).

Tabl3eMedul | obl

out c ome as

ast oma

patient

ri sk

criteria.

stratifi

Low risk Standard risk | High risk (survival | Very high risk
(>90% (survival rate of 50-75%) (survival =
survival) of 75-90%) <50%)
WNT Norn-metastatic
SHH Non-metastatic Metastatic TP53 mutation
AND AND
TP53WT TP53 WT
AND OR
No MYCN | Non-metastatic
amplification | AND
MYCN
amplification
Group Non-metastatic Metastatic
3 AND AND
No MYC MYC
amplification amplification
Group | Non-metastatic | Non-metastatic| Metastatic
4 AND AND
Chromosome 1] No
loss chromosome
11 loss

Adapted fromKuzanFischeret al (2018.
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1.5.4.Current Medulloblastoma Therapies

Currently, the treatmerprotocols for medulloblastoma patients are molsthged on the
conventional ri sk categori sat i(Ramasveamydand at i er
Taylor, 2017). Irrespective of the risk group, patseare firstly subjected tdumour
resectiorduring diagnosis (Kuzaifrischeret al, 2017). Recently, Thompsaet al., (2016)
conducted a revaluation of the prognostic value of the extent of medulloblastoma
resection, taking the different subgroups intmsideration. Their findings revealed that
regadless of molecular subgroup, gross total resection has no benefit subtotal resection in
overall survival for patientut for patients that were subjected to Al in lieu of gross

total resectionno overall survival or progresonfree survival adantage was recorded
(Thompsoret al, 2016). Consequently, i rational to suggeshat maximalremoval by
surgerystands athebenchmarlof care for patients of medulloblastornfadditionally,there

were no obvious practical benefis of surgical resedon of minimal residwal
medulloblastoma that embodias increasedsk of morbidityneurologically(Thompsoret

al., 2016; KuzarFischeret al., 2018).

Though, cuioff age varies from one clinical trial to another, Lafagusinet al (2016)

reported thapatients designated as average pakients between the age of 3 to 5 years are
exposed toheirradiationof craniospinal region at the of 23.4 Bgosted with an additional

dose of55 Gy to the tumoumicroenvironmentin the postdor fossa followed bya
chemotherapeutic regimen that is characteristiagitgtoxic. Forindividualsat t he fihi g
ri sko cat edgali(290L17) sigebted ardniospl irradiation of 3639 Gydosage,

boosed with a further dosef 55 Gy to thebed of the tumour, suppted with cytotoxic
chemotherapeutic regimelm this case, cisplatin/carboplatimcristine-cyclophosphamide
combination regimens constitute the typical chemotherapeutic intervention (Kistdner

et al, 2018).

Due to the debilitating sideffects ofcraniospinal radiation on the newtognitive ability

of developing nervous system, infant patients of medulloblastioatare not up to the age
of 3 to5 years ar@mow treated throughpproaches devoid afradiation (Grillet al., 2005;
Coheret al, 2015; Holgadeet al, 2017). For such neradiation medulloblastoma therapies
targeting infants within the age group eb3ears, a variety of chemotherapy regimens have
been wuder intense research, includingtoposide, cisplatin vincristine, ad

cyclophsphamide, and a further administratiormofologous hematopoietic cell reseunsl
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methotrexate administered intravenously and intraventriguladyclophosphande,
cisplatin analoguecérboplatir), and vincristindRutkowskiet al, 2005; Coheret al., 2017;
KuzanFischeret al, 2018). Unfortunately, for patients in this age group that are diagnosed
with nondesmoplastic histology and macroscopic metastatic medulloblastoma, survival

rates and general outcomes have been abysmally poor (Ramaswamy and20aylpr

1.5.5.Biologically-Informed Medulloblastoma Treatment Strategies Targeted

Therapies

Because of the current knowledge of the fact that medulloblastoma is an aggregation of
highly heterogenous tumours, molecularly stratified chhtrials have been eguted, with

focal interest inmolecular subgrups of the disease ande@finedknowledge of patient risk
stratum(Ramaswamyet al, 2016 a; b; Northcotet al, 2012b). Owing to the advanced
understanding of major molecular and genetic changes withiougamedulloblastoma
subgoups and histological subtypes, researchers have continued to strive to develop novel
targeted therapies specific to molecular pathways anehdakted treatment protocols that
arepatens peci fi ¢ and s ui tua(briscettettalg 2083 Gpjjaretiale nt 06 s
2014; Holgadcet al, 2017; Ramaswamy and Taylor, 2017). Recent research efforts are
gearedtowards many scientific trials to develop and experimeand establishsmall
molecular inhibitors, immunotherapies andesttherapieghat are basd on antibodiesyith
potentials of taking advantage of the molecular vulnerabilities of different molecular
subgroups as well as histological subtypes of medulloblastoma @taia2015; Badodi

et al, 2017; Holgadeet al, 2017).

For low risk, noametastatic WNT medulloblastoma,-decalation of firstine treatment is
one of the key strategid¢isat are introduceth majority of active clinical trials (Holgadet
al., 2017). These clinical trials are designed with the int&@ntraniospinal irradiation

reduction or elimination and implement reduced dosage of chemotherapeutic regimes

(Ramaswamy and Taylor, 2017). Owing to the

reported for this class of medulloblastoma, these dirpeeclinical studies are primarily
aimed at reducindeaths emanating from side effects of treatmienstients witrsurvival
outcomes that are biologically favouralfRamaswamyet al, 2011; Henrichet al, 2014;

Ramaswamt al, 2016b).
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For more han adecade now, actiegpecific molecular targeted therapies against SHH
medulloblastoma have been under serious investigation; hence, the activation of Hedgehog
signalling pathway in medulloblastoma has been identified and established in many
preclinicd studes and the efficacy of inhibitors of hedgehog pathways in medulloblastoma
has been proven in differem vitro studies (Bermaret al, 2002; Taipaleet al, 2002;
Robinsonet al, 2015).Some ofthefirst actionspecific therapieto advance to fst stage
trialsin individuals suffering from medulloblastomagere the competitive antagonists of the
smoothened receptor, vismodegib and sonidegib (Robiesai, 2015). Interestingly,
whether paediatric or adult, all medulloblastomtguas treated wi vismodegib recorded

an improvement inthe survival of patients with persistent sonic hedgehog type of
medulloblastomathoughin other molecular subgroups of medulloblastoma, the survival
outcomes were dismal (MacDonadtl al, 2014; Rdinsonet al, 2015). One of the mar
determinants of response to SM&mpothenedinhibition is thedefined localisation of
hedgehog cascade modificatiodewnstream b SMO, such asSUFU mutations, which
negatively regulates hedgehog signalling and tmelification GLI group zinc finger 2
(GLI2) or MYCN upregulation, thatesult in the conferment of resistance to SMO inhibitors
(Pambidet al, 2014; Koolet al, 2014). Based on these molecular premiaesingle therapy
involving the use of smoothenaahibition has beemeportedly linked to the isolatioof
therapyresistantsub-clones througlfEMO inhibition mutations olincreased expressiaf
alternativeproteins that are associated with survii@lhonamiciet al, 2010; Massiminat

al., 2016); henceindicative of tke possibility that SMO inhibitors cannot achieve durable
treatment response independently, but will require the company of additional agents to
function and guarantee better treatment response (¥awath2009). Similarly, alternative
molecular agentshit target downstream components of the hedgehog signalling pathway
have been reported tbe made up othe trioxide of arsenicand itraconazole, GLI
transcription factomhibitors thatcould showeffectivenessin a small group ohedgehog
activatedmeduloblastoma patientthat is not determined blyHH-PTCH1:SMO (Kim et

al., 2013; Ruseret al, 2014).

Furthermore, other molecular pathways thay proffer targetable vulnerabilities within the
SHH subgroup have ba identified and established througlkeries of preclinical studies
(Mille et al, 2014 Fariaet al, 2015). For instancéhe significance othe PI3K pathway in
SHH medulloblastoma metastasis was demonstratedenomicanalysis oimous model

of SHH medulloblastoma, in whiclumour popultons at the stage of metastasiere
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enriched for clonethrough the addition ahe PI3K pathway(Wu et al, 2012. Mutations
affecting TP53 are frequently reported in SHH medulloblastoma subtypes, meolecular
therapies targeting such pathway coptdvide a reasonable alternative to irradiation and
help overcome radiation resistance associated with these mutations (@tabbr2010;
Zhukovaet al,, 2014).

For group 3 and group 4 molecular sudagps of medulloblastoma, there are no current
specific targeted therapies in existing clinical trials (Kufascheret al, 2018). However,
Holgadoet al (2017), while attempting to produce a tailored medulloblastoma therapy
through genomics and evalirg one molecular subgroup at a time; designed a trial
containinga treatment regimefor patients that have progressedmetastasigluring the

time of diagnosisincomplete removal and amplificatiasf MYC or MYCN, that were
referred to as high risk patientslolgadoet al, 2017). Although patients with iGup 3
medulloblastoma molecular subgroup have been shown to have worst prognosis, no current
clinical trials are known to be inviggating targeted therapies in Gro@pand Goup 4
medulloblastoma patients (Fagtaal, 2015). It is therefore, importartiat such studies are

prioritised.

Group 3 and ®up 4 molecular subgroups of medulloblastoma have been shown to
demonstrate high degree of heterogeneity as per adiwgnalling pathways, with the
overexpression of MYC being the mostgoeninant cytogeetic marker in Gup 3 tumours
(Venkataramamt al, 2014; Peiet al, 2016). Treatment via the combined usét8K and
molecularinhibitors have shown promising rdtsuwhen preclinical agents inr@up 3
MYC-driven medulloblastoma are targeted (Alimostaal., 2012; Dubucet al, 2013;
Hovestadet al, 2014; MacDonalcet al, 2014)

1.5.6.Metastatic Medulloblastoma

Typically, medulloblastoma m&stasis involvestumour cell movement to the
leptomeninges, and the spread and establishment of the disease hveitl@ptbmeningeal
area constitute the most formidable treatment challenge confronting clinicians {Kuzan
Fischeret al, 2018). Across all molecular subgrougfsmedulloblastoma, the incidence of
metastatic tumours at diagnosis has been reported to bexapgiey 40%, although the

frequency of metastasis varies across different subgroups at the point of diagnosis (Wu
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al., 2012; Zapotockyet al, 2017). Inthe nonwinglesssubgroup of medulloblastoma,
tumourmetastasisluring the period of diagnosis an indicator ofbad prognostic feature

(Ramaswamyt al., 2016b).

Owing to the widelyreported treatment failure that have pervaded the clinical setting of
relapsed metastatic medulloblastoma, the current key focus of investigation is treatment of
metastat compartment (Ramaswamy and Taylor, 2017). Significantly, neaatoma

has been demonstrated to undergo notable clonal selection and evolution during
tumorigenesis; by implication, tumour cells from metastatic compartment are have
characteristic genietandepigenetic changekat are unommon in the primary tumougells
(Wanget al, 2015. This assertion is based on reports figgnomicanalysis via integrated
profiling approacksuch as copy numbeariation DNA methylation, and exosequencing
analsisof corresponding tumour samplésrived from human medullotdtomaat primary

and metastatic phases addition toreports obtainedrom a murine transposedriven a

model ofSHH medulloblastoma, whernenified transposao insertionlocationswere showm

to be glaringlydifferent between the primary and metastatic tumours€Wal, 2012. It is
therefore, rationale to suggest that molecular pathways determine the survival of metastatic
medulloblastoma cells in the metastatic microenvironment or comeatt and such te

are invariably different from the cells of the primary tumours and specialised targeted
treatment will be likely required to achieve an improved survival outcome. Currently, the
molecular mechanisms that underlie medulloblastoma rastass$ still pody understood;
consequently, preclinical studidisat are aimed atlentifying such mechanisms, whereas
future trials are needed to establish the definiggnetic andmolecular profils of
medulloblastoma; and analysis of the metastatitoiur microenvirament via tissue biopsy

to establish the presence of possible therapeutic target that could help optimize
medulloblastoma patients selection for further experimental therapies. It is also important to
delve into the implications of DNA daage repair genes the development of different
molecular subgroups of medulloblastoma; given the universal report of frequent mutations
in of key cancecritical genes, especially the tumour suppressor TP53 gene in most of the
medulloblastoma subgroupBhis is where ttg PhD is likely to contribute in improving our
understanding of the molecular characteristics of medulloblastoma and consequent

development of possible molecular targeted therapies.
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1.6. Mesothelioma

Mesothelioma is a rare but prolifically aggsive, asbestaglated cancer that develops on

the linings(known asthe mesotheliumthat cover many internal organs swshthelungs,
heartandabdomen (Kondolet al, 2016). It is often referred to as ggutic neoplasm owing

to its characteristiability to maintain a prolonged period of laterfolfowing contact with
asbestosremaining asymptomatic and undetected in the body for up to 40 years in some
casegFrank, 2012)lIt originates fromthe surfacesof mesothelium tissues in the pleural
region; though, it is not exclusive to the pleural mesothelium, as it can emerge in the tunica
vaginalis as well as the peritoné@ktaet al, 2008). In the US, Surveillance Epidemiology
and End Results (HR) registry data indicated that the number of reggbrtew cases of
mesothelioma per annum is approximately 3,300, compared to about 200,00@raag c
incidences (Frank, 2012).

The risk of mesothelioma development increases with increageusure to asbestos and
disease symptoms could take about 20 yead sometimes, up to 50 years to appear
following contact with asbestos. Currently, patients suffering from mesothelioma show a
characteristic poor life expectance, because it has no koorenat present. However, the
disease stage, histological subtyped the tumour location are the most significant
determinants the survival patient. Additionally, the overall health of the patient, age and
whether that cancer has assumed metastati¢ atatalso of critical prognostic significance
(Frank, 2012).

1.6.1.Histology and Prognostic Features of Mesothelioma

Mesothelioma is categorized based on location or cell type. Dependent of the location where
a tumour first develops, mesothelioma is subdivided into four primary types, nateatgl

(lungs), peritoneal (abaeen), pericardial (heart), and testicular tfggsnesothelioma (Teta

et al, 2008).

Pleural mesothelioma is the type of cancer that develops in the tissue surfaces of the linings
the lungs, known as the pleura. It is the most predominant form of mesothgéiccounting
for over 80% of reported nevases. Pleural mesothelioma is difficult to diagnose because

it shows no or very minimal symptoms in the early stages (Kored@h 2016). However,
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at later stages, symptoms tend to worsen significantly; ehepleural mesothelioma
prognosis is very poomwith most patients surviving less than 17 months following the
appearance of initial noticeable symptorBaifeiro and Katzman, 2006; Kondad al.,
2016.

Peritoneal mesothelioma is the form of mesotheliamahich the tumour develops in the

thin layer of tissues lining the abdomen, the abdominal mesothelium. Because of the
proximity between the abdominal lining and vital abdominal organs, peritoneal
mesotlelioma frequently spreads to such organs as ligpieen and bowel. It is
characterized by severe pain in the abdominal as the most predominant symptom, in addition
to discomfort associated with abdominal effusion (fluid buildup) (Reizal, 2014).
Although, peritoneal mesothelioma has poor prognosig, tse of hyperthermic
intraperitoneal chemotherapy (HIPEC) in recent years, has somewhat impacted positively
on prognosis. In this case, outcomes are pasipatific but survivorship, is dependent on

thepati ent ds si tuat i on ora@adeirpand Katzncan,20p6 di agno

Pericardial mesothelioma is thge of mesothelioma that originates from the tissues lining

the heart cavity, the pericardium. Pericardial mesothelioma is very raoeindiog for less

than 1% of the total reported cas#f mesothelioma. As the disease progresses, it limits the
rate of oxygen supply to the heart, resul ti
symptoms of pericardial mesothelioma resemblediobseart attack, including severe chest

pain andoreathing difficulty. In most cases, pericardial mesothelioma remains undiagnosed

until autopsy is carried out (Sardgtral., 2012).

Testicular mesothelioma is the rarest form of mesothelioma affed¢tendirtings of the
testicles. Only fewer than 100s&ss of testicular mesothelioma have been diagnosed across
the globe; hence, the mechanisms of development and the course of treatment are poorly
understood (Frank, 2012).

Currently, the only effective watp confirm mesothelioma diagnosis is by the analydi

cell types in the tissue samples obtained via biopsy. Such histological examination provides
insight into which types of cell and subset of cells constitute mesothelioma. Consequently,
mesothelioma isategorized into three forms based on the tymmoétituent cells, namely:
epithelioid, sarcomatoid, and biphasic mesothelioma (Frank, 2012).

Epithelioid mesothelioma is the commonest cell type prevalent in mesothelioma, accounting
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for over 75% of aldiagnosed cases. It is easily distinguishable uhagr magnification,
especially with reference to its elongated pattern of shape. Epithelioid mesothelioma is
mostly predominant in lung cancer and has the best prognosis of all mesothelioma cell types
(Husainet al, 2009).

Sarcomatoid mesothelioma cetigginate from supportive tissue structures such as bones
and muscles, accounting for less than 10% of all diagnosed cases of mesothelioma. They
present the worst prognosis among all the cell types and are usually vemyltdiffitreat.
Histologically, bey appear elongated and spinlike and arranged in haphazard fashion
(Wuet al, 2013).

Biphasic mesothelioma is a mixture of both epithelioid and sarcomatoid cell types,
coexisting as a single tumour tissue. It constguabout 40% of all reported ses of
mesothelioma. In this type of mesothelioma, the constituent cell types are differentiated, and
by implication, the epithelioid cell types exist in separate area from the sarcomatoid cells.
Biphasic mesothelioma has test prognosis than sarcomataitesothelioma and poorer

prognosis relative to epithelioid mesothelioma (Husgdial, 2009).

1.6.2.Molecular Pathogenesis of Malignant Mesothelioma

As reviewed in the preceding sections, malignant mesothelioma is a rare bssaggre
cancer that essentiallydelops in the superficial parts of serosal cells of the pleural region,
peritoneum, and sometimes the surface linings of the pericardium and the tunica vaginalis
of the testis (Tsat al, 2009). About 80% of the entire @ped cases of malignant
mesotlelioma originated from the pleura and are referred to as pleural mesothelioma or
malignant pleural mesothelioma (MPM). Malignant mesothelioma development occurs
latently in patients, and due to the ineffectiveness of radadbgools in detecting the
disease at early stages, mesothelioma is mostly diagnosed at advanced stage; and biomarkers
for early stage diagnosis are yet to be establisteekidq 2013. In malignant
mesothelioma, the structural localisation and features of the body cavities in Wwhich t
disease originated from, aid the spread and invasion of neighbouring cavities by malignant
cells (Tsacet al, 2009).

Histologically, three major subpes of malignant mesothelioma have been characterized,

namely, epithelioid, sarcomatoid and biphasiith rare histological variants also included

44



in this disease entity (Husagt al, 2009). Due to its characteristic unresponsiveness to
conventional theapy and concomitant poor prognostic features, as indicated by a paltry 9 to
12 months median survivalf patients aftediagnosis andonsidering its recalcitrance to
recent advances in chemotherapeutic regimens combining cisplatin and pemetrexed
(Vogelzang et al, 2003), it is therefore, urgent to undertake more studies to understand the
molecular pathognesis of mesothelioma. Although, some new molecular target drugs
against the disease have been developed and occasionally demonstrated stabilization of
malignant mesothelioma, such treatment modalities have failed to advance to the stage they

could be reammended as an optimal/standard treatment regimen (Jaketteer2011).

Because malignant mesothelioma is a relatively uncommon, research to expasedtsar
pathogenesis and understand the genetic and epigenetic alterations that aid malignant
mesohelioma development has lagged relative to other common cancer typest(déan
2012). In recent times, research findings from global genetic andhetigevaluations are
facilitating the delineation of basic molecular abnormalities of this raregextoemely
aggressive cancer. Recently, several reviews of mesothelioma have made attempts to
describe the myriads of genetic, epigenetic and signallittgvyag modifications (Jeaet

al., 2012;Sekido, 201R Considering the foregoing review, this Ptii2ss investigatedhe
expression of several DNA repair genes from different DNA repair pathways shetilBs

Neil2, Neil3,(BER),Erccl, (nucleotide excision repair, NER) altth1 (MMR) in cell lines

derived from malignant mesothelioma and further, attechpd compare @ne expression

levels in these cells with cancer steriscderived from the cell line.

1.6.3.AsbestosInduced Molecular and Genetic Damage

Exposure to asbestos has been shown to be the major cause of malignant mesothelioma and
more than 80% ahdividuals that have this cancer have reportedly had contact with asbestos

at one point in their lifetime (Pas$ al, 2004). Asbestos representsraup of six mineral

fibres, categorised into two subcategories, (a) a collection of fibres that dreerdchown

as the amphiboles, with five constituent members, namely, brown asbestos also called
amosite, blue asbestos also known as crocidolite, titenactinolite, and anthophyllite and,

(b) the serpentine subcategory, made up of white asbestos,isvlisb known as chrysotile,

as the only member of the categgBaumannet al, 2013. The correlation between the

asbestos of the amphibole categang the tumorigenesis of malignant mesothelioma has
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been extensively documented; particularly the blsieeatos, which has been severally
reported to be the type of asbestos with the highest carcinogenic propblusgmanet
al., 1990. An asbesto$ike mineral known as erionite has also been implicated as a major

cause of malignant mesotheliong&ekido, »13).

After the inhalation of asbestos fibres deep into the lungs and their subsequent penetration
into the pleural space, the interaction betweenatsigestos fibres with the cells of the
mesothelium and inflammatory cells results in the initiation olomged cascade and
repeated of tissue damage, tissue inflammation and repair, and the eventual development of
malignant mesothelioma in a yet to beabtished mechanism (Liet al, 2000; Passt al,

2004). It is still unknown why parietal pleura is ihéial site of development of asbestos
induced malignant mesothelioma, rather than the visceral pleura. Relative to other cell types,
cells of the human mesothelium show very high susceptibilisb@stos toxicity; hence,

there is a paradoxical questiaf how asbestos leads to the development of malignant
mesothelioma given that the exposure of human cells derived from the mesothelium to
asbestos is expected to lead to the death of the cellst(hly 2000;Sekido, 2013

Many possible mechanisms thaefine the involvement of asbestos fibres in the
development of malignant mesothelioma have been suggested (Toyokuni, 2009;eHeintz
al., 2010). As represented in Figure 1.1, there are four pedpmaites by which asbestos
fibres initiate molecular anclytological destructions of cells of the mesothelium and severe

inflammation that characterize malignant mesothelioma, namely:

® Generation of reactive oxygen specie®NA damage including DNA strand
breaks are caused by reactive oxygen species (ROS) emgefnan the asbestos
fibres and their exposed surfaces. Macrophages, while attempting to defend the
organism phagocytose the asbestos fibres, however, they are unable to digest
them, resulting in fither production of abundant ROS (Toyokuni, 2088kido,
2013.

(i) Engulfment of asbestos fibres by mesothelial cellshe uptake of asbestos
fibres by the cells of the mesothelium can result in its physical interference with
the process of mitosis througthet disruption of the mitotic spindles.
Chromosomal struatal aberrations and mesothelial aneuploidy could result

from the entanglement of the asbestos fibres with mitotic spindles or
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(iii)

(iv)

chromosomes (Toyokuni, 2009).

Uptake of chemicals and binding of proteis by asbestos fibresa variety of
chemicals and proteingre adsorbed by the asbestos fibres to the extensive
surface of asbestos leading to the accumulation of hazardous molecules including
those capable of causing neoplasm of the mesothelium. Addiyiosaime
important proteins have high affinity for ashmstibres and when such proteins

are deficient, mesothelial cells may be negatively affected (Toyokuni, 2009).

Release of cytokines and growth factorsmesothelial cells and macrophages
exposed to dmestos release myriads of cytokines and growth factars as
tumour necrosis factdd  ( ©)Nrierleukinl b -1b), transforming growth
factorb  ( B),Gand plateletlerived growth factor (PDGF), which induce
inflammation and promote tumoudevelopment and cellular proliferation (As
reviewed bySekido, 201R For instance, it has been demonstrated thatrNF
activates nuclear factdr B (CB) Fresulting in mesothelial cell survival and
inhibition of asbestesduced cytotoxicity (Yangt al, 2006). It has also been
shown that following the exposure of mesdihl cells to asbestos, they release
high-mobility group box 1 protein and then, undergo necrosis, promoting
inflammatory response (Yangt al, 2010). From the foregoing models of
asbegtsinduced pathogenesis of mesothelioma, it is rational to sudgashe
aberrantly activated molecular signalling network among mesothelial cells,
inflammatory cells, fibroblasts and other stromal cells that were exposed to
asbestos, may result in angpegation of mutant clones of mesothelial cells,
which harbour DNAdamage and aneuploidy, and aggregate as cancer cells,
forming a tumour microenvironment of mesothelioma as showfigare 1.4
(Sekidg 2013
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Asbestosnduced DNA damage in cells of the mesothelium or DNA damage emanating
from other factors must be correctly and timely repaired to ensure that DNA integrity in
the cells is maintained. Base excision rep®dER), NER, MMR and homologous
recombination and nehomologous engbining (for the repair of double strand breaks)
have been reported as the key DNA damage repair mechanisms in mammalian cells
(Toumpanakiset al, 2011). Each of these DNA repair routes’e beewvariously shown

to be significantly overexpressed in malignant mesothelioma, and most prominent of them
are genes related to the repair of dotdttand breaks (B et al, 2010). Similarly, genetic
polymorphisms in genes that encode BER pratainch as Xay cross complementing
group 1 (XRCC1) have been reported to be overexpressed in malignant mesothediema (R
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et al, 2010). It is therefore, rational to hypothesize that the increased expression of some
genes involved in DNA repair arttieir producs coud be responsible for the observed

resistance of mesothelioma to chemotherapy and radiotherapy; hence, the focus of this
research. In later sections of this chapter, a detailed review of DNA repair genes and their

implications in cancer development ahdrapy will be presented.

Besides the asbestdependent molecular pathogenesis of malignant mesothelioma
reviewed above and the models of mesothelioma development represefitgal énl4,

there are several other molecular events and signalling pathtiaty determine the
development of malignant tumours. These asbastiependent molecular pathogenetic
pathways of malignant mesothelioma are predicated on DNA damage affecting the proto
oncogenes and tumour suppressor genes, resulting in their aotieationactivation
respectively. The next sections will attempt to review the molecular pathogenesis of
malignant mesothelioma on the basis of oncogenic activation and tumour suppressor gene

inactivation.

1.6.4.Activation of Oncogenic Cascades

In malignant cells ofmost cancer types, there is a characteristic activation of receptor
tyrosine kinases (RTK)Baselga, 2006)Activation of RTKs results in the concomitant
overexpression of two major oncogetependent cell signalling pathways, the
phosploinositide3 kinage (PIBK}AKT pathway and RaMEK-extracellular signal
regulated kinase, which are known to regulate the growth, proliferation and survival of
malignant cells $ekidqg 2013. The RTK oncogenes such as epidermal growth factor
receptor (EGFR) and MET have Imeshown to be constitutively and simultaneously
activated in many cultured malignant mesothelioma cells (Betval, 2011). There have
also been reports of other reamst of RTK such as AXL, which were suggested to be

associated with more malignant plogypes of mesothelioma (Laue¢al, 2011).

In a similar vein, the activation of the mammalian target of rapamycin (mTOR) signalling
pathway has been reported to sigmahtly contribute to the pathogenesis of many cancer
types, including malignant me$elioma (Hartmanet al, 2010). In a related event,
Vargheseet al (2011) demonstrated that the upregulation of PI3K and mTOR signalling

pathways in patients with malignt peritoneal mesothelioma resulted in shortened survival.
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In addition to the pathwa of mitogeractivated protein kinase (MAPK) and PI3¥KT,

reports have also indicated the aberrant activation and overexpression of the signal
transducer and activatorf transcription 1 (STAT1) in malignant mesothelioma using a
phosphotyrosine proteomscreen (Mengest al, 2010). Besides the frequent activation of
STATL, the Src group of kinases have as well, been suggested to be required in the

development of maligma mesothelioma (Menges al.,, 2010).

1.6.5.Inactivation of Tumour Suppressor Genes

In human malignant mesothelioma, three major tumour suppressor genes, including the
cyclin-dependent kinase inhibitor 2ACDKN2A), neurofibromatosis type NE2), and
BRCAl-as®ciated proteirl (BAPI1) genes, are frequently altered, resulting in their
inactivation and the aberrant expression of their respective gene product and concomitant
dysfunctional substrate interaction; culminating in cancer cell proliferation, survival and
resistance to therapy. In this section, the attendant implications of the inactivhthese

key tumour suppressor genes will be reviewed, with emphasis on the type of mutation events
that produce the DNA damage.

(1) The cyclin-dependent kinase inhibitor 2A/alternative reading frame genes:
In malignant mesothelioma, tBEDKN2Agene is know to be prone to mutation
and has been reported as the most frequently mutated and inactivated tumour
suppressor gen€&gulkeset al, 1997; Gueet al, 2015. The gene is localised on
chromosome 9p21.3 and encodes two proteins, pl6INK4a and p14ARF. Cell
cycle fate is determined by p16INK4a through the combined pathways of-cyclin
dependent retinoblastoma protein and cydigpendent kiase 4 (CDK4). On the
other hand, p14ARF modulates the Tp53 pathway by inactivating MDM2 that in
turn, controls p53 functio(Musti et al., 2006). Hence, wheDDKNZ2Ais deleted
in a homozygous fashion, two main tumauppressing pathways of
retinoblastomaand p53 are deactivated in malignant mesothelioma cells. Over
the past decade, several reports have shown that the ar@flysialignant
mesothelioma tissues or cell lines via fluoresaerditu hybridization (FISH)
revealed that more than 70% of thelgsed samples showed uniform loss of the
CDKN2Alocus (Chioseat al, 2008; Matsumotet al, 2013; Wuet al, 2013).

Basedon histological suizategorization, malignant mesothelioma that belongs
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(ii)

(iif)

to the epithelioid type showed approximately 70%C&IKN2A homozygous
deletions, while sarcomatoid malignant mesothelioma cases displayed
approximately 100% homozygous deletion of @i@KN2Agene (Matsumotet

al., 2013).

Neurofibromatosis type 2 inactivation:the NF2 gene encodes moesazrin
radixin-like protein(Merlin), a tumour suppressor protein, belonging to the band
4.1 family of cytoskeletal linker proteir{8ianchi et al., 195). Tumorigenesis

of the nervous system such as bilateral vestibular schwannomas at the eighth
cranial nerve, spinal schwannomas and meningiomas, are a defining
characteristic of NF2 cancer syndrome; andllglic mutations oNF2 are also
reported to ocur frequently in sporadic cases of these tumours (Thurnestsen

al., 2009). In malignant mesothelioma, thE2 gene has been variously reported

to be the key tumour suppressor gene most affected by the loss of the
chromosomal locus 22q12 (Bianddti al, 1995, with 407 50% of malignant
mesothelioma cases shown to be harboring an inactivation mutation (Murakami
et al, 2011). The tumour suppression role of Merlin has been reported to be
modulated by the E3 ubiquitin ligase CRL4 (DCAF1) in a study thalareg
malignant mesothelioma cells and immortalized mesothelial cellet(lal,
2010).

Deactivation of BRCAl-associated proteirl (BAP1): The BAP1 gene has
been shown to be a very important tumour suppressor gene in malignant
mesothelioma, where 23% 08 £ases were shown to have somatic mutationsin
BAP1 (Bott et al, 2011). Similarly, a study conducted by Yoshikagtaal
(2012), using malignant mesothelioma patients of Japanese origin, showed that
BAPL1lis frequently mutatedBAP1lis localized to chromasne3p21.1, where it

is responsible for the production of a nuclear ubiquititeinal hydrolase,
which is a member of the deubiquitinating enzymes. The substrate specificity of
BAPL1 is characteristically broad and it is known for its affinity for sdvera
substrates including the host cell factor 1 transcriptional scaffolding subunit,
which is an N-acetylglucosamine transferase that idiiked, human orthologs

of additional sex combs (ASXL1/ASXL2), and fenlead transcription factors
(FOXK1/FOXK2). BAPL has been reported to have a role in a variety of cellular
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processes such as, cell growth control, response to DNA damage, chromatin
dynamics, and modulation of the cell cycle (Eletr & Wilkinson, 2011).
Additionally, it has also been reported that BAPIngolved in modulating
polycomb target proteins in malignant mesothelioma tisdvesali et al., 2013
Interestingly, two families with phylogenetic history of high incidence of
mesothelioma were shown to have germline mutations oB&fl gene and

sone carriers oBAP1gene mutations in the two families developed other types
of cancer (Testat al, 2011).

1.6.6.Chemotherapeutic Treatment of Mesothelioma

Over many years, research has strived to establish the best chemotherapeutic treatment
regimen for mesdielioma, however, the results have been disappointing, partly due to the
ability of mesothelioma to resist chemotherapy and the-availability of effective
chemotherapeutic agents with minimal cytotoxicity (Frank, 2012). Single anticancer agents
such asantimetabolites, anthracyclines, and platinbased agents have been studied but
only show an approximate response rate of 10% (Su, 2009). Oncologists@entists were
previously concerned that chemotherapeutic treatment of mesothelioma failed teeproduc
better patient outcome relative to the lone implementation of best supportive care (BSC).
Consequently, the UK Medical Research Council (MRC) trieddévelop the key
advantages of chemotherapeutic use, when compared to supportive care in a clinical tria
in individuals suffering from mesothelioma, who were not previously treated (Mtats

2008). The research design employed was a dmmedesign and participants were
randomized to best supportive care with the inclusion or exclusion of one oab of t
chemotherapeutic regimens: vinorelbine as a single agent or a combination regimen
compising mitomycin, vinblastine, and cisplatin. Upon combination and comparison, the
results of the two arms of chemotherapy relative to BSC alone, showed medianl surviva
for patients at 8.5 months and 7.6 months respectively; which showed statistical
insignificance. Further statistical exploration of the two chemotherapy arms independently
showed that patients treated with vinorelbine had a median survival ofodwhs,but
patients in the MVP arm had no significant survival advantage (Muiexds 2008; Fank,

2012).

As a monotherapy, vinorelbine was further tested in a selaom@dr salvage setting, in
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which 63 patients with relapsed or refractory mesothelioma gigees the drug weekly.
The results produced 16% rate of susceptibility and 9.6 monthsamedrvival rate
(Stebbinget al, 2009). However, a combination therapy regimen of vinorelbine and
cisplatin as firsline of treatment in patients with noasectale malignant pleural
mesothelioma, achieved a 30% response rate, median survival r&@e8ahdnths and

median period of progression of 7.2 monthgrégseret al, 2008).

In 23 patients with untreated cases of malignant pleural mesothelioma, the use of
gemcitabine monotherapy achieved a 31% rate of response and improved symptoms were
recordedn over 40% of the participants, (Bischeffal, 1998). However, the sample size
employed by the researchers was too small and the patients in the trial wittecadizaly

stage of the disease and promising epithelial histology (Frank, 2012). trclatieal trials,

where gemcitabine was used as a monotherapy, the response rates were disappointing,
ranging from 0 to 7% and median survival of 4.7 months to &msqKindleret al,, 2001).
Interestingly, clinical trials employing a combination theraggimen of gemcitabine and
cisplatin or carboplatin resulted in response rates of 12% to 48% and median time to
progression of 6 months to 9 months (Jackman, 2009).

Berghmanst al (2002) reported that cisplatin was the potent monotherapy to which, un
resectable malignant pleural mesothelioma is susceptible; hence, serves as a standard
chemotherapy for the disease. The reliability and potency of cisplatin as atsargiey

has made it the backbone of most doublet regimens, over the years. On thisgelzang

et al (2003) reported that the dual therapy of cisplatin and pemetrexed is considered the
optimal treatment option and opined that it should be regardedssandard firsline
chemotherapy for the treatment of unresectable mesothelioma tkatassmed
malignancy; and indeed, it has become a treatment benchmark which is recommended as

the combination therapy regimen to resectable mesothelioma (Frank, 2012)

Regardless of the improvement recorded with the use of cisplatin and pemetrexed
combinaton therapy regimen against mesothelioma; the treatment of the disease, like most
cancer types, is still gravely challenged by chemotherapeutic resistance. Corgequent
approximately 67% of the investigated patients failed to demonstratevpaosisponséo

the cisplatin- pemetrexed combined therapy approach, and majority of the subjects will
progress after firsine therapy and usually die no later than one yiar diagnosigGreen

et al, 2007).0n this note, scientists have been gearing efforts towards finding and

53



developing better chemotherapeutic regimen by exploiting the activities of molecular
markers that promote mesothelioma response to cisjplatiretr&ed combination therapy
(Castagnetet al, 2007%.

Interestingly, one of the genes that formed the focus of this PhD work, the excision repair
crosscomplementing 1 Hrccl) gene, has been variously shown to enhance cisplatin
activity against different caec types. For instanc&rccl, whichis primarily known for

the repair of helixdistorting DNA adducts, has been shown to also repair DNA strand
damage caused by cisplatin and the expressid&raufl gene correlates with favourable
prognosis in ovarian caer and nossmall cell lung cancer ghients treated with
chemotherapeutic regimen containing cisplatin (Sistoal., 2005). Zucali and colleagues

(2011) in a similar vein, reported that there is a positive interrelationship between the
upregulation of thynidine synthetase (T®yotein and prolonged progressifyee survival,

and mesot heli oma ©patient s 6-pemetrexedc frebtmestur vi v

regimen.

1.6.7.New Approaches to Mesothelioma Treatment: Targeted Therapy

Like most cancer types, succagsfreatment of patiestwith malignant mesothelioma
remains a challenge, due to the usual chemotherapeutic resistance that bedevils most
cancers. In addition to its characteristic resistance to therapy, mesothelioma treatment is
further hampered by its ierent latency and coeguent late diagnosis and poor prognosis.
Currently, treatment approaches are: chemotherapy, and multimodal treatment including
surgical resection combined with chemotherapy and/or radiotherapy, photodynamic therapy
(PDT), and hypehtermic perfusion of thpleura followed by resection (Zervesal, 2008;
Bononieta. , 2015). These treatment regi mens may
life; however, only modest effects have been recorded with same treatment modalities in
improving overall suriwal. Increased understanding of the molecular pathogenesis and
characteristics of mesothelioma, and the rationale behind investigating novel targeted
approaches have resulted in development of novel potential therapeutic sti@tagsit
exploiting themolecular features of mesothelioma to produce adpmcificity; hence, the

name targeted therapy. In the recent past, the identification and characterization of many
different forms of mutation, a variety ehzymatic catalasesyniads ofgrowth factos, and

glycoproteinsthat contribute to the inherent refractory and poor prognostic features of
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malignant mesothelioma led to the development of targeted therapies including (i) molecular
therapies, (ii) immunotherapy, (iii) targegimsbestognduced infammation (Bononeét al.,

2015). However, for the purpose of this thesis, only molecular therapies will be reviewed.

1.6.7.1.Molecular Therapies

Few years ago, it was reported that malignant mesothelioma are polyclonal tumours, formed
by theaggregation of different independent subclones, which may account for a high degree
of cellular heterogeneity within the tumour microenvironment and contributéhe
development of chemresistantsubpopulationgn variousin vitro experimens conducted
(Comertpayet al, 2014). The characteristic heterogeneity of cell subpopulation in malignant
mesothelioma highlights the importance of simultaneously attacking several different
molecular targets to obliterate the different clones, given that each ciyneewefined by
distinct set of molecular alterations (Bonenial, 2015).

From the foregoing review, the importanceBAP1 gene as a major tumour suppressor
gene, its physiological role in biological processes, as well as its importance in the anolecul
pathogenesi®f malignant mesothelioma cannot be overemphasized. It is therefore, not
surprising thaBAP1gene and its gene products are of key interest in the quest of researchers
to develop moleculabased target therapies that are aetipacific. For instance, ihas been
reported that the somatic lossBAP lis associated to a slightly longer survival (Aetzgl.,

2014). This finding is probably rationalized by the fact that most somatic mutations are
frequently detected in epithelioid malignanesothelioma, wibh have a better prognosis

than sarcomatoid and biphasic malignant mesothelioma (Fatzial, 2015). When
malignant mesothelioma occurs in a setting of germB#d®1 gene mutations, their
prognosis is markedly better with survival of ol 10 years Baumannet al, 2015).
However, it is surprising that germlifBsAP 1 mutations promotes malignant mesothelioma

on one hand, while they are on the other hand, reported to reduce the disease aggressiveness.
The mechanistic underpinnings ofghdual role of dubleedged sword activity are yet to

be elucidated.

BAP1 functions as a tumour suppressor have been ascribed to (i) BAP1 deubiquitination of
histone H2A, leading to transcriptional activation of genes that regulate cell growth

(Scheuerman et al, 2010); (i) BAP1 functions as a transcriptional coreguldigr
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interaction to host cell facter (HCF1), Ying Yang 1 (YY1l), and E2F1, to induce
transcription of genes involved in cell cycle regulation @twal, 2010); and (iii) BAP1
contributon to DNA repair (Ismaiét al, 2014, Yuet al, 2014), as depictad Figurel.5.

Owing to the implication of BAP1 in chromatin-neodelling and its inherent ability to
deubiquitinate H2A, it is very likely thatAP1 mutations promote cellular sensitivity to
epigenetic modlators. The epigenetic regulation of tumour suppressor genes via chromatin
condensation and émndensation has been reported to be of mechanistic significance in the
development of mesothelionmeand most cancers (Bonoet al, 2015). For instance, the
homeostasis of the acetylated and deacetylated forms of histone proteins is regulated by
histone acetyltransferases (HATs) and histone deacetylases (HDACSs). Acetylation is
increased by HATSs, facibting greater accessibility of chromatin for gene expres€ion

the other hand, HDACs inhibitors alter the wrapping of DNA strands around histones,
modifying the access of transcription factors and affecting the expression of different genes
(Landrevilleet al., 2012).

The therapeutic effect of four different HDAGhibitors, valproic acid, trichostatin A, LBH

589, and suberoylanilide hydroxamic acid (vorinostat), has been investigated using primary
UVM cells and in UVM cell lines. Interestingly, these qoounds were shown to reverse

H2A hyperubiquitination due t@AP1 loss, and initiated differentiation, cell cycle exit, a
shift to a differentiated, melanocytic gene expression profile in cultured UVM cells.
However, valproic acid inhibited UVM tumour grdwin vivo (Landrevilleet al, 2012). In

various In vitro &periments to understand the role of HDAC inhibition in malignant
mesothelioma, increased apoptosis was predominantly reported in malignant mesothelioma
cell lines following treatment with HDAC Mibitors alone or in combination with
chemotherapy (Neuzét al., 2004; Bolderet al, 2006; Symanowslat al.,, 2009).

Germline mutations resulting in the loss of BAP1 has been shown to alter the sensitivity of
malignant pleural mesothelioma cells to HDAGibitors through the regulation of HDAC2
transcription. kbwever, established malignant mesothelioma cell lines with low endogenous
HDAC?2 were found to be resistant to HDAC inhibition (Saetal, 2015). These reports

are indicative of the fact that HXC inhibitors might be effective in the adjuvant therapy of
patients with BAP1 mutated malignant mesothelioma.

Vorinostat is approved by the FDA for the treatment of cutaneeredl Tymphoma. Ima
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Phase | clinical trial using patients with advanced gmaint pleural mesothelioma, 30% of
patients that received vorinostat had a stabilization of their disease lasting more than 4
months (Kellyet al, 2005). However, negative results have been repantphase Il and
phase Il clinical trials of vorinostatnd belinostat respectively, in patients with advanced
pretreated malignant pleural mesothelioma (Ramalingaat, 2009; Kruget al, 2015) as

shown inFigurel1.5.
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Besides BAPL, the role of NF2 gene, aeottumour suppressor gene, in the pathogenesis
of malignant mesothelioma was originally reported by data showing that asbesto
treated\F2" / mice exhibit a significantly accelerated malignant mesothelioma tumour

formation relative to wiletype littermates (Altomaret al, 2005). Merlin, which is the gene
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product encoded by NF2 gene, interacts with multiple substrates thereby, modulating
multiple signal transduction cascades including mTOR, focal adhesion kinase (FAK) and

Hippo signalling pathways (Biancht al, 1995) as shown iRigurel.5.

Cellular proliferation is mediated by merlin through thhibition of mMTOR, in an AK¥T
independent manner (Ladarstial, 2012). Loss of merlin has been shown to result in the
activation of mTOR signalling in malignant mesothelioma cells; hence, in merlin silenced
tumours, mitogenic signalling is highly upregeld and cellular proliferation is markedly
increased. ExpectBd merlin-negative malignant mesothelioma cells were shown to be
more sensitive to the mTOR inhibitor rapamycin, relative to medsitive cells (Lopez

Lago et al, 2009). Owing to this sigficant observation, mTOR has been identified as a
therapeutidarget in the large fraction of malignant mesotheliomas that carry NF2 mutations
and provided the rationale for the further study of mTOR inhibitors as possible molecular
target therapy in maligant mesothelioma. However, it was unfortunate that the aral df
MTOR inhibitor known as everolimus, when tested in a phase Il clinical trial as saocohd
third-line of treatment in unselected greated malignant pleural mesothelioma patients,

showed limited clinical activity.

It is imperative to note that nOR inhibition alone results in compensatory upregulation of
PI3K, consequently permitting the restoration of the downstream AKT signalling
(Carracedcet al, 2008). To address this mechanisnnofOR resistance, GDG980, a
potent and selective oral duahibitor of class | PIS3K and mTOR were tested. GDE30
demonstrated broad activity in various xenograft cancer models, including malignant pleural
mesothelioma (Kantegt al, 2014), but pulmaary toxicity of this class of agents limits
their applicationin a clinical setting. Other molecular alterations that are targeted for
therapeutic use against malignant mesothelioma indyd@-dependent kinase inhibitor

2A (CDKN2A) / alternative readigp frame(ARF) andneurofibromatosis type ZNF2),
VEGF, etc

From the forgoing review, it is evident that scientists are more interested in the molecular
alterations that bring about the development of malignant mesothelioma, without recourse
to the implcation of correctional events that physiologically repairs¢éhalterations.
Consequently, this PhD thesis places emphasis on the involvement of DNA repair genes and
their products in the treatment of malignant mesothelioma; with the view to providing

insights into the possible therapeutic significance.
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1.7.Stem Cells

Embryonic sten{ES) cells areobtained from the inner cell mass of an embryo, typically
during the developmental stageown as @lastocyst{RamalheSantos and Willenbring,
2007). They are chacterised by two distinguishing features: pluripotency, whscthe
capacity of embryonic stem cells to generate all the other cell types that constitute the
histology of adult organism&{m and Orkin 2011; Takahashi and Yamanaka, 2015); and
selfrenewalability, which defines the ability of embryonic stem cetigétain its cellular
characteristics whilst maintaining a proliferative state (Choumeriahal, 2008). The
realisation of the full potentiadf ES cells in basic biology, biomedicine and esgrative
medicine is critically dependent on understandimegse two keyslefining characteristics
(Kim and Orkin 2011). Additionally, the applicability &Scells in regenerative medicine
and related fields o$cience is further determined by knowledtfethe molecular and

genetic underpinnings &S cells (Roeder and Radtke, 2009).

For the past two decades, research has been ongoing to decipher the molecular
characteristic oES cells and enhance thesefulress to mankind. Consequentygroup

of transcription factors, including theimeodomain protein Octgox2, and Nanog (Tai

and Ying, 2013), were identified and demonstrated in different studies, as major regulatory
factors responsible for the controltb& pluripotent feature of embryonic steellg (Mitsui

et al, 2003; Chamberst al, 2003; Avilion et al, 2003. This cadreof regulatory
transcription factors are known &S cell core factors Kim and Orkin 2011). The
relevance of transcriptional relgtory mechanisms to cell fate control guidripotency

(Graf et al, 2009) cannot be overemphasised. Interestinggmanaka and Takahashi
(2015) reported that the introduction of the transcription factors Oct4, Sox2, Klf4, and Myc
(Tanet al, 2013), irio somatic cells can result in the repragnaing of the somatic cells

into ES cell-like cells known as induced pluripotent stem (iPS) cells (Yamanaka and
Takahashi, 2006; Takahasdtial, 2007; Werniget al, 2007; Yuet al, 2007; Parlet al.,

200&).

Owing to the attendant advancements in Hlgloughput technologies over the past
decade, enormous databases of proteomic and genomic information have been assembled

through such technologidike gene expression piibhg, microarays or sequencing
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(Hawkins et al., 2010), the study of the interaati® between and within proteirthe use

of affinity purification and mass spectrometry foe identification oinembers of protein
complexegGavin et al, 2011), and the downregulati@i genes by RNA interfence
(Dykxhoorn and Lieberman, 2005). Thesav tools have been employed in the dissection
of pluripotency and seffenewal control in embryonic stem cells (Mathur et al., 2009;
Roeder and Radtke, 200&nd further deepened the comprehensibility omalerstanding

of cell states at system le®larkset al, 2012).

Delineation of the cells that sustain cancer has been a very critical goal in the context of
cancer biology. Consequently, researchers have proposed that upon transplantation, a small
popuation of cells have characteristic ability e-initiation of tumour formation; and
responsible for maintenance of the tumours and their resistance to anticancer therapies
(Kim and Orkin 2011). These tumodnitiating cells otherwise known as cancemnsieells

might originate from progenitor cellor adult stem cells or from somatic cells
dedifferentiation (Reyat al, 2001; Boroviaket al, 2014). Scientisthawe proposed the
hypothesis that E8ells and cancer cells share commonalities relatitigg@egulation of

gene expression, whichas likely implications and linkage tthe embryonic state of
tumour initiating cells prevalent in tumour microenvironment (Keh al, 2010).
Additionally, evdence deduced fronresearch works that employesbmatic cell
reprogramring has further underscored k&ynilarities betweetumourcell and induced
pluripotent stem cells. Pluripotency acquisittnring reprogrammindypically represents

a reversal otlifferentiation suggested faertain cancer typg®aley, 2008; Papatsenied

al.,, 2015). Several reseadrers have made concerted effortseixplain the inherent
characteristic of cancer stem cells to renew, saiid as a resultspecific expression
signatires of embryonic stem cellewve been definedvhich have also been analysed in
diverse cancers (Wong al., 2008; Somervailleet al, 2009; Schoenhalst al, 2009;
Mizunoet al, 2010; Shatet al, 2011; Radzisheuskaya and Silva, 2014).

In the experimental segments of this PhD, the expression profiles of some key DNA repair
genes irEScells are inveggated with the views to gain insights into the shared similarities
betweenES cells and tumour initiating cells and contributing to the repository of
information about the molecular definition of teiem cell likestate of tumour initiatig

cells. Basean this rationad, this part of the Introductiomnill attempt to critically review

the molecular signatures and gene regulatioESicells, with emphasis on transcriptional
factors, regulation of somatic cell reprogramming, and the @iesvof differem genes
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encoding DNA repair proteins within the different DNA repair mechanisms. These will be
aimed at gaining more insights into the molecular and cellular similarities between
embryonic stem cells and cancer cell and furthering our atadierg of theole of acquired
selfrenewal ability of cancer cells in development of drug resistance capabilities by tumour

cells.

1.7.1.Molecular Signatures and Genomic Regulations in Embryonic Stem Cells

To understand the molecular signature of embryomeim stells, it iSmportant to present a
synopsis b the key modulators of the seknewal and pluripotent characteristics of
embryonic stem cells, anthe acquisition of pluripotent featurekiring somatic cell
reprogrammingConsequentlyTable 1.4 captures theskey modulator®f pluripotency in
stem cells, their physiological relevan@nd themolecular techniqueemployed in the
methods of theimvestigation(Kim and Orkin 2011).

Tabl4ePresentati on of theegewami ansdgt pdiue s pao

characteristics of embryonic sten

Regulators Function Methods Reference(s)

Core factors

Oct4 ES cell core ChIP, MS | Loh et al, 2006; Kimet al, 2008; van
(Poubf1) factor den Berget al2010; Pardet al, 2010;
Radzisheuskaya and Silva, 2014; Du
et al, 2014;Xu et al, 2014.

Sox2 ES cell core ChiP, MS | Chenet al, 2008; Kim et al, 2008;
factor LopezBertoni et al, 2014; Wuet al,
2014.
Nanog ES cell core ChiP, MS | Loh et al, 2006; Cheret al, 2008; Kim
factor et al, 2008; Costat al, 2013; Doet al,
2013; Gingolcet al,, 2014.
Tcf3 (Tcf711) | Wntsignalling | ChIP Coleet al, 2008; Martelloet al., 2012
Klf4 LIF signalling ChiP Chenet al, 2008; Kimetal., 2008
Stat3 LIF signalling ChiP Chenet al, 2008; van Oostert al,
2012
Dax1 (NrObl)| Negative ChIP, MS | Wanget al, 2006; Kimet al., 2008

regulation of
transcription
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Sall4

Selfrenewal ang
pluripotency

ChIP, MS

Wang et al, 2006; Yanget al, 2008;

Lim et al, 2008; Racet al, 2010

Polycomb
related factors

Ezh2

PRC2, repressor

ChlIP, MS

Shenet al, 2009; Penget al., 2009

Jarid2 Finetuning of| ChiP, MS | Shenet al, 2009; Pengt al, 2009
PRC2
Mtf2 Polycomblike ChiIP, MS | Shenetal., 2009
protein
Suzl2 PRC2, repressor| ChlP, MS | Boyer et al, 2006; Leeet al, 2006;
Shenet al, 2009; Penget al., 2009.
Eed PRC2, repressor| ChIP Boyeret al, 2006; Leeet al, 2006.
Rnf2 PRC1, repressor| ChIP Boyeret al, 2006.
Phcl PRC1, repressor| ChIP Boyeret al., 2006.
Myc-related
factors
Myc Proliferation ChIP, MS | Chenet al,, 2008; Kimet al., 2010.
Max Myc- ChiIP, MS | Kim et al, 2010.
interACTINg
Zfx Self-renewal ChiP Chenet al,, 2008.
Trrap Histone RNAI Fazzioet al, 2008.
acetylation
Tip60 (Kat5) | Histone ChIP, MS, | Fazzioet al,, 2008; Kimet al.,, 2010.
acetylation RNAI
Ep400 Histone MS, RNAI | Fazzioet al, 2008.
acetylation
Dmapl Histone ChiIP, MS,| Fazzioet al., 2008; Kimet al, 2010.
acetylation RNAI
E2F1 Regulator of cell ChIP Chenet al,, 2008.
cycle
E2F4 Transcription ChIP, MS | Kim et al, 2010.
activator
Cnot3 General ChiP, Hu et al, 2009.
transcription RNAI
regulator
Trim28 Transcription ce | ChiP, Huet al, 2009
(Tif1lb) activator RNAI

LIF = leukaemia inhibitory factor.

Adapted from: (Kim and Orkin, 2011; Morgaret al, 2017).
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1.7.2.Core Transcriptional Regulators in Embryonic Stem Cells

Theavailability cytokines in conjunction with many otHactors regulat@luripotency and
selfrenewal characteristics of embnjo stem cellsn the cell culture environmeiorey
et al, 2015).An aggregation of regulatorgetworks called thepluripotency gene regulatory
network (PGRN) isesponsible for maintainingS cellpluripotency(Morganiet al, 2017);
andpluripotency is believed takests in many different states, dependemthe sage of he

progenitor cell§Davidsonet al, 2015).

Pluripotency exists transiently in mouse embryo, from the onset of cleavage cycles until late
stages of blastocyst (Boroviak al, 2014). This is comary to the human embryonic stem
cells cultivated in vitro, where differentiatioaquires that the cell'ecome nospluripotent
whereas conversion ofsomatic cells to iducedpluripotent cells needs reversal to
pluripotent statgTakahashi and Yamanak2015). Embryonic stem cells and induced
pluripotent cells arbkely to besubject to the same basic PGRN network; hence, controlling
reprogramming and differentiatios dependent on the knowledgfehe various network of
genes thatranscriptionally reglate cell fate transition and lineage determination (Morgani

et al, 2017).

Genomewide studies have in recent years, expanded the list of regulatory factors in the
embryonic stem cell pluripotency network (Magtsal, 2012). Foiinstance, reconstrusd
networks of transcriptional regulators that demonstrated many similar features were
independently produced by Dumt al (2014 andXu et al (2014). Multiple positive
correlations between the differently reconstructed transanigitivetworks were idsified

when the two constructs were merged as shovgare 1.6.
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Although, intracellular signalling cascadesaynintersect and divergegctivation and
regulation of specific transcriph are typicallyaffectedby an inherenéffector proteirof
eachpathway originatingfrom the nucleus (Itobt al., 2014;Lakatoset al, 2014). Hence,
besides the set of core iskrptional factors repsented inFigure 1.6, the next of
transcriptional factors are representedrégulatory factors likétat3, Smadd)-catenin,
and ERK, which areorrespondingly effectors of LIF, BMRYNT and FGF signallig
routes(Tai and Ying, 2013; Itolet al, 2014;Lakatoset al, 2014), as shown inigure 1.7
Essentiallyregulatory signals originating the effectors are relayeskt@raldownstream
receptos, inclusive ofpluripotency networkwhich is made up dfanscriptionfactors like
Oct4, Sox2Nanog, Brrb, Tbx3, and-Myc (Boyeret al, 2006. These core transcription
factors are responsible for processing inputs from signalling systems and deciding the self
renewal and differentiation propensities of emimigsstem cells (Dunet al, 2014;Xu et
al., 2014).

64































































































































































































































































































































































