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Abstract

Colorectal cancer (CRC) is the third most common type of cancer and accounts for 8 %
of cancer related deaths worldwide. While the likelihood of colorectal carcinogenesis
increases with age, genetics and lifestyle are major predisposing factors. Treatment can
be curative and promises a B%5% survival rate depending on the stage at cancer
diagnosis. Current treatment options include standalone or a combination of surgery,
radiotherapy, chemotherapy, and targeted therapy. An essential part in the treatment of
advanced stage CRC employs an oxalipthised chemotherapy regimen, which has
shown a response rate ofi560%. Nevertheless, the majority of CRC patients experience
relapse after surgery and develop resistance to oxaliplatin thereby limiting its efficacy
and usage at tolerable doses. Like other platinum compounds such as cisplatin, the
molecular target of oxaliplatin is DNA, where it produces DNA in#mad interstrand
crosslinks that prevent transcription and DNA replication to cause cell death. Although
numerous mechanisms of tumour resistance to oxaliplatin have been reported, normal
healthy cells also rely on the majority of these mechanisms for survival and genome
stability. Recently, NEIL3, a celtycle dependent and tissapecific DNA glycosylase

has been implicated in the repair of psorakemd AP (apurinic) sitthduced interstrand
crosslinks (ICLs), thus prompting these studies into the possible contribfitiil o3

to oxaliplatin resistance in CRC treatment via its ability to unhook ICLs. Previous studies
have also reported the overexpression of NEIL3 in CRC tissues and associated it with the
poor prognosis in a range of cancer types. Therefore, this cuessdrch project was
conducted to identify a relationship between cellular levels of NEIL3 in a panel of cancer
cell lines and their sensitivity/resistance to oxaliplatin. The findings confirmed that there
iIs no significant difference in basal NEIL3 levddetween oxaliplatirsensitive and
oxaliplatinresistant CRC cells. However, a concentratiependent upregulation of
NEIL3 was observed in the oxaliplatsensitive HCT116 cell line (wildtype p53)
following shortterm exposure to different concentratiasfsoxaliplatin. Surprisingly,

NEIL3 levels were not elevated in the same cell line following the development of
resistance to oxaliplatin after chronic continuous exposure to incremental concentrations
of oxaliplatin. Finally, an attempt to knockout NBIfrom the genome of HCT116 cells
using CRISPR failed, though RNAmediated silencing of NEIL3 mRNA confirmed that
functional downregulation of NEIL3 contributed a 1-80& increase in sensitivity of

U20S osteosarcoma cells to oxaliplatin. Collectiveigse results suggest that a strategy



to inhibit or downregulate NEIL3 should improve the clinical outcome of oxaliplatin

based chemotherapy for CRC patients.



Chapter 1 Introduction

1.1.Cancer

Cancer is believed to start with the transformation of a healthy cell intmaur cell,
typically a precancerous lesion into a malignant tumour that can invade local tissues and
metastasize to farther organs via the blood or lymphatic systanahan and Weinberg,
2011) Under stressful conditions, the pathways that regaeaterly cell proliferation

can become compromised leading to genetic alterations and the uncontrolled proliferation

of abnormal cells.

Due to the combined influence of various biological and environmental factors, cancer is
considered to be a multifactdridisease. However, certain factors such as ageing,
smoking and genetic mutation can increase the likelihood of carcinogé@émisl,
2007) Collectively, tobacco use, poor diet, obesity, lack of physical activity and
excessive alcohol consumption agnb for 32% of cancer related deaths worldwide
(Jayasekara et al., 2016 developing countries, 15% of cancer cases are caused by
infections such as hepatitis B and C, human papilloma virus and human
immunodeficiency syndrom@vHO, 2021) Other commn predisposing factors include
exposure to ionizing radiation and environmental pollutéRéssel, 2002; Parkin, Boyd
and Walker, 2011)Most of these factors contribute to carcinogenesis by permanently
mutating or overexpressing genes that are inwbimenormal cell growttiMedico et al.,
2015)

Early detection as a result of screening has proven useful particularly in the case of
cervical and colorectal candg@gtzsche and Jgrgensen, 2023¢ombination of medical
examinations such as bloodtesx-rays and endoscopy on tissue samples collected from
patients are used to make a definitive diagnosis and prognosis, and to determine the best
possible treatment optid€unningham et al., 2010)



1.2.Colorectal cancer

Colorectal cancer (CRC) is theirtd leading type of cancer worldwide with an increasing
incidences in developed countries, and it is the second leading cause ofrekatedr

deaths (881,000) in men and wonm&awla, Sunkara and Barsouk, 2018)so known

as colorectal adenocarcinoniids a type of cancer that originates from the epithelial cells

of the large intestine. Growing evidence suggests that it is a heterogeneous disease arising
from different etiological pathways that involve distinct combinations of genetic and
epigeneticmutations(Ewing et al., 2014) The result is an acquisition of selective
advantages that lead to cellular hyperproliferation and evasion of apoptosis to form
benign tumours (adenoma) that can evolve into carcinomas and metastasize over decades
(Guinneyet al., 2015)

Age and genetics are two very common predisposing factors for CRC. It was previously
believed that the likelihood of a positive diagnosis increases after age 40; however, there
IS an increasing number of reported cases in people as gs2@years of ag&airley

et al., 2006) It is estimated that b 10% of CRC are due to inherited mutations such as
familial adenomatous polyposis (FAP) and hereditary nonpolyposis colon cancer (Lynch
syndrome), which exhibits a defective DNA mismatepair mechanism resulting from
germline mutations in genes that encode MutL homolog 1 (MLH1), MutS protein
homolog 2 (MSH2), MutS protein homolog 6 (MSH6) or pasiotic segregation
increased 2 (PMS2). People with Lynch syndrome have a 20% and 50%olikkbf
developing CRC by age 50 and 70, respectiyBlgwla, Sunkara and Barsouk, 2019)
Diagnosis of Lynch syndrome is often made after cancer diagnosis due the cost
prohibitive nature of genetic diagnogiBonadona et al., 2011; Hampel and De La
Chapde, 2011)

DNA alkylating agents are the most implicated environmental factors causing DNA
damage and mutation in the genome. These compounds add alkyl groups to specific DNA
bases to produce alkylation products, some of whicprarenutagenic. For instance, the
alkylation of guanine produces predominantly-id&thylguanine (MeG), but also the

highly mutagenic lesion @methylguanine (8MeG). The two modified nucleotides are
commonly found in the human colorectal DNA. Thus, ®sggg the presence of
methylating agents in foods and drinks,imrsitu formation mediated by bacterial or

chemical nitrosation of amine@artsch and Montesano, 1984; Povey et al., 2002)



MeG is often considered a biomarker for exposure to methglagents, it has been
associated with GC Y KRASand high kevels havenbeemut at i c
detected in cancgarone regions of the colorectufinees et al., 2002) This association
between DNA methylation and oncogenic mutationEKRASprovide evidence for the
involvement of ®-MeG in colorectal carcinogenesis as well as a potential role of DNA
repair mechanisms that process alkylated DNA to eliminate this type of damage. A key
protein involved in the repair of mutagenic and cytotoxic effettalkylating agents is
O°-methylguanine DNA methyltransferase (MGMT) via the transfer of the methyl group
from O°-MeG to a cysteine acceptor residue in the proteegg, 2000)This process
results in inactivation of MGMT which is subsequently lédmklfor degradation by
ubiquitination (Srivenugopal et al., 1996)Therefore, protection of DNA from
methylation requires continuous expression of M&MT gene and unhindered
translation into active protein. Accordingly, low MGMT activity and increa@3&MeG

levels have been associated with increased risk of (CBR€3 et al., 2002)n the absence

of MGMT, 0°%-MeG-thymine mismatches are formed but are recognized by the MSH2
MSH6 heterodimer of the MMR pathway, although recognition does not correléite wi
repair activity(Berardini, Mazurek and Fishel, 2000evertheless, recognition results

in the formation of an intermediate structure that induces a DNA datialed break
(DSB) in the next round of replication, triggering pd@diated apoptosifRReese, Allay

and Gerson, 2001 herefore, cells lacking both MGMT and MMR are more prone to
developing cancer than those lacking one of these mechaiiNsinses et al., 2002 he

role of alkylating agents in colorectal carcinogenesis is not limit&dRidSmutation, as
exposure to these agents has been implicated in the mutation of MMR genes (Bignami
al., 2000). Cigarette smoke contains a variety of alkylating agents (such as ethylene oxide
and acrylamide) and precursors (such as nitrosam{8elgrer et al., 2010Although

there has been inconsistent correlation between smoking and colorectal card¢hrenm

is a two to threefold likelihood of developing colorectal adenomas from long term
smoking (Giovannucci, 2001; Ji et al., 2006; Hannan, Jacobs and Thun,. Z00%,

suggesting that smoking may be involved in the early stages of carcinogenesis.

Lack of physical activity, and diets rich in in unsaturated fats, and alcohol consumption
have also been associated with CHBanikachalam and Khan, 2019he western diet
is typically high in animal fat, which favours the development of bacterial flora that can

degrade bile salts into carcinogenic substarfeégmink, 1997; Boyle and Langman,



2000) Furthermore, patients with chronic inflammatory bodisease are more likely to
develop CRC due to the abnormal release of growth cytokines, increased production of

metabolic free radicals and excess flow of bl@aatgens et al., 2013)

1.2.1.Etiology of colorectal cancer

The primary function of the large egtine is to reabsorb water, minerals, and nutrients
from partly digested food. It contains a broad diversity of microflora that break down
residual macronutrients such as starch and proteins. To facilitate reabsorption, the
epithelial surface of large iestine is organised as an axis of crypts and villi. At the bottom

of the crypts are colon pluripotent (stem and progenitor) stem cells that are capable of

selfrenewal(Peifer, 2002)

As these cells differentiate and mature into specialised colon teismigrate out of

the crypts and up the villi over a period of approximately fourteen days, then undergo
programmed cell death (apoptosis). Dead cells are shed and removed along with faeces
(Kosinski et al., 2007)The renewal, proliferating and difertiation of colonic epithelial

cells is a highly regulated process involving a gradient of signalling proteins, commonly
Wnt, bone morphogenic protein (BMP) and transforming growth factor beta-fTicF
(Medema and Vermeulen, 2011Activation of the Wntsignalling pathway due to
mutations in multifunctional tumour suppressdRC, is the earliest and an essential
event in CRC developmePowell et al., 1992)Mutant APC inhibits the degradation
and S up pr ecatenin groteinp Whichb accumulates the cytoplasm and
translocates to the nucleus to form a signalling complex that induces overactivation of
Whnt. As a results, cell proliferation becomes unregulated, leading to migration, invasion,
and metastasi®acDonald, Tamai and He, 2009; Stanczalllet2011)

The development of CRC usually starts with the proliferation ofgamterous mucosal
epithelial cells known as polyps or adenoma, which can continue to grow o200

years before becoming cancer@¢8syker et al., 1987)Although theisk of these polyps
developing into cancer increases as they grow bigger, only about 10 % of develop into
invasive cancer. These invasive adenomas are known as adenocarcinomas and account
for 96 % of CRCqStewart et al., 2006 Adenocarcinomas thatay into the wall of the

large intestine are able to breach blood and lymphatic vessels, thereby metastasizing to

distant organs by blood transport, or to regional lymph nodes. The degree to which



invasion has occurred determines the stage of the canwkrasa such determines

prognosis and treatment option.

1.2.2.Molecular biomarkers and classification of colorectal cancer

The clinical classification of CRC has been previously limited to the classical TNM and
number staging systems. The TNM system uses ldtiedgscribe cancer such that T
refers to the size of the tumour graded with numerical suffixes, N refers to whether tumour
has spread to lymph nodes and the number of nodes affected, and M refers to metastatic
tumours. In comparison, the number stagingteay uses the TNM system to classify
cancers into four stages (stages I, Il, lll and 1V). Stage | refers to a small tumour within
the originate organ, stage Il refers to a larger tumour that has potentially spread to nearby
lymph node, stage Ill refers tomour that has spread to surrounding tissue, and stage IV
refers to cancer that has spread to a distant organ such as the lung or liver.

However, recent advances in transcriptomics have revealed that the molecular profiles of
CRC can vary greatly acrodgferent stages, although there are still many unclear points
about the overlaps (and exact implications) that occur between these mechanisms
(Yamauchi, Lochhead, et al., 2012; Yamauchi, Morikawa, et al., 20TBg
heterogeneous nature of CRC refldbts many possible factors driving carcinogenesis,
each of which may exhibit distinct genetic mutations and epigenetic sign@iassset

al., 2002) The clinical implications of this heterogeneity manifests in the CRC prognosis
and management. As suchplecular classification (phenotype) of CRC holds relevance

in understanding how the disease develops, identifying risk factors, guiding treatment
selection, and establishing preventive measures. Majority of the current molecular
classifications are baseoh microsatellite instability, chromosomal instability, CpG
island methylator phenotype, and somatic mutatioK$&RASandBRAFgenegGyparaki,

Basdra and Papavassiliou, 2013; Schweiger et al., 20bh8se molecular phenotypes
could also serve abiomarkers for estimating life expectancy after diagnosis and
treatment (prognostic), or for predicting the response of a patient to a treatment strategy

(predictive).



1.2.2.1.Microsatellite instability or mismatch repair deficient phenotype

The mismatch repairMMR) is a highly conserved mechanism that recognizes and
eliminates incorrectly paired bases that arise during DNA replication, repair and
recombinatior(Peltoméaki, 2001; Mukherjee, Ridgeway and Lamb, 20D@ficiency in
MMR is the leading cause of cokxtal cancers, annually accounting for over 500,000
cases worldwid€Popat, Hubner and Houlston, 200%)ithout MMR, DNA basepair
mismatches accumulate leading to microsatellite instability (MSI), a condition
characterized by short DNA base repeat$ #ra prone to base pair substitutions and
frameshift mutationsgLee and Chan, 2011; Nojadeh, Sharif and Sakhinia, 2018)
Approximately 15% of CRC tumours are characterized by high levels of MSH(MBI

) due to the epigenetic silencing or germline ation in one of the MMR geneM[H1,
MSH2 MSH6 or PMS2 (Lynch and de la Chapelle, 2003yhe most commonly
implicated epigenetic mutation in M&Iigh tumours is the hypermethylation of the
promoter ofMLH1 (MutL homolog ] resulting in its inactivatioror downregulation
(Peltomé&ki, 2001)MSI-high tumours generally possess wildtyfiRASandTP53(Jones,
1996)

There is a consistent association between MSI status and survival of CRC. Though MSI
is a contributing factor to CRC development, it is alfoelevance in prognosis. Meta
analysis of CRC tumours associated M&jh status with a 40% better overall survival
rate (Guastadisegni et al., 201@ven when compared with tumours at the same stage
and from the same site, CRC patients with Migh tumours appear to have better 5
year overall survival prognosis than those with MSS (microsatellite stable) cloMSI
tumours (Laghi and Malesci, 2012)Furthermore, though MSiigh status has been
shown to be predictive of the benefit from adjuvamtdtecan regimen in Stageilllll

CRC, there has been no association betweenhfBl status and benefit from oxaliplatin
(Rigau et al., 2003; Bertagnolli et al., 2009a, 2009b; Gavin et al., 201@)e study that
compared MSS, MSbw and MSthigh tunours, it was concluded that M&igh status
correlates with poor response to fluorourdi@ked chemotherag¢hurch, Midgley and
Kerr, 2012) While the role of MSI as a prognostic marker is widely accepted, there is

uncertainty about its role as a pretdie marker.



1.2.2.2.CpG island methylator phenotype (CIMP)

The CIMRpositive status refers to a subset of CRC tumours characterized bigvédh
methylation of specific CpG islands found in the promoter region of approximately 50 %
of genegBird, 1986) Upon CpG island methylation, the gene transcription eti§ip
tumour suppressor and DNA repair genes, includinigHl, is inhibited thereby
contributing colorectal carcinogenesiBefiget al., 2001). Approximately 5i 15% of
tumours located in the distal colon and rectal regions, and4896 of tumours located
in the proximal colon are CIMP positielughes et al., 2012peveral studies have also
associated CIMPpositive status with poor tumour differentiation, higB&AFmutation
rates, wildtype TP53 and female genddiVeisenberger et al., 2006; Weiserges,
Liang and Lenz, 2018)Furthermore, CRC patients with CIM#®sitive tumours are
likely to be smokers and navbese(Slattery et al., 2007; Limsui et al., 201@nother
pattern of CpG methylation is the leevel methylation (CIMHow), which hasbeen
reported to increase with aEoyota et al., 1999; Deng et al., 200There is a debate
about CIMRIow and CIMRnegative tumours being classified into the same category.

The average age for diagnosis of CHdésitive CRC is 67. 6 yea(Simons etl., 2013)

Studies investigating the association between CIMP status and survival of CRC have been
inconsistent, hence the inconclusive use of CIMP status as a prognostic or predictive
marker for conventional chemotheraee et al., 2008; Ogino, Noghet al., 2009; Han

et al., 2013) However, there has been some suggestions of a favourable association
between CIMP positive status and the response of Stage Il CRC tumours to
fluoropyrimidinebased adjuvant chemotherg@pver et al., 2011; Min &fl., 2011; Juo

et al., 2014)

1.2.2.3.Chromosomal instability

Tumours with chromosomal instability status (CIN) are characterized by the presence of
unstable number of chromosomes such that there is an increase in the rate of loss
(deletion) or gain (duplication) of the entire chromosome or parts(Gfeitling et al,

2011; Migliore et al., 2011)CIN is the leading cause of genome instability and
aneuploidy, and it occurs in about 60 % of CRC cé&Shasrch, Midgley and Kerr, 2012)

The mechanism underlying CIN is currently elusive, though studies have confirmed
occurs via a different mechanism from M&lagland et al., 2013; Simons et al., 2013)



CIN-positive tumours have been associated with poor prognosis, late diagnosis, and
higher frequency in men. Regarding localization, CIN tumours are most ofteadanat
the distal color{Simons et al., 2013)

1.2.2.4.Somatic mutations inBRAF and KRAS

Oncogenic activation of tiBRAFandKRASgenes result in dysregulation of the MAPK
signalling pathway, thereby leading to in uncontrolled cell proliferation and inhilaition

apoptosigKocarnik, Shiovitz and Phipps, 2015)

BRAF is a seringhreonine protein kinase that inhibits the RIM&PK signalling
pathway, it is easily activated by the Ras family of oncogenes incldRwg HRASand
NRAS(Wellbrock, Karasarides arfdarais, 2004; Niault and Baccarini, 2010here is

a strong correlation between smoking &RAFmutated tumours. CRC patients with the
mutatedBRAFphenotypes tend to be diagnosed later in life, are most likely to be female,
and most likely to be smoke(Slattery et al., 2007; Limsui et al., 2010; Phipps et al.,
2013) BRAFmutations often occur during the early stages of colorectal carcinogenesis
and has been implicated in 1®20% of all CRC casefd.iévre et al., 2010) There has
been substantigvidence to support the correlation betw@&RAF mutation and poor
CRC prognosigRoth et al., 2010; Therkildsen et al., 201%he question as to whether
patients withBRAFmutated tumours should receive a more aggressive chemotherapy
treatment was answered in a Phase Il clinical trial that showed improved overall survival
following FOLFOXIRI-bevacizumab treatmefitoupakis et al., 2014)Evidence have
supported an assotian betweenBRAF mutation and MShigh through CIMP
(Lochhead et al., 2013Approximately 90% of the observ&RAF mutations in CRC

are as a result of tBRAFV600E (valine substituted for glutamic acid at amino acid
600) mutationDavies et al., 20Q2akenoue et al., 2003Yhere is still no evidence of an
association betweeBRAFmutation and CIN, though there is a negative correlation with
KRAS mutation (Domingo et al., 2013)The use oBRAF status as a prognostic or
predictive biomarker remasrcontroversialRizzo et al., 2010; Yokota et al., 2011; EkI6f

et al., 2013)However, some studies have used a signatB&a8fFandKRASto predict
tumour response to afliGFR treatmen(iSelcukbiricik et al., 2013; Di Bartolomeo et al.,

2014) Thee has been no report of a predictive benefBRAFin regards to standalone
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cytotoxic chemotherapy (including oxaliplatin) or aBtFR (cetuximab) treatment
(Richman et al., 2009; De Roock et al., 2010)

KRAS is a GTPase which acts like a switch tisaturned on to transmit signals that
instruct cells to grow and proliferate in response to an external s{jpadiand Chan,
2011) Mutation ofKRASleads to structural activation of downstream mitogerivated
protein kinase (MAPK) and phosphoinadg3-kinaseAkt (PI3-AKT) signalling
pathwaygqChurch, Midgley and Kerr, 2012; Corso et al., 203)nsequently, allowing
tumour cells to become more resistant to inhibition of tyrosine kinase surface receptors
such as EGFRKRASmutations have beerported in 30 40% of all CRCgChurch,
Midgley and Kerr, 2012)Approximately 90% of alKkRASmutations in CRC are as a
result of point mutations codons 12, 13 andQ@@§ino, Meyerhardt, et al., 2009; Rosty et

al., 2013) There is a possibility that these different point mutations account for different
carcinogenic pathways, and ultimately different molecularghdnotypes. In a study on
Moroccan patients, it was discovered that 23.9 % of the study group exhibited mutant
KRAS with 68.2 % of these mutations due to amino acid substitution of glycine by

aspartic acigMarchoudi et al., 2013)

Several studies have strongly associated mut@ASwith the CIN tumour phenotype

but less likely with MSI tumourf_ee and Char011; Domingo et al., 2013; Hagland et
al., 2013) Though the consideration of KRAS as a biomarker remains controversial,
KRASmutation has been associated with poorer CRC progiiGsiso et al., 2013;
Phipps et al., 2013)n contrast, wildtyp&KRAShas been associated with better response
of metastatic CRC to EGFR inhibitor, cetuxim{&®@aena et al., 2009; Ceelen, 2012; Grade
et al., 2012) One study showed that tumours with a combination of wildK/RAS
BRAF and TP53 had maximal benefits fromxaliplatin and cetuximab treatme(i
Bartolomeo et al., 2014)However, another study reported tHBRAF and KRAS
mutations are not reliable biomarkers in metastatic CRC treatment using bevacizumab
(Selcukbiricik et al., 2013)

1.2.2.5.miRNA as a CRC biomaiker

Further discoveries have indicated that miRNAs potentially play an important role of
colorectal carcinogenesis. miRNAs are short sisglanded norwoding RNA molecules

(approximately 18 25 bases long) that regulate gene expression by facilitatRigAn
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degradation to prevent translation into corresponding prof®lit®chova et al., 2013)
Several studies have associated the presence of certain miRNAs as prognostic and
predictive biomarkers for CR(Svoboda et al., 2012; Lou et al., 2013; Micochetal.,

2013; Yang et al.,, 2013; Hu and Zhang, 2018)one study, a correlation between
MiRNAs (miR-215, miR196b and miRA50b5p) and the expression of thymidylate
synthetase and resistance to its inhibitors was rep(Bteaboda et al., 2012Another

study reported a potentially repressive role of Ml via its ability to prevent cell
growth by downregulating the PI3BKKT pathway(Li et al., 2013) A tumour suppressor

role for miR133a in CRC was also reported via its ability to inhibit pedliferation and

enhance apoptosfPong et al., 2013)

1.2.3.Treatment of colorectal cancer

Because of the diverse mutations driving colorectal carcinogenesis, it has been difficult
to design a oneapfits-all molecular therapy(Sideris and Papagrigoriagi2014)
Curative surgery is the primary course of treatment for B0% of colorectal cancer
patients, however, approximately 40% of these patients experience metastases or
reoccurrencéKekelidze et al., 2013)n general, stageiOlll colorectal cancers aroften

curable with surgical resectioning though many stage Il and stage Il patients receive
chemotherapy after surgery to improve the likelihood of eradicating the d{Szas=er,

2019) If the cancer advances to stage IV (metastatic), it becoma@sinle but treatable

such that the cancer growth and related symptoms can be managed. At this stage, a
combination of surgery and chemotherapy seems to be the most favourable. However, in
regards to chemotherapy, the rapid development of drug resistamai@sea significant
challenggHsu et al., 2018)

Over the years, treatment approaches via chemotherapeutic agents have gradually
advanced and become more personalised to combat the very drug resistant nature of
cancer cells. Current chemotherapeuticnégaised in the treatment of CRC include
capecitabine, oxaliplatin, fluorouracil-@J) and irinotecan (Cancer, 2020). Oxaliplatin

is often used in combination withF3J and leucovorin (FOLFOX) for adjuvant treatment

of stage Il colorectal cancer patienwho have undergone surgery and for treatment of
advanced stage colorectal cancer. The starting dosage for oxaliplatin is 85omggm

every two or three weeks, however, it has to be decreased or discontinued when side
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effects such as neuropathy becomesistent{Graham, Muhsin and Kirkpatrick, 2004)
Other common treatment regimens using these compounds include FOLARIEh
leucovorin and irinotecan) and CAPEOX (capecitabine and oxalip[&umningham et
al., 2008)

Regardless of recent acdv@ments and novel treatments such as monoclonal antibodies
and immunotherapy, chemotherapeutic agents still have the same objective, which is to
kill cancer cells by exposing them to toxic levels of genotoxic agents. As a side effect,
patients experienagther nonrfatal side such as loss of hearing, loss of appetite, hair loss,
diarrhoea, nausea, fatigue, and most seriously, a compromised immune system (Cancer,
2020).

Previous research attempts to improve the efficacy of oxaliplatin inclutteatonent of

colon cancer mouse models with an autophagy inhibitarethyladeninéE. Raymond

et al., 1998) The result was an inhibition of oxaliplatinduced autophagy with an
increase in oxaliplatiinduced cell apoptosis. Autophagy is a natural cellular ptigte
mechanism that removes dysfunctional protein and organelles to prevent tumorigenesis
(Tan et al., 2015) However, it may promote the progression of CRC by protecting the
cancerous cells from therapeutic dinduced apoptosigKlionsky and Emr, 200).

When used in combination with other chemotherapeutic agents such as paclitaxel,
irinotecan (bowel cancer), and cisplatin, oxaliplatin demonstrated acceptable toxicity
(Wasserman et al., 1999; Mani, Manalo and Bregman, 2008)ertheless, in clinal
investigations, oxaliplatin demonstrated similar efficacy to paclitaxel (one of the most
effective chemotherapy drugs in treating all stages of breast cancer) in patients with

platinumpretreated ovarian cand@hi et al., 2012; Xu et al., 2012)

Clinical trials have been conducted to circumvent the debilitating peripheral sensory
neuropathy (PSN) associated with six months of adjuvant oxaliilatad
chemotherapy in stage Ill CRC patients. In multiple trials, three months of capecitabine
and oxalplatin (CAPOX) chemotherapy regime was shown to achieve disease free
survival three years later with lower incidences of Kaxjing PSNCuly, Clemett and
Wiseman, 2000)This was a significant improvement from the standard six months of

fluorouracil,leucovorin and oxaliplatin (FOLFOX) chemotherapy regime.

An approach that has improved the success of CRC treatment over recent years is the

combined use of chemotherapeutic agents or regimens with targeted therapy. Targeted
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therapy involves the use of dysi that target biological processes, or the tissue
environment used by cancer cells to grow and spread inside an orgBoisnard et al.,

2014; Sveen, Kopetz and Lothe, 202For example, the use of cetuximab or
panitumumab in targeting epidermal groviactor receptor (EGFR), a protein that helps
cancers grow and is found on the surface of cancer (Wllbet et al., 2017) Another
common target is vascular endothelial growth factor (VEGF), a protein that helps tumours
form new blood vessels (angienesis). Three common drugs used to target VEGF are
bevacizumab, ramucirumab and zaltrap. Targeted therapy drugs typically have no
efficacy by themselves in metastatic colorectal cancer cells that exhibit mutations in
KRAS BRAFor NRAS(Van Cutsem et gl2009) A possible reason for this is because
these mutations occur downstream of EGRRASandNRASmutations and trigger the
transcription of transforming growth factor (T&F) |, a |igand for EGFF
Thereby creating an autocrine signalling loop that contributes to H@#HBtor
resistancgLiévre et al., 2006)Also, mutation in these genastivate the RaMAPK
signalling pathways thus increasing the expression of VEGF (and EGFR) and allowing
proliferation of cancer cells at a rate that negates the effects of targeted théeamy

et al., 2006) However, combinations of targeted therapth chemotherapy can shrink
tumours and improve the outcome of chemotherapy. The major advantage of targeted
therapy is that unlike chemotherapy, cancer cells can be specifically targeted thus

preventing the elimination of normal cells.

Generally, improvements in CRC treatment over time has led to a decrease in CRC related
deaths even with the increasing number of cases. The survival rate of CRC is highly
dependent on the stage at which the disease is diagnosed. If detected before it has
metastasised, there is a 90% fixear survival rate, 70% if regional, and 10% if it has

spread to other orgafdemal et al., 2004)
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1.3.Platinum-based antineoplastic drugs

Platinumbased antineoplastic drugs are coordination complexes of platinum ubed in
treatment of canceF{gurel.1). Cisplatin (cisdiamminedichloroplatinum Il) is a first
generation platinuAbased drug and also one of the most potent chemotherapeutic agents
ever discovered, with a broad range of solid tumour targets including highly advanced
tumours(Muggia et al.2015) Since the remarkable discovery of its anticancer properties
and endorsement by the Food and Drug Administration (FDA) in the 1970s, cisplatin has
become widely used in treating testicular, cervical, lung, oesophageal, head and neck,
bladder, andvarian cancers among many oth@meestayko et al., 1979; Kelland, 2007)
However, it has been associated with undesirable toxic side effects including
nephrotoxicity. Preclinical studies reported the detection of platinum in excretory organs
and perstence for up to four months following exposure to cispl@@wtkovic et al.,

1977) This led to the development of less toxic cisplatin analogs (second generation
platinum compounds) to relieve the side effects associated with cisplatin. It was
hypothresised that replacing the liable chloride ions of cisplatin with more stable leaving
groups would enable platinum compounds retain their anticancer properties while
conveying lesser toxic effec{gelland, 2007; Muggia et al., 2015his proved true for
carboplatin where the chloride ions of cisplatin were replaced with dicarboxylate leaving
groups and is now widely used in the treatment of ovarian cancer and other platinum
resistant tumours following FDA approval in 19&8izon et al., 2003; MonneretD21).

Similar to cisplatin, carboplatin produces DNA crosslinking adducts though atcdd10
slower rate, thus requiring Z0ld to 40fold higher carboplatin concentrations to
generate equal amount of platirtibNA (PtDNA) adducts(Knox et al., 1986)Four

other analogs of cisplatin (enloplatin, sebriplatin, zeniplatin and miboplatin) were later
enrolled for clinical trials, though apart from miboplatin, their anticancer properties were
transient and dosimiting. Miboplatin was eventually abandonatl Phase Il clinical

trials as it demonstrated no clear advantage over cisplatbwohl and Canetta, 1998)

The research to reduce platinum toxicity and improve the spectrum of activity of platinum
anticancer drugs led to the discovery of third gaimaraglatinum compound, oxaliplatin
(transL-diaminocyclohexane oxalate platinum (1)), which received FDA approval in
2002(Kidani et al., 1978; Wheate et al., 201Barly studies on murine leukaemia cells
confirmed better anticancer activity of oxddipn compared to cisplatin, more so with

less side effects
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(Lebwohl and Canetta, 1998jurthermorein vitro screening of oxaliplatin against the
NCI-60 panel of cancer cell lines showed that oxaliplatin was a more suitable
chemotherapeutic agent fasplatinresistant cancers including colorectal can¢Rige

et al., 1996) After Phase Il clinical trials confirmed the efficacy of oxaliplatin in
combination with fluorouracil (U) and leucovorin for treating advanced stage CRC, it
was approved foclinical use by the FDALebwohl and Canetta, 1998Preceding
oxaliplatin discovery and approval by the FDA, it was largely accepted that CRCs were
resistant to platinuAbased chemotherapy, with response rates between 22%
following cisplatin treanent( O6 Dwy e r e This @alue was sigsif@eaht)y raised

to 50% by the advent of oxaliplatin thus improving the spectrum of activity and treatment

benefits from platinum anticancer drugke Gramont et al., 2000)

The discovery and behavioumralodifications of platinum drugs has led to significantly
better prognosis and treatment of cancer over the last five decades. More specifically, the
endorsement of oxaliplatin and the continuous improvements to combinational therapy,
added with the increasy knowledge about the factors that contribute to CRC, have
ultimately decreased CRC incidence and improved mortality. Before the approval of
cisplatin by the FDA, testicular cancer was only treated with invasive surgery and
aggressive radiation if diageed in early stages, but for late stage cancer diagnosis, the
outcomes were mostly fatéHanna and Einhorn, 2014; Siegel, Miller and Jemal, 2016)
Currently, over 80% of metastatic testicular germ cell tumours can be cured using
cisplatinbased chemo#rapy(Matlashewski et al., 1986)n a study on women being
treated with adjuvant chemoradiation for eastgige cervical cancer, the introduction of
cisplatin indicated improved survival and reduced the possibility of rel@pssvich,
Shipley and Hudalrt, 2006) Despite the advancements in the use of platibased

drugs, drug resistance via innate mechanisms and those acquired in response cycles of
chemotherapy remain a common and major challenge that limit the cytotoxic potential of
platinum drugs. The consegptial use of these drugs at high dosages to overcome
resistance have resulted in side effects including nephrotoxicity, neurotoxicity and
thrombocytopaenia. A combination of continued research to discover better
chemotherapeutic agents that are able éattresistant tumours with an improved
understanding of the molecular effects of platiAbased drugs offer the opportunity to
further advance the benefits of chemotherapy. Furthermore, the present shift into the era

of personalized medicine highlights thvaluable need for mechanistic drug research
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that can guide clinicians towards the bagited treatment regimen for each patient based

on the molecular nature of their cancer.
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Figure 1.1. Structure of cisplatin (left) and oxaliplatin (right).
Cisplatin has platinum (Pt) as the central atom and chlorine (Cl) and ammonip (NH
ligands. Oxaliplatin has platinum as the central atom fy@diaminocyclohexane and

oxalate ligands.

1.3.1.Cellular influx and efflux of platinum-based drugs

The cytotoxic potential of cisplatin and oxaliplatin arises from their ability to covalently
bind nuclear DNA and generate adducts that prevent transcription and DNA replication,
ultimately triggering cell deatfdung and Lippard2007a) In order to reach their target
(DNA), platinum drugs must avoid being deactivated in the bloodstream and
subsequently enter the cell. After cellular internalization, cisplatin undergoes aquation to
displace the chloride leaving group due to tbevdr chloride concentration of the
cytoplasm compared with the extracellular chloride concentration. This transforms the
drug into a very liable state that is localized into the nucleus where it readily binds to the
most nucleophilic sites on DN@&artalouand Essigmann, 2001; Falcetta et al., 20Ik6)

the case of oxaliplatin, the liable oxalate ligand leaving group is readily displaced in the
plasma via a neenzymatic process to generate active oxaliplatin derivatives such as
monoaquo and diaquo DACHgtinum, which enter the cell and nucleus to covalent bind
DNA (Raymond et al., 1998 herefore, cellular uptake and binding to DNA serve as
important steps in the mechanistic action of platishased drugs. Also important is the
cellular transport of platinum with efflux being associated with the development of
tumour resistance to platimbased chemotherapy and the associated toxic side effects
(Kartalou and Essigmann, 2001; Ciarimboli, 2012)

Early research concluded that the main transport route of cisplatin into cells was through

passive diffusion across the lipid membrane in@@ss requiring no energy input nor
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transporter(Hall et al., 2008; Basu and Krishnamurthy, 2010&]ditionally, energy
dependent active copper transporters expressed on the cell surface such as ATP7A,
ATP7B, Ctrl, Ctr2 and copper chaperone ATOX1 haeenbassociated with the
regulation of cisplatiSafaei, 2006; Howell and Abada, 2016)owever, it remains
unknown the mechanism by which these transporters interact with cisplatin, and whether
or not they facilitate influx or efflux of cisplatin and ianalogglvy and Kaplan, 2013)

The primary function of copper transporters 1 and 2 (Ctrl and Ctr2) is the maintenance
of copper homeostasis by facilitating the entry of copper into cells, but their role in as
transporters of cisplatin has receivedreasing attention in recent yedidowell and

Abada, 2010)

Findings from a recent study using CRISERs9 to knockout CTR1 and CTR2 from
HEK-293T cells showed no sensitization of knockout cells to cisplatin, indicating that
neither Ctrl nor Ctr2 waswolved in cisplatin uptakéBompiani et al., 2016 However,
findings from a another study suggested that a decrease in cellular copper increase
cisplatintDNA adduct levels and sensitizes cancer cells to cisplatin treatment, thus
supporting the hypothesthat copper transporters aid the migration of cisplatin into cells
(Ishida et al., 2010)In a study where the -drminal domain of CTR1 was deleted, a
reduction in cisplatin uptake and complete elimination of copper uptake were observed
(Larson et al. 2010) Contrary to these mentioned studies, modification of the three
residues in Ctrl involved in copper transchelation; Met150, Met154 and His139, resulted
in abolishment of copper uptake but increased accumulation of cis(idaiin et al.,

2011) These findings suggest an involvement of Ctrl in the regulation of cisplatin,
perhaps via a different mechanism from the regulation of cqppeand Kaplan, 2013)

Ctr2 shares structural similarity with Ctrl and binds copper but with lesser affinity
(Huang et al., 2014)Furthermore, the differential localization of the two copper
transporters (Ctrl to the membrane, Ctr2 to the nucleus, lysosome and endosomes)
suggests that they have different functions in copper homeostasis further indicating
differential interactions with cisplati(Blair et al., 2011) Early studies showed that
downregulation of Ctr2 enhanced cisplatin uptake byo23- fold whilst accordingly
sensitizing cells to cisplatin independent of Ctrl expression |&8ks et al.,2009) In

another study showing a similar outcome in mouse xenograft models, Ctr2 knockdown
resulted in a 9-fold increase in intracellular concentration of platinum at tumour location

(Blair et al., 2011)However, the most recent study showed kimatckout of Ctr2 using
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CRISPRCas9 resulted in no significant difference in sensitivity to cisplatin between
knockout clones and parental cglBompiani et al., 2016)Further research would be
needed to clarify the relevance of Ctrl and Ctr2 as a pebigror predictive biomarker

for cancer treatment.

P-type proteins, ATP7A and ATP7B which play a primary role at sequestering and
extruding excess copper has also been implicated in the transport of cisplatin across the
cell membrane, and as such in cidl resistance. The two proteins are homologous in
structure but differ in tissue expression and interaction with platinum @@ajandrini

et al.,, 2014) While ATP7A is majorly expressed in the intestine, aorta, vascular
endothelial cells, cerebrovagar endothelial cells and smooth muscle cells, ATP7B is
majorly expressed in the brain and liy@&iarimboli, 2012) An increase in intracellular
concentration of platinum is typically observed in cells expressing ATP7A despite
showing high resistance tisplatin and oxaliplatifKatano et al., 2004)n contrast, a
reduction in cisplatin uptake and an increase in platinum efflux have been correlated with
cells overexpressing ATP7@omatsu et al., 2000; Katano et al., 200@pmpared to

Ctrl and AP7A, ATP7B has demonstrated the most significant effect on cisplatin
resistancéKomatsu et al., 2000)Accordingly, there is a strong correlation between poor
treatment prognosis for colorectal cancer patients treated with oxaliplatin and those with
elevated levels of ATP7BMartinezBalibrea et al., 2009)Co-delivery of ATP7B
specific sSiRNA with cisplatin was shown to increase the sensitivity of-OBR human

oral squamous cell line by 16féld over untransfected cel(¥ oshizawa et al., 2007)
Thus, promising a dual therapy that can prevent cancer cell proliferation while promoting
tumour cell death.

Two polyspecific types of transporters have also been implicated in the regulation of
platinum drug. They are the organic cation transporters p@id the multidrug and

toxin extrusion antiporters (MATES) which transport a broad range of exogeneous and
endogenous compounds of different molecular sizes and structures. OCTs and MATEs
operate in a sequential manner to transport organic cationsteobidod to the bile and

urine. Initially, substrate is transported across the basolateral membrane by OCTs before
interacting with MATESs in the apical plasma membré&denker and Schinkel, 2004;
Harrach and Ciarimboli, 2015)The broad substrate specify of polyspecific
transporters confers large differences in their affinity for different substrates and the rate

of transport. Also noteworthy is that not every substrate of OCTs is a substrate of MATES.
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This difference in substrate binding propertiesvdn been correlated with platinum
toxicity and are suggestive of why some platinum drugs but not others are nephrotoxic
(Ciarimboli, 2012; Harrach and Ciarimboli, 2015)

OCTs are expressed in diverse organs (OCTL1 in the liver, OCT2 in the kidney and brai
and OCT3 in the liver, brain, kidney, heart, placenta, and skeletal tissues amongst other
tissues) and facilitate the transport of small hydrophobic compourid3%DkDa in and

out of tissuegKoepsell, Lips and Volk, 2007)Cisplatin and oxaliplati have been
reported as substrates for OCTs, and considering that drug transportation is dependent on
concentration gradient, higher platinum concentration may be observed inside the cells
than outsidéHarrach and Ciarimboli, 2015%tudies where HEK298mbryonic kidney

cells were transfected with human and rat orthologs of OCT2 reported increased cellular
uptake of platinum, and accordingly increased cell dé@ilarimboli et al., 2005;
Yonezawa et al., 2005)¥he contribution of OCTs to cisplatinduced nephrotoxicity

was further confirmed in studies where OCT1/2 knockout mice and OCT2 inhibitors were
utilized (Filipski et al., 2009; Katsuda et al., 2016)ence the suggested clinical use of
OCT2 substrate, cimetidine, as a shielding agent forkithleeys of cancer patients
undergoing cisplatibased chemotherag¥hang and Zhou, 2012Limetidine belongs

to a class of histamine receptor antagonist that reduce stomach éiddyand Azer,

2021) Cotreatment of mice with cisplatin and cimetid further confirmed the
relationship between OCT2 and renal toxi¢i@rarimboli et al., 2010)

Given that oxaliplatin exhibits low nephrotoxicity in contrast to cisplatin, it may be
assumed that oxaliplatin is not transported by OCT1 and OCT2. However, results from
other studies confirmed oxaliplatin as a substrate for these transgdrezawa tal.,

2006; Zhang et al., 2006Interestingly, oxaliplatin but not cisplatin has been shown to

be a substrate of OCT3 which is expressed in several tissues including the intestine. Thus,
leading to the postulation that the cytotoxicity of oxaliplagiaiast CRC cells is partly

as a result of OCT3 expression in the intesf{vienezawa et al., 2006}Furthermore, a

recent study reported a 9%ald higher level of OCT3 in colorectal cancer tissues

compared to nowancerous tissug€y'okoo et al., 2008)

Similar to OCTs, tissue distribution of MATE varies between tissues with high
expressions of MATEL observed in the heart, liver, kidney, skeletal muscle, and other
tissues, while the expression of MATH2is kidneyspecific(Koepsell, Lips and Volk,
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2007). It has previously been hypothesised that cellular uptake of platinum via OCTs is
not toxic in the presence of an efflux transporter, identified to be M@TKkoo et al.,
2008) Genetic deletion of MATE1 in mice resulted in cisplatin accumulation and
increased incidence of nephrotoxicifilakamura et al., 2010)YOxaliplatin but not
cisplatin has been shown to be a good substrate of MAT Eading to the hypothesis
that the differential nephrotoxicity of the two platinum drugs is as a result of thei
interactions with OCT2 and MATER (Yonezawa et al., 2006)

1.3.2.Formation of covalent DNA adducts

1.3.2.1.Biotransformation of platinum drugs

Once inside a cell, platinum drugs are readily aquated due to the significant decrease in
chloride concentration betwedme blood (approximately 100 mM) and cytosol (125

mM) (Kartalou and Essigmann, 2001; Jung and Lippard, 200X%q)ated cationic
platinum species are further able to diffuse out of the cell to react with various cellular
components including RNA, DNAnd proteins, via competing pathways that have been
directly linked with drug efficacy and toxicitfippert, 1992; Babu et al., 1995; Pinato,
Musetti and Sissi, 2014 isplatin in its parent state is unable to react with biological
nucleophiles, howevethe replacement of chloride ligands with water ligands produces
cisplatin species that are-1® 70folds more reactive than the parent d{Bgncroft,

Lepre and Lippard, 1990pepending on pKa and pH values of the aqueous environment,
water ligandsnay be deprotonated to generate considerably less reactive cisplatin species
thereby modulating toxicitfBernersPrice et al., 1992)Cisplatin is also capable of
reacting with sulphucontaining nucleophiles prand postactivation(Dedon and Borch,

1987; Todd, Lovejoy and Lippard, 2007)he binding of thiolate anions to platinum
species as well as elevated levels of glutathicane lbeen strongly associated with

tumour resistance to platinufdhang et al., 2001; Townsend and Tew, 2003)

Similar to cisplatin, oxaliplatin forms mon@nd dtadducts with various biological
nucleophiles subsequent to aquation. HPLC analysis of pla#tnafiltrate from patients
infused with 130 mg/fof oxaliplatin for two hours confirmed the DACH&nsR, R-
1,2-diaminocyclohexane) species as the predominant oxaliplatin derivative accounting
for 317 100% of the population. Other identified platiroontaining products adducts
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include glutathione (1 %), monocholorocreatininei (21 %), diaqua (4 26 %) and
methionine (8 24 %)(Graham et al., 2000)

1.3.2.2.Species of DNAplatinum adducts

Cisplatin covalently binds both nuclear and mitochondrial DNAD(WA) form adducts,
though repair of cisplatimtrastrand induced crosslinks occurs slower in the histone
lacking mtDNA (Wenger et al., 2004A 4- to 6-fold higher level of DNA adducts have
been reported in mtDNA compared to nuclear DNA, with thigdifice being associated
with the higher initial binding rates and insufficient elimination of cispiBfNA adducts
from mtDNA (Olivero et al., 1997)

Upon reaching the nucleus without being deactivated, platinum complexes covalently
bind N’ sites of puine bases (guanine and adeniearder and Rosenberg, 1970;
Jamieson and Lippard, 1999)he monoaquated derivative of cisplatin rapidly forms
adducts with the Rpositions on guanine and adenine, followed by aquation of the second
chloride ligand to Bow formation of a bifunctional crosslinkBancroft, Lepre and
Lippard, 1990; Jung and Lippard, 200./}hen a crosslink is formed between bases on

the same strand, this is referred to as an intrastrand crosslink; whereas an interstrand
crosslink (ICL)is formed when the modified bases are located on opposite strands of
duplex DNA. Numeric designations (prefixes) indicate whether the two modified bases
are adjacent to each other (1,2) or separated by an unmodified base (1,3). The elucidated
distributionof platinuminduced adducts is as followsapproximately 60 65% are 1,2

d(GpG) intrastrand crosslinks, 2830% are 1,2(ApG) intrastrand crosslinks,i1510%

are 1,3d(GpNpG) intrastrand crosslinks, and 5% are ICLs(Sherman and Lippard,

1987; Kartéoou and Essigmann, 2001; Chaney et al., 208®)gardless of the small
percentage of adducts accounted for by ICLs, the cytotoxic effect of this type of DNA
lesion is still very significant because both strands of DNA are affected, and the
information elwoded in either strand cannot be processed while the two strands of DNA
are crosslinked. Nevertheless, ICLs are thought to contribute significantly to the

cytotoxicity of cisplatin but less so for oxaliplaiBzikriszt et al., 2021)

After binding to INA, the double helix structure of the DNA is distorted and unwound
by each platinum adduct in a unique manfiexdd and Lippard, 2009)X-ray crystal

analysis of solid state major cisplatin-d@pG) intrastrand crosslink revealed hydrogen
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bonds formab n bet ween platinum adduct and the DN
lesion, and unwinding of duplex DNA by approximatelyi2b O(€akahara et al., 1995)

Whereas, nuclear magnetic resonance analysis suggest that this angular bend could as
highas 60 7 0 e i n (Yamy letwalt, 19857 Gelasco and Lippard, 1998)e minor
13d ( GpNpG) intrastrand crosslink bends DNA
platination site is severely distort¢dan Garderen and Van Houte, 199#) contrast,

crystal analysis of the significantly cytotoxic cisplatin interstrand crosslinks revealed a

47¢e bend of duplex DNA towards the minor ¢
110 e overall u n(@asta et al.n1P99PHervatibone madeufiorh thex

crystal analysis of oxaliplatin adducts shows evidence for the impact of replacaig the

diammine (ll) moiety of cisplatin with theissDACH group (Faggiani et al., 1977;

Spingler, Whittington and Lippard, 2001)nlike cisplath adducts, oxaliplatin adducts

form hydrogen bonds between pl «otintenstamd and DN
crosslink(Wu et al., 2004)Furthermore, the oxaliplati®@G structure exhibits a narrow

mi nor groove and a 3 Ihgseoonfermaidnal differencesimayg of L
explain some of the biological and cytotoxic differences between the adducts formed by

the two platinum drugs.

1.3.3.Cellular effects and processing of RDNA adducts

1.3.3.1.Blockage of DNA synthesis

Early studies monitoring thacorporation of thymidine, leucine, and uridine in the

presence of cisplatin as a measure of the rate of DNA synthesis showed that cisplatin at
concentrations below 5 €M selectively bloc
AV3 cell line(Harder and Ramnberg,1970) Whi | e at concentrations
cisplatin inhibited RNA, DNA, and protein synthesis. Other studies investigating the
functions of DNA polymerases in intrastrand crosslinks and ICLs revealed that replicative

DNA polymerases wetglocked by these lesions 90 % of the ti{berman and Lippard,

1987; Comess et al., 1992; Jung and Lippard, 200H@vever, other studies reported

the continuation of DNA synthesis in cells that stopped dividing following cisplatin
treatment, thus sggsting the operation of a cellular mechanism for bypassing platinum

DNA adducts(Sorenson and Eastman, 1988; Sale, 20IRis refers to the translesion
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synthesis (TLS), which has been associated with mutagenicity, drug sensitivity and

resistance.

TLS is initiated by a switching event that results in displacement of the replication
polymerase by a TLS polymerase. TLS polymerases are a family of highly conserved and
specialized DNA polymerases that replicate DNA in a low fidelity manner by
incorporating mcleotides opposite damaged nucleotifskash, Johnson and Prakash,

2005) They have a broad catalytic site and are neorerprone than replicative DNA
polymerases, allowing them to bypass DNA lesions in a mutagenic mérarege,

Takata and Wood,(1; Yamanaka et al., 201Mhe monoubiquitination of proliferating

cell nuclear antigen (PCNA) at Lyi64 strengthens its affinity for the-fémily

pol ymerases (REV1, i akafivhicdhaveRldquitindinding sites), P o | )
thus allowing i to serve as a scaffold to which the polymerases bind for access to the
blocked replication site. Subsequent to the recruitment of TLS polymerases at the stalled
replication lesion site, a cascade of three events occur to bypass lesion suac{@pG,2

i ntrastrand crosslink. A-Qitheo énetleet oppbstethes I ns e
5, foll owed by onwa@. @he kineticefor dcloafi thi stepi;y t h e
dependent upon the nature of the lesion and the specific polyn{essaam et al.,

2007; Hicks et al., 2010)The structural differences between adducts formed by
oxaliplatin and cisplatin account for the differences in efficiency and fidelity of TLS, with
oxaliplatin | esions being more nrdeaditlyanbyrg
cisplatin lesiongChaney et al., 2004, 200Brevious studies have reported the respective
roles of Pol d or Pol @ in incorporating t
cisplatin 1,2d(GpG) intrastrand crosslink. The extensiorpstethen accomplished by

P o | -family), Bnerrorprone TLS polymerase that bypasses cisplatin adducts with low
efficiency(Chaney et al., 2005; Knobel and Marti, 2Q1ijvas recently discovered that

the flexibility of the Val59Trp64 loopinthedaal yti ¢ site of Pol d p
TLS-mediated bypass of oxaliplatin 1g2GpG) adduct$OuzonrShubeita et al., 2019)

Human cell s that | acked Pol d were shown toc
treatment than cells expressing fuocti a |  (Rloeltelladet al., 2005)Given that

cellular tolerance to intrastrand crosslinks by TLS polymerases prevents the induction of

cell death crosslinking agents, TLS has been considered a contributing factor to drug
resistance. In a study thatadysed sixtyfour mucosal derived squamous cell carcinoma

of head and neck (HNSCC), it was revealed
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correlated with high benefit rates in patients treated with a platrasad chemotherapy

(W. Zhou et al., 2013)Several studies have now reported that the suppression of TLS
polymerases sensitizes cancer cells to anticancer drugs and reduces the frequency of drug
induced mutations that contribute to drug resistance.

A threestep ICL repair process involving TLS polyrases has also been repeated. In
the first step (unhooking), incisions are made on one strand of the DNA on both sides of
the damaged nucleotide, and this is followed by TLS bypassing the unhooked ICL to
restore one of the crosslinked DNA strands. This therves as an intact template for
completing the repair procegblo et al.,, 2011) One of the major challenges with
elucidating the mechanistic process of TLS in the repair of ICLs is due to the fact that
there are multiple DNA repair pathways involiadCL repair. These include the NER,

HR and Fanconi anaemia pathway, and how these pathways work together is still not
fully understood( Mol dovan and DO6Andrea, 20009; Muni é
Scharer, 2016 Recent studies have reported the role of NEIL3, a component of the BER
pathway, at directly unhooking psoraleand AP siteinduced ICLs via its glycosylase
activity (Martin et al., 2017; Albelazi et al., 2019)

1.3.3.2.Inhibition of transcription

Similar to their inhibitive activity against DNA polymerase, platinum adducts efficiently
block RNA polymerases from transcribing mRNA encoded on DNA. Previous research
into the mechanistic action of cisplatin revealed that MCF7 breast cancer cells a@dvance
to the G2/M stage regardless of increased cell death, indicating that, under relevant
physiological conditions, there was sufficient DNA synthesis to allow cell cycle
progression through the S phgs#to et al., 1996)Subsequent studies in DNA repair
proficient and deficient Chinese hamster ovary cells treated with cisplatin correlated G2
arrest with cellular sensitivity, thus confirming cisplatin retarded the rate of DNA

synthesis without determining cellular sensiti(i8orenson and Eastman, 1988)

Collectively, these studies support the theory that the inhibition of transcription is the
primary mechanism through which the cytotoxic activity of cisplatin is established,
arresting cell cycle at the G2/M phase, and preventing the transcriptionesf igggjuired

for transition into mitosis. More specifically, it was later revealed that cisplatin 1,2
d(GpG) and 1,2(ApG) adducts on the template strand blocked mammalian RNA
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polymerase Il (Pol 1l) and. coli polymerase (RNAP), but only slightly on timen
template strandCorda et al., 1991)The eukaryotic RNA polymerase 1l is responsible
for the transcription of majority of genes and has been implicated in several transcription
inhibition studies. Although less reported, RNA polymerase | involvedthia
transcription of ribosomal RNA has also been shown to be inhifiitacth et al., 1999;

Jung and Lippard, 2007&}iven that RNA Pol | transcribes significantly more DNA than
RNA Pol Il, its inhibition may account for ribosome biogenesis stressyansEhanism

that is believed to be responsible for the anticancer properties of oxalijftater M.

Bruno et al., 2017)This is in contrast to carboplatin and cisplatin, which kill cells through
DNA-damage response (DDR), further explaining the distalinical application of
oxaliplatin. Stalling of RNA polymerases can signal damage response to either initiate
repair or mediate cell death. There are several pathways by which normal cells can repair
DNA damage, and more than one of these pathwaystepter simultaneously to remove

a lesion.

1.3.3.3.Platinum DNA adducts and protein interactions

In addition to the previously discussed repair proteins, several other proteins have been
reported to bind to platinated DNA. The high mobility group box (HMGB)#Jroteins
contain two tandem HMG domains that recognize and strongly bind bent and distorted
duplex DNA. Given this along with the high intracellular concentration and transient
interaction with DNA, there is a high probability of HMGB1 encountering pltgoha
DNA; and there have been postulations of its involvement in cisplatin sensitization
(Scovell, Muirhead and Kroos, 1987; Bruhn et al., 1992; Jung and Lippard, 200&eg

has been evidence to suggest that HMGB binding to cisplatinated DNA shieltigth
d(GpG) intrastrand crosslink from NER to potentiate the sensitivity of tumour cells to
cisplatin (Awuah, Riddell and Lippard, 2017MDA-MG-231 cancer cells transfected
with HMGB4 displayed a twdold increase in cisplatin sensitivity. However, HMG
proteins bind oxaliplathDNA adducts with lower affinity than cisplatin adducts
(Vaisman et al., 1999; Rabik and Dolan, 200HMGB1 has been reported to stimulate
AP endonuclease and FEN1 activiies on BER substréRessad et al., 2007)
Interactons between the TATAINnding protein (TBP) and cisplatotemaged DNA have

also been reported, with a stronger affinity for-d(&pG) over 1,2(GpG) intrastrand
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crosslink(Coin et al., 1998QAlthough the binding affinity of TBP to cisplatinated DNA

is amilar to that towards TATA, this increased by-&0d in the presence of HMGB1,
thus suggesting that TBFRMGB1 complex interacts in platintinNA adducts. Binding

of TBP to damaged DNA inhibits transcription due to the reduced binding of TBP to the
TATA box (Jung and Lippard, 2007a)

The YB-1 transcription factor which binds inverted CCAAT box sequencesoy has

been reported to preferentially bind -H@ApPG), 1,2d(GpG) and 1,3(GpTpG)

intrastrand crosslinkgOhga et al., 1996)An increased concentration of YBwas

observed in cisplatinesistant cell lines compared dragnsitive parental cells. ¥B

i nteracts with several DNA repair proteins
MSH2, thus indicating a possible role for ¥lBn DNA damage repair modulatigdung

and Lippard, 2007a)

BER occurs in the nuclei as well as mitochondria and to protect against cancer, ageing
and neurodegeneratiofiKrokan and Bjgras, 2013Jhe magnitude of damage signalling
that is required tonitiate base excision is not fully understood. It remains a subject for
debate as to whether specific DNA damage signalling is required to activate BER or
damage is simply recognized by a DNA glycosylase scanning the DNA. Damage
recognition protein, PARPIh its active and inactive form binds 1d2GpG) and 1,3
d(GpTpG) cisplatinated DNA with higher affinity than undamaged DNA, amount binding
to the 1,2d(GpG) was greater than the amount binding to other types of cisplatin
crosslinks(Zhu, Chang and Lippar®010) PARP1 also binds DNA adducts produced

by other platinum compounds including oxaliplatin and pyriplatin thus suggesting the
binding to DNA is triggered by the presence of any foreign substance on DNA rather than
a specific type of distortion. PARL has also been implicated in the BER pathway, murine
models deficient in PARP1 (poly (ADfbose) polymerase 1) exhibited sensitization to
DNA damaging agents that produce lesions normally recognized by BER mechanism
(Wang et al., 1995)PARP is sigricantly upregulated in response to DNA damage
leading to NAD depletion and ultimately necrotic cell deéBchreiber et al., 2006)

Tumour suppressor protein p53 via its two DiRidding domains binds doubtranded
platinated DNA molecules with a strger affinity than undamaged DNA molecules
(Wetzel and Berberich, 20Q1owever, inhibition of the @erminal domain prevents
binding to platinated DNA Pi v o Rk o v §. Mere specifically, a@ivk @3B has a
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strong affinity for 1,2d(GpG) intragrand crosslinks but does not bind -H&pG)
crosslinks, ICLs or monoaddudtsasparkova, Pospisilova and Brabec, 20@&lnilar to
PARP, p53 associates with proteins involved in damage recognitions and improves
HMGB1 binding to cisplatinated DNA, thdrg modulating platinum adduct repair

(Imamura et al., 2001)

1.3.4.Activation of signalling transduction pathways by platinum-based drugs

For DNA damage to be repaired, it must be detected, and signals relayed to damage
response proteins in the cell. Thisdedo subsequent activation of cell cycle checkpoint
kinases 1 and 2 (CHK1 and CHK2) which halt cell cycle progression at the Gi$intra

or G2 phase to allow an opportunity for damage repair before the -@aitess the cell
cycle(Zhou and Elledge, 2000f damage cannot be efficiently repaired, cell cycle arrest
will persist, or apoptosis will occur to prevent genetically impaired cells from replicating.
Therefore, the cytotoxicity of platinmased drugs depends not only on their ability to
preventtranscription and DNA replication, but also on the failure of cells to detect

platinum adducts and signal DNA damage repair.

1.3.4.1. DNA damage sensors and signal transducers

The role of the 94-1 complex (consists of RAD9, HUS1 and RAD1 proteins) in
combinationwith proximal kinases ATM and ATR has been implicated in the detection
of DNA damage(Maréchal and Zou, 2013)The 91-1 complex is a heterotrimeric
toroidal clamp which shares structural and mechanistic features with RXINAL al.,
2009) In respons to genotoxic stress induced by replication inhibition, thk19
complex is loaded onto the chromatin by RABdbhtaining replication factor C (RFC)
followed by binding of ATRATRIP to damaged DNAParrillaCastellar, Arlander and
Karnitz, 2004) Subsquently, TopB1 is recruited to the damage site where it links-the 9
1-1 complex and ATRATRIP to facilitate ATRmediated phosphorylation and activation
of CHK1.

After damage recognition, signals are relayed through a number of transducers to
downstream eéctors that initiate DNA repair or stop progression of the cell ¢¢tieu

and Elledge, 2000PPNA damage response must operate fast enough to prevent damaged
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cells from transitioning into the next phase of cell cycle, and the damage response signal

mug continue until the damage isresolfedMe d e ma and Maheréforegtke, 201 2)
regulation of cell cycle checkpoint components has been implicated in the fate of cells
following exposure to damage.
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1.3.4.2.Checkpoint kinases

ATM and rad3related (ATR) and ataxia telangiectasia mutated protein (ATM) are
protein kinases with structural similarities to the phosphatidyline3#oH kinases
(PI3K) family. Respectively, ATR and ATM activate CHK1 and CHK2. ATM is
activated in resp@e to DSBs while ATR is activated in response to an array of DNA
damage including stalled replication forks triggered by bulky DNA adducts. Additionally,
ATR can be activated secondarily following the processing of DSBs into strgleded
lesions(Medemaa nd Ma c S r. €KK1 arl CHK2 )were originally thought to
function only as checkpoint kinases, however, further studies indicated their role as DNA
damage response kinases that regulate more than just the cell cycle. Encoded by the
CHEK1 gene, CHK1d expressed during the S and G2 cell cycle phases and is essential
for maintaining genome integrity as confirmed by the embryonic lethality of CHK1
knockout mice(Takai et al., 2000; Sgrensen and Syljudsen, 20h2X)ontrast, CHK?2
knockout mice studiexonfirmed the redundancy of CHK2, thus prompting the
hypothesis that CHK2 is a supportive kinase of the main checkpoint inhibitor, CHK1
(Zhou and Bartek, 2004)-ollowing phosphorylation by ATR, CHK1 dissociates from
chromatin and autphosphorylates iedf to promote the phosphorylation of CDC25A
(Zhou and Bartek, 2004, DephespronyiationohCDC28& c Sr e k ,
activates cyclirdependent kinases (CDKs). CDKs along with other cyclins regulate the
transitions between the different cell cypleases. Therefore, cell cycle arrest at G1 by
CDK2 or at G2 by CDK1 occurs due to the unregulated phosphorylation of CDK. It has
been reported that cisplatin preferentially activates ATR which subsequently
phosphorylates checkpoint kinase 1 (CHK1) butas also been shown that it directly
activates CHK2in an ATMndependent mann¢Damia et al., 2001; Zhao and Piwnica
Worms, 2001)

1.3.4.3MAPK (ERKs, JNKS and p38)

CHKZ1 has been reported to activate specific pathways of the mitajimated protein
kinase (MAPK) system such as those mediated by major members of the MAPK
subfamily which include the extracellular sigmagulated kinases (ERK), stress
activated protei kinases (SAPK, also known aslen Nterminal kinases (JNKs)) and

p38 kinases. In healthy cells, MAPKSs play an important role in the transduction of signals
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from cell surface to the nucleus, thereby modulating gene expression, cell proliferation,

cell differentiation and cell deai{Brozovic and Osmak, 2007)

Cisplatinmediated activation of MAPK is ceflependent and may either suppress,
induce or have no part at all in apoptosis. A previous study reported that all three major
MAPKSs are activated by splatin, although ERK activation is the most critical for
induction of apoptosis by cisplat{ibamia et al., 2001)inhibition of the ERK pathway

in cervical cancer cells has been shown to promote cisplatin resigf@ersons,
Yazlovitskaya and Pelling2000) This is consistent with findings that ERK activation
subsequent to exposure of tumour cells to cisplatin contributes to p53 phosphorylation at
the serinel5 positioWang, Martindale and Holbrook, 200QYajority of the genes
activated by p5are associated with cell cycle arrest, DNA repair and apop(iosist

and Grant, 2001)These include CDK inhibitor p21, papoptotic gene Bax, and growth
arrest and DNA damage ger@ADD45. The GADDA45 protein associates with PCNA

to enhance NER andgect cells from cisplatimduced cytotoxicityDelmastro et al.,

1996) However, in an event where DNA damage overwhelms the repair capacity of cells,
the net effect of the biological process favours the induction of apoptosis. This process
begins withthe mitochondrial translocation of Bax leading to a cascade of events that
release apoptotic factors that activate the caspasesghse 3 pathway to complete
apoptosigSmith et al., 1994; Delmastro et al., 199Bisruption of p53 function has been
shown to sensitize breast cancer cells to cisp&iang, Martindale and Holbrook, 2000;
Makin et al., 2001)

Similar to ERK, p38 kinases have been implicated in cispiatinced apoptosis and can

be activated by various stimuli including inflammatorytokynes and environmental
stresgLosa et al., 2003)Activation and inactivation of p38 respectively sensitizes and
makes cells resistant to cisplatinosa et al., 2003; Basu and Krishnamurthy, 2010b)
Activated p38 can proceed to phosphorylate MA&RHivated protein kinase 2
(MAPKAPK 2) which phosphorylates CDC25 to induce a checkpoint response. The p38
protein has also been implicated in cisplatiduced phosphorylation of histone H3
which plays a crucial role in chromatin remodelling and DNA danragponse (DDR)
(Rossetto, Avvakumov and Co6té, 2012)

Sustained activation of JNKs has been implicated in apoptosis, whereas transient
activation has been implicated in cell proliferation and surv{BarnersPrice and
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Appleton, 2000; Dhanasekaran aReddy, 2008) Phosphorylation and activation of
JNKs by mitogeractivated protein kinase kinase (MAPKK) leads to the control of
apoptosis via the upregulation of pmpoptotic genes including Fasand TNFalpha
(Dhanasekaran and Reddy, 2Q08he role of JNKs in mediating cisplatinduced
apoptosis was indicated in studies where Jificient cells demonstrated resistance to
cisplatin(Wang and Lippard, 2005; Dhanasekaran and Reddy, 2008)

The complex role of MAPKs in cisplatin sensitivignd resistance is yet to be fully
understood. It is possible that both faqpoptotic and anipoptotic effects of this these
pathways are correct, and the discrepancies may reflect the variances in tumour type and
extent of DNA damage incurred. Overexgg®n and mutational activation Ras
oncogenes which are upstream regulators of ERK and JNK have been implicated in
cisplatin resistancgSiddik, 2003) Ras bound to guanosine triphosphate (GTP) can
activate ERK and MAPKK leading to p53 phosphorylationits inactive state when
bound to GDP, it is unable to signal p53 activatibempke et al., 2000)

1.3.4.4.p53

The status of tumour suppressor protein p53 (encoded byRB8 gene) is a major
determinant of cellular tolerance to DNA damage, hence its intiplican cancer
prognosis and the development of drug resistéBed&er et al., 1989)Approximately

50% of cancer cases exhibit mutationsTiR53 with 75% of these mutations being
missense mutations that inhibit apoptosis, frequently resulting in aggrgsoliferation

of cancer cell§Zhang and Lozano, 201AYynder normal conditions, p53 is regulated by
MDM2, an E3 ubiquitin ligase that binds the transactivation domains 1 and 2 (TAD1 and
TAD 2) of p53 and tags the protein for proteasomal degraddfimms, maintaining low
steady levels of p53. Activation of p53 occurs in response to a variety of stress signals
such as DNA damage leading to subsequent phosphorylation by ATR and ATM which
stabilize the proteinBasu and Krishnamurthy, 2010a)he indrect role of p53 in
regulating gene expression has been previously rep@teag and Lozano, 201 Both
wildtype and mutant p53 are able to bind cisplatinated DNAtzel and Berberich, 2001;

Pi voRkov § .Eurtheanbre, p53 Beuiatés) dejn-induced cell death via the
overexpression of phosphatase and tension homolog (PTEN), degradation oflikelCE
inhibitory protein (FLIP), and inhibition of AMRinase. p53 also directly binds and
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counteracts the aréipoptotic function of BekL to promote cisplatifinduced apoptosis
(Basu and Krishnamurthy, 2010a)

Following nuclear localization, p53 transcriptionally induces target genes which could be
either preapoptotic (such as Bax, PUMA, Noxa and PIDD) or-aptptotic genes (such

as FEN1MSH2 and MGMT) that encode downstream DDR proté€@tgistmann, Fritz

and Kaina, 2007; Gutekunst et al., 2011a; Li, Musich and Zou, 28%Xuch, p53 plays

a bifunctional role as an enhancer of DNA repair to maintain genome protect cells, and a
sensitzation role by triggering apoptosis. The choice of which pathway to stimulate may
be dependent of the cytotoxic agent and dosage. RiNdliated silencing of p53 in
testicular cancer cells was shown to contribute to cisplatin resistance in these cells
(Gutekunst et al., 2011b)

1.3.5.0Oxaliplatin induces ribosomal biogenesis stress

Although the cellular processing and mechanistic actions of platbased drugs are
similar, recent experimental findings have identified major differences between how
oxaliplatin aml cisplatin trigger cell deaiPeter M. Bruno et al., 2017} was shown that
oxaliplatin does not induce DDR, rather it eliminates cells via ribosomal biogenesis stress
thereby explaining differential clinical applications and siffects associatedith the

two commonly used platinmibased anticancer drugs. Early RNAased studies
indicated that unlike cisplatin and carboplatin which crosslink DNA, oxaliplatin exhibits

a mechanistic activity profile that is similar to that of phenanthriplatingafunctional

agent, which is mechanistically closer to the inhibitors of transcriptarslation |,
actinomycin D and rapamyciiiPeter M. Bruno et al., 2017rurther findings from the
study indicated that oxaliplatin causes fewer DNA DSBs than tispéend that silencing
genes involved in HRYRCC2 XRCC3andBRCA3J and ICL repair FACNC FANCD2

and FANCGQ in avian DT40 cells had undetectable impact on oxaliplatin sensitivity
relative to cisplati(Peter M. Bruno et al., 2017)o further support the hypothesis that
oxaliplatin induces apoptosis via ribosomal biogenesis stress, a study showed-that pre
rRNA was upregulated following oxaliplatin treatment while RNA polymerase I
transcript levels remained stable. Additionally, knockdown of ribosomal protein L Il
(RPLII), a major component of the ribosome made A549 lung adenocarcinoma cells

resistant to oxgblatin. Ribosome biogenesis stress results in the overexpression of RPLII
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subunits that bind MDM2 and prevent it from interacting with p53. Following treatment
with platinum agents, RPLII knockdown cells demonstrated reduced p53 levels in

oxaliplatintreaged and phenanthriplatimeated but not cisplatitreated cells.

To investigate the clinical relevance of ribosomal biogenesis stress as a mechanism of
action for oxaliplatin, gene expression profiles were compared between colorectal
tumours (which areréated with oxaliplatin) and ovarian tumours (which respond well

to cisplatin treatmen{Bell et al., 2011; Muzny et al., 2012; Peter M. Bruno et al., 2017)

It was observed that ribosomal genes were significantly more enriched in CRC cells,
thereby dstinguishing them from ovarian cancer cells. This further highlights the
importance of ribosome biogenesis in mediating oxaliplatin cytotoxicity.

1.3.6.Induction of apoptosis

In the event that DNA repair mechanisms are unable to repair DNA damage, cell®underg
death by activating the programmed cell death pathway, apoptosis. This implies that the
damage encountered was sufficient enough to overwhelm cellular response to damage,
thus elimination of the affected cells is imminent. Apoptosis induction by a pdetifio
chemotherapeutic agents is consequential due to the formation of DSBs and subsequent

collapse of the DNA replication forfRicci and Zong, 2006)

The signalling cascade of events that lead to apoptosis of mammalian cells can be divided
into two broad groups intrinsic and extrinsic. The intrinsic pathway is mediated by the
mitochondria via the initiation of proteolytic caspase cascade that exbeuspoptic
program(Desagher and Martinou, 200@ollowing exposure to apoptotic signals, pro
apoptotic Bcl2 family members such as Bax, which reside in the cytosol, are translocated
to the outer membrane of the mitochondria leading to the releapeptbtic factors such

as cytochrome c, subsequently activating caspases and inducing agbpéetst, 1997,

Zou et al., 1997)Tumour suppressor p53 is essential in the activation of the intrinsic
pathway has been show to regulate Bax le{Bdshiyuki and Reed, 1995)n response

to cellular stress, p53 arrests cell cycle to allow time for damage repair by stimulating the
expression of target genes that inhibit mitosis, sugh?dsandp27. If DNA damage is
unrepairable, p53 initiates cell dedd stimulating apoptotic genes and inhibiting anti

apoptotic genes.
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In the extrinsic pathway, apoptosis is initiated by death receptors on the cell surface
activating caspases within seconds of binding to death ligands such as TNF gene
superfamily(Ashkenai and Dixit, 1998) Death receptors belong to the tumour necrosis
factor (TNF) receptor superfamily, common members include Fas and T8,

Farrah and Goodwin, 1994Both pathways are implicated in the mechanism via which
chemotherapeutic ageninduce cell deatflLowe and Lin, 2000; Johnstone, Ruefli and
Lowe, 2002) Time- and concentratiodependent activation of the intrinsic pathway by
oxaliplatin has been reported in HCT116 colorectal cancer cell line, though activation of

the extrinsic pthway by oxaliplatin was not observi@tango et al., 2004)

1.3.7.Activation of immunologic mechanism by oxaliplatin

Recent research has discovered that oxaliplatin is capable of inducing immunogenic death

of colon carcinoma celléTesniere et al., 2010Following oxaliplatin treatment, CT26

cancer cells produce numerous immunogenic signals on their surfaces prior to undergoing
apoptosis. These signals stimulate T cell s
toll-like receptor 4 (TLR4) on denitic cells. Lossof-function mutations infLR4 has

been associated with reduced benefit from oxaliplatin in the treatment of metastatic CRC

, with significantly shorter progression free survival (PFS) and overall sufVigahiere

et al., 2010) Cisplain was only able to activate HMGB1, one of the two critical
components required for the induction of immunogenic death, the second being
calreticulin (CRT). As such, cisplatin is unable to induce anticancer immunity.

1.3.8.Mechanism of oxaliplatinrbased combingions

Because the standalone application of oxaliplatin displays low activity in many tumours,
it is often used in combination with other chemotherapeutic agents, meiStly Bhe
exact synergistic mechanism of this combination is complex, but studiesnieated

that oxaliplatin can inhibit or downregulate dihydropyrimidine dehydrogenase, thereby
decelerating the metabolism offJ (Fischel et al., 2002)The mechanism of action of
other oxaliplatinbased combinational therapies are less well doctedein vitro
experiments have reported improved cisplatin cytotoxicity in cellstrpeged with
rapamycin (MTOR inhibitor and immunosuppressor) following DNA repair suppression
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by the lattenBeuvink et al., 2005)The combination of oxaliplatin and rapamycin has
also been reported to provide superior anticancer effects in the treatment of hepatocellular
carcinoma and cisplatifmesistant ovarian cancer ceflsu et al., 2015; X. Z. Li et al.,

2016) Activation of the mTOR pathway has been reported in patientsivieg

oxaliplatinbased chemotheraglu et al., 2017)

Clearly, there is a strong potential for the use of oxaliplaéi®sed combinational therapy

in the treatment of diverse cancers. For instance, the downregulation of NER components
(responsible foremoving platinurDNA adducts) by cetuximab has been previously
reported(Prewett et al., 2007Research has confirmed little to no effect of oxaliplatin
treatment on cytochrome P450, one of the main enzymes responsible for drug
biotransformatiorfMaseket al., 2009) Thus, indicating that oxaliplatin can be safely co

administered with other commonly used drugs.

1.3.9.0xaliplatin application in treating other cancers

Considering its success in the treatment of colorectal cancer, oxaliplatin has been
consideed as a treatment option for other types of cancer, especially digestive cancers
(Cunningham et al., 2008Yhe less toxic profile of oxaliplatin classifies it as a more
beneficial substitute cisplatin. Oxaliplatin in combination with gemcitabine-BU 5
showed promising results in the treatment of metastatic pancreatic cancer following
failure of gemcitabine alon®ettle et al., 2005)n this present research, we showed that
pretreatment of osteosarcoma cells with siRNA specific to NEIL3 (a conmpoh8ER)
followed by oxaliplatin performed significantly better than cisplatin at eliminating cancer

cells.

1.3.10.Undesired effects of platinum drugs

1.3.10.1.Toxicity

A major setback to the use of platindrased drugs in chemotherapy is the development
of doselimiting toxicity that can lead to the discontinuation of treatment. Common
systemic side effects include gastrointestinal toxicity, ototoxicity, hepatotoxicity,
neurotoxicity, nephrotoxicity and myelosuppress(8arabas et al., 2008; Hoff et al.,

2012) Toxicity occurs due to the accumulation of drug in4sancerous sites, typically
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involving rapidly dividing cells such as hair cells, bone marrow and cells lining the
gastrointestinal trac{Barabas et al., 2008 However, it is uncertain whether this
accunulation pattern applies to platinum drugs. Ongoing research efforts aim to elucidate
the precise cause of platinum toxicities in the hope of understanding and developing
treatment regimens or drugs that can minimize toxic side effects.1B4Pa cisplatin
derivate currently in clinical trials has displayed reduced toxicity as well asf@dl3
increase in platinum accumulation in ovarian and lung tumour models compared to
cisplatin(Awuah, Riddell and Lippard, 2017)

Doselimiting peripheral neuropathyngurotoxicity) is associated with both oxaliplatin

and cisplatin treatments , though evidence suggests different mechanisms of platinum
induced neuropathies between the two dr(#ydelsberger et al., 2000Peripheral
neuropathy occurs in 85% of patientsdergoing cisplatibased chemotherapy at doses
greater than 300 mgAn whereas in the generally less toxic oxalipldtased
chemotherapy, incidence rates are relatively lower and further classified as acute or
chronic depending on the time it takestfmric effects to manifest. Peripheral neuropathy
manifests as paraesthesia and dysaesthesia of the fingers and toes which eventually
extends towards the wrist and ank{By and Adjei, 2006) The pain is severe and can
affect functional ability and quiéy of life. Factors that contribute to peripheral
neuropathy include age, drdgse, treatment duration and {dsting medical
conditions(Dy and Adjei, 2006)Co-treatment with vitamin E, calcium and magnesium
has been reported to alleviate this toxic side effect without diminishing the anticancer
activity of oxaliplatin (Hoff et al., 2012) Another approach to alleviate peripheral
neuropat hy d sgdd et riesadtorpematn whi ch has shown
and progressiofree survival (PFS) as the continuous oxaliplatin treatment approach.
Here, treatment is discontinued when peripheral neuropathy manifests, and continued
after toxicity has worn offThus, managing the lasting accumulative effects of oxaliplatin
(Hoff et al., 2012) Acute oxaliplatininduced neuropathy has been recently linked to
impairment of the voltaggated sodium channels, particularly increased sodium influx
caused by the prohged opening of sodium channéfglelsberger et al., 2000; Park et

al., 2011)

Nephrotoxicity is majorly associated with cisplatin treatment and 28% of patients
administered a starting dose of 5Q00 mg/nt develop renal failure, of which majority

do not recoverBarabas et al., 2008).ike nephrotoxicity, ototoxicity is commonly
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associated with cisplatin treatment but rarely with oxaliplatin treat(Raymond et al.,
1998; Ciarimboli, 2012)This difference is accounted for by the differdrtiansport of
platinum agents by membrane transporfémezawa and Inui, 2011; Ciarimboli, 2012)
Hydration with saline which induces diuresis has been shown to significantly reduce to
nephrotoxicity of cisplatin, and etmeatment with thiol has beesuggested to reduce

nephrotoxicity and ototoxicitgPinzani et al., 1994; Barabas et al., 2008)

Hepatotoxicity and gastrointestinal (GI) symptoms such as vomiting are associated with
both cisplatin and oxaliplatifMcWhirter et al., 2013)However, tlese are not considered
doselimiting because Gl discomfort is efficiently treated with 5SHT3 antagonists, and
hepatotoxicity is only of secondary concé@ubeddu et al., 1990)

1.3.10.2 Multifactorial cellular resistance

A major challenge facing the clinical uséplatinum drugs is the characteristic display

of cellular resistance, both intrinsic and acquired which limits their anticancer efficacy.
The multiple steps involved in the mechanistic action of platinum drugs are matched with
multiple resistance mechiams at each stage. Membrane transported that facilitate the
entry and exit of ions regulate the intracellular concentration of platinum, and the number
of platinated DNA adducts formed is abated by platinum drug deactivation in the
cytoplasm and inductionf DNA adduct repair componen{&artalou and Essigmann,
2001) This simultaneous operation of several diiogting mechanisms is referred to as
multifactorial resistancéSiddik, 2003)

Decreased intracellular accumulation of cisplatin has been associated with several
cisplatinresistant cell line, though resistance is often caused by more than one operative
mechanism at a tim@&elland, 1993) There are still controversies regarding ttansport
mechanisms for platinum drugs, as it is not fully understood whether decreased
intracellular accumulation is mediated by a reduction in cellular uptake, increase in efflux
or a combination of the twelland, 1993; Siddik, 2003However, tlere has been more
consistent data implicating thiols in drug resistance. Specifically, increased
concentrations of glutathione has been reported in cisplaistant cell lines including
those that were initially sensitive to cisplatin such as the tdsticumour cell line
(Masters et al., 1996) ikewise, elevated levels of cystetnentaining metallothioneins
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have been reported in cisplatiesistant study mode(asahara et al., 1991; Kartalou

and Essigmann, 2001)

The ability of cells to toletta or repair DNA damage is another major factor contributing
to platinumdrug resistance. Mutation or downregulation of MMR genes MLH1 and
MSH6 have been shown to increase replicative bypass past cisplatin lesions Ity 3
fold, however, the effect of sh defects on oxaliplatin lesions is very minir(teartalou

and Essigmann, 2001 hus, indicating that MMRIeficient cells are more resistant to
cisplatin than oxaliplatin. Furthermore, cisplatesistant MMRdeficient cells often
exhibit abrogated p58inction, a phenomena that is implicated in the suppression of
MSH2 (Siddik, 2003) Increased levels of NER proteins have been strongly associated
with repair of platinum adducts, in particular elevated levels of ERCC1 and XPA have
been reported in patnts with acquired resistance to cisplaigiddik, 2003) This is
consistent with studies reporting an association between increased sensitivity to cisplatin

and low levels of these proteins in testicular tumour san(fidslik, 2003)

1.3.10.3.Cancer stem cell enrichment

There is speculation that cancer stem c€l8Es) which account for approximately 1 %

of tumour population are responsible for the development of platinum drug resistance and
cancer recurrence after chemother@yigvader and Lindeman, 2008; Ciarimboli et al.,
2010; Vassilopoulos et al.,, 2014; Wiech et al., 2016a)lt is believed that the
chemotherapeutics targeting tumour cells spare CSCs, thereby promoting the population
of drug resistant CSCs. The activation of the PI3K/AKT signalling pathway by cisplatin
was also implicated mediating CSC wgth though this pathway can be inhibited by co
treatment with rapamycif{Vassilopoulos et al., 2014Much work is still required to
develop the tools required for investigating the properties of CSCs before new anticancer
agents can be discovered to @feally target this distinct population of cancer cells

without implicating normal stem cel(8Viechert et al., 2016b)

1.3.10.4 Mutagenicity

The mutagenic potential of platinum lesions is another concern for the application of

platinumbased chemotherapy. fastudies in murine models showed that cisplatin was
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carcinogenic at therapeutic doses and capable of inducing secondary tumour formation
(Leopold et al., 1981)The relative mutagenic potentials of different platinum lesions

were further investigateth subsequent studies, and it was discovered that the major
cytotoxic 1,2d(GpG) intrastrand crosslinks were less mutagenic than thd(ApG)

crosslinks, though there was no evidence of mutations by thd(GBIpG) crosslinks

(Bradley et al., 1993; Yanea, Lippard and Essigmann, 1995; Sanderson, Ferguson and
Denny, 1996) Predominant mutations caused by cisptatoiuced 1,2d(GpG) and 1,2
d(ApG) are G Y T and A Y T transversions,
base(Bradley et al., 1993; Y¥ama, Lippard and Essigmann, 1995)
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1.4.Repair of platinum lesions

Although DNA repair mechanisms are essential to the survival of healthy cells, they can
impede the efficacy of antitumor agents that prevent cancer progression via DNA damage.
This makes DN repair proteins targets for drug design. The cytotoxic potential of
platinum compounds relies on their ability to create DNA crosslink adducts that interfere
with DNA replication by inhibiting the progression of replicative DNA polymerases at
the replicéion fork. DNA repair proteins become localized at the site of damage and
attempt to repair the damage so DNA replication can continue. However, if repair if not
timely, the prolonged stalling of DNA replication causes the replication fork to collapse
resuting in the formation of DNA doublstrand breaks that can lead to DNA
rearrangement or cell deaRoos and Kaina, 2013The repair of platinum lesions is a
complex process that exhibits a crosstalk between multiple DNA repair pathways.

1.4.1.Nucleotide exision repair

The nucleotide excision repair (NER) is a programmed repair mechanism for processing
singlestranded DNA (ssDNA) damage caused by radiation, chemicals and other
mutagengGillet and Scharer, 2006}t is particularly involved in the repaof DNA
damages resulting from exposure to UV radiation which causes bulky DNA adducts to
form, mostly thymine dimers and 6, 4 photoproducts. NER is also the primary
mechanism for removing the 1,trastrand crosslinks produced by cispldflang and
Lippard, 2007a)Findings fromin vitro experiments have also indicated that oxaliptatin
induced intrastrand crosslinks are repaired in a similar fagiteardon et al., 1999)
further suggesting that the carrier ligand has no influence on the crosspak

mechanism.

NER is a complex process involving an array of proteins including {eki&sion repair

cross complementing protein (ERC(OBancar et al., 2004)here are two pathways
through which NER can occur, they are the transcription coupled[RERIERT repairs
damage in actively transcribing genes and is triggered when RNA polymerase Il is
blocked by a DNA lesion) and global genomic NER (NER 1 repairs damage
throughout the genome). Though these subpathways differ in DNA damage recognition
patterns, they both possess similar characteristics for lesion incision, repair, and ligation.

The first step of NER is an AFindependent recognition process which is believed to
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occur via an indirect sensing of abnormal conformations in the DNA backBonthe
TC-NER, this occurs when a heterodimer is formed®A CSBandUSPZUVSSAIn

a random order at the site of dam#gmure1.2 B). Whereas for G&NER, this occurs

via the recruitments of the XPRAD23-CETN2 complex which recognizes helix
distortions, and DNA damage binding protein (DDB) which recognizes UV induced
damageg(Figurel.2 A).

After recognition, both pathways converge for dual incision, repair and recognition

(Orelli et al., 2010)Dual incision begins with the recruitment of specific helicases XPB

and XPD (both subunits of Transcription Factor Il H) which unwind the doultite he

strand, followed by cleavage of the damaged strand on both sides of the DNA lesion by
endonucleasesERC&XIPF at the 56 end, and XPG at the
the phosphodiester bonds few nucleotides away from the lesion. This leavés3® 25

nucl eotide |l ong gap in the strand, which I :
or U using the intact strand as template al
or Ligaselll-XRCC1 compleXMenck and Munford, 2014)

The repair of ICLsn human cells is a cell cycle dependent process, thus the repair genes
involved, and the repair outcomes will vary in proliferating and-pratiferating cells.

The primary mechanism for repairing ICLs is the Fanconi anaemia (FA) pathway,
however, ICLs thioccur outsid¢he Sphase are recognized and repaired by théNER

pathway and TL$EnNoiu, Jiricny and Scharer, 2012; Clauson, Scharer and Niedernhofer,

2013) The process is initiated by cleavage of one of the crosslinked bases by XPF

ERCCL1 endonuctse complex, which generates a dinucleotide adduct on the intact DNA
strand(Enzlin and Scharer, 2002; Niedernhofer et al., 20Bdpr-pr one pol ymer as
(Pol d) of the translesion synthesis pathw
ability tofill the gapped intermediate produced by XPRCC1(Muniandy et al., 2010)

The NER pathway has been implicated in tumour resistance to cisplatin with ERCC1
particularly contributing to the excision of platindNA adducts formed by the drug
(Galluzzi etal., 2012a)Low levels of ERCCAXPF heterodimer in testis cells correlated
with low ICL repair, and the levels of this heterodimer appear to limit the repair of
cisplatininduced lesiongUsanova et al., 2010Xeroderma pigmentosum cells deficient

in one or more NER components have been reported to b&fiesfold more sensitive
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to cisplatin than normal cells, further confirming the contribution of NER to the repair of

platinum lesions.
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A. Global Genome-NER B. Transcription Coupled-NER
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Figure 1.2. Schematic diagram of the global genomi®NER (A) and transcription
coupledNER (B) pathways.

In the G@ NER pathway, the XPRAD23-CETN2 complex recognizes distortions in
the helix DNA. DDB1 and DDB2 further facilitate damadggetection. In the TONER
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pathway, RNA Pol Il stalls an@PA and XPA proteins are recruited to the damage site,
facilitating RNA Pol Il to backtrack along the DNA. The TFIIH complex is recruited
followed by lesion verification by XPD, XPA and XPB. RPA #hte nordamaged
DNA strand. ERCCAXPF and XPG incise the damaged DNA on both sides of the
damageo release the damaged fragment. PCNA then recruits DNA polymerases to fill
the gap and the nick is sealed by DNA Ligase | oAtigpted from Marteijret d., 2014).

1.4.2.Recombination repair

DNA doublestrand breaks (DSBs) are considered the most harmful type of DNA damage
due to the difficulty in repairing this type of damage. Therefore, their accurate repair is
vital to successful maintenance of genome integrity. Unlike other types of Déwhse

that depend on an intact complementary strand to act as a repair template, the integrity of
both DNA strands is lost in the event of a D@Riertas, 2010)The repair of DNA DSBs
(recombination repair) generated by wlatliown agents of ionizing réaation, free
radicals and ICtinducing agents is carried out by either the homologous recombination

(HR) or the norhomologous end joining (NHEJ) pathways

After the formation of a DSB (replication fork collapse), a complex cascade of events is
initiated © arrest cell cycle and recruit DNA repair components. This begins with the
recognition of DNA damage by sensor kinase ATM, which phosphorylates H2AX at the
serine 139 position to become O9H2AX within
kinases of the Ptgamily (ATR and DNA PKcs) are also able to phosphorylate H2AX

(Smith et al., 2010) The phosphorylation of H2AX occurs throughout the area
surrounding the damage and is not limited to precisely the break site. It has therefore been
suggest ed sdrnvesas an adHesiveXlement that attracts other repair components

to the damage sit€leaver, 2011)Some studies have suggested that the MRN complex
(consisting of MRE11, RAD50 and NBS1) is recruited to the broken DNA ends to keep

the ends togethgZhang, Zhou and Lim, 2006 he DNA ends are processed so that
redundant residuals of c¢chemical groups are
overhangs. Each piece of single stranded DNA is covered by replication protein A (RPA),

which likely fundions to stabilize the single strand pieces until the complementary piece

of DNA is resynthesized by a DNA polymerase. Subsequently, RPA is replaced by
RADS51 which acts in cooperation with BRCA2 to couple a complementary piece of DNA

which invades the bra@n DNA strand forming a template for the activity of DNA
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polymerase (Holliday junction). PCNA serves as an anchor between the DNA strand and

DNA polymerase.

In contrast to theerrorfree homologous recombination pathway, the NHEJ pathway
directly ligates INA break ends without the need for a homologous recombination
templatg(Sancar et al., 2004)n some cases, it may delete some bases during the ligation
step. As such, the NHEJ pathway is consideredresr-prone DNA repair mechanism
(Lieber, 2010) The DSB is recognized by Ku#u80 heterodimer, also known as Ku.

Ku recruits enzymes and complexes needed to trim (nucleases) or fill in (polymerases)
the broken DNA ends. It also forms a complex with DRKcs allowing it to bridge the
broken DNA ends. DN-PKcs further phosphorylates exonuclease protein Artemis
giving it a new function as an endonuclease to cleave multiple bases at thestiartzle
break site. Due to the lack of DNRKcs is yeast cells, the role of this kinase is
accomplished by the MREIRad50Xrs (MRX) complex (Chen et al., 2001)To
compl ete DNA repair by NHEJ, resynthesis i
(Pol 4 in yeast), followed by #@ining of the phosphodiester backbone by the DNA ligase
IV complex consisting of the cataiy subunit of DNA ligase IV and its cofactor XRCC4
(Palmbos et al., 2008\Ithough the precise role of XLF in NHEJ is unknown, it is known
to interact with the DNA ligase IV complef@hnesorg, Smith and Jackson, 2006;
Callebaut et al., 2006)Findings from recent studies indicate that it promotes the re
adenylation of DNA ligase IV, thereby allowing it to catalyse a second ligation event
(Riballo et al., 2009)

NHEJ is the predominant mechanism for repairing DSBs in the GO/G1 phase of cell cycle.
In order for HR to repair DSBs, it requires a sister chromatid to act as a repair template
for the affected strand of DNA. As such, it is mainly involved in repairing DNA damage
during the S/G2 phase of actively proliferating c@Hartlerode and Scully, 2®). This

cell cycle dependent impact on doukteand break repair determines which pathway is
selected during repair in proliferating and poetlication cells. Nevertheless, in cells
lacking G1 checkpoint components, DSBs not repaired by NHEJ ocgregs through-S
phase and be repaired by HR in S/G2 ph@sdacote and Lopez, 2008l is worth
knowing that this increases the likelihood if genetic instability. The colocalization of
RAD51 following DSB indicates that HR pathway has been initiateoereas the
presence of the Ku complex indicates that NHEJ has been initiated.

46



Cells deficient in recombination repair have been shown to be more sensitive to cisplatin,
though this repair pathway is mostly associated with the repair of (Rlsita et al.
2002; Noll, McGregor Mason and Miller, 2006)

1.4.3.Fanconi anaemia pathway

Fanconi anaemia (FA) refers to a rare but serious genetic disease characterised by bone
marrow failure, congenital abnormalities and increased cellular sensitivity to DNA
crosslinking agents. It arises from the deregulation of genes involved in thetreplica

dependent removal of ICLs, and as such FA patients are unable to repair ICLs efficiently

and exhibit hypersensitivity to cisplatin and other {@Hucing agent¢ D6 Andr ea and
Gr omp e, 2003; Mo | d o v.d8he FA pathwaypié dasealy rretpied 20009)
and employs components of multiple repair pathways namely NER, TLS and HR to form

a unitary path which is only operational in the S phase of the cell cycle and deactivated

after DNA damage repajr Mol dovan and DO6Andrea, 2009; Ha

Exposure to endogenous (include nitrous acids formed aspaobyct of digestion,
bifunctional aldehydes formed via lipid peroxidation, and free oxygen radicals formed as
result of oxidative stress) and exogeneous (include drugs such as cisplatinatxalipl
psoralen and mitomycin C) IGinducing agents arrest cell cycle during thpHase and
initiate a cascade of molecular events that lead to the activation of {BREA pathway
(Deans and West, 2011pamage recognition is believed to be initialdATR. The
activation of the FA pathway begins with the formation of the gigbtein FA core
complex (comprises FANCA, FANCB, FANCC, FANCE, FANCF, FANCG, FANCL,
and FANCM) (Figure 1.3; D6 Andr e a,The FA Icdrg complex mediates
monoubiquitination of downstream target FANCD2 and FANCI proteins, a crucial step
in the activation of the FBRCA pathway(Sobeck et al., 2009Activated FANCD2

FANCI complex is translocated to the damage site whebinds other DNA repair
components including BRCAl1l, phosphoryl ated
endonuclease complex is then instantly recruited to the ICL site to generate DSBs that
uncouple the two sister chromatids. XERCC1 and MUS8EME1 endonuclase
complexes have been implicated in the repair of ICLs, and cells deficient in these proteins
are sensitive to crosslinking ageiriidein Douwel et al., 2014; Nair et al., 2014) is
speculated that after the formation of DSBs, the crosslink is lekdo produce a single

nucleotide lesion which is processed similarly to a monoadduct by the NER and TLS
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pathways. Subsequent to replication past the damage site, the HR pathway completes the

restoration of the replicationfockk Mol dovan an®). Dé6Andrea, 200

Stalling of the replication fork is also recognized by the FANENAP24-MHF

complex, which binds it and recruits the FA core complex and BTR complex (Bloom
helicaeTOP3A-RMI1) to the chromatin. The BTR complex is capable of dissolving

Holliday junctions to produce nearossover homologous recombination products
(Shorrocks et al., 2021The FANCMFAAP24MHF complex also binds RPA to single

strand DNA to activate the ATRTRIP signalling pathway. Monoubiquitinated
FANCD2-FANCI permits incisions of # ICL by structure specific endonucleases such

as MUS81EME1l and XPFERCC1. MUS8IEME1l endonuclease creates the first

incision at the damaged site as part of the step to convert the stalled replication fork into

a DSB. Given that two complementary baseNABtrands) are involved in the formation

of an I CL, the |l esion still remains -attache
ERCC1 endonucl ease creates a second incisio
generates a DSB that is repaitedHR. Both Rad51 and the BRCA complex (BRCAL,

FANCD1 or BRCA2, FANCN or PALB2 and FANCJ or BRIP1) are required for the
formation of the RAD51 complex at the DSB site. During this process, the stable flap is
removed, and synthesis of the DNA strand car@mpast the removed lesion site by a
translesion polymeragélashimoto, Anai and Hanada, 2016)
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Figure 1.3. Schematic representation of FA mediated ICL repair
Stalled CMG complex near theplication fork is dissociated by BRCAARD1 and
strand extension towards the ICL is restored. FA pathway is initiated via the recruitment
of the FANC core complex by FANCM and monoubiquitination of the FANEBRICI
complex. Strand incisions on both sdef the ICL are induced by MUS&#EME1 and
XPFERCC1 complexes, thus flipping out the ICL. TLS proceeds resulting in a three
stranded structure. NER removes the ICL remnant, and this is followed by HR generating

two homologous DNA duplex.
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1.4.4.Mismatch repair

The mismatch repair (MMR) pathway recognizes and eliminates erroneous base
insertions, deletions and misincorporations that arise during DNA replication and
recombinationPeltoméki, 2001)Similar to NER, the MMR pathway comprises lesion
recognition, egision, strand synthesis and ligatifigure 1.4). The first step of MMR

in human cells is carried out by MutS homolog (MSH) which forms a complex with MutL
homolog (MLH). In an ATPregulated process, the complex binds to the mismatched area

of the DNA where it encounters proliferating cell nuclear a&mtiPCNA) and replication

factor C (RFC). The strand containing the mismatch nucleotide is then cleaved by
exonuclease EXO1, excised, and the gap filled by-highd el i ty DNA pol ymer
and Pol U. Subsequentl vy, t haselaiA Lsdagduence i
Ashworth, 2010)

The MMR pathway is also capable of recognizing lesions caused by plabiasesd drugs
such as cisplatin but not oxaliplat{®awant et al., 2015)The lesion is often post
replication, characterised by mispairimj G and T nucleotides. However, in this
situation, MMR only replaces the base opposite the adduct and leaves the source of the
mismatch intact. This leads to a futile cycle where the MMR pathway will continuously
restart in an attempt to fully repair thesion. The constant cutting and mending of the
DNA strand can result in DSBs and activation of DNA damage signalling components
such as tumour suppressor p53, ATR and ATM, which will eventually trigger apoptosis
(Rocha et al., 2018)Alternatively, protins of the MMR pathway may prevent NER
proteins from repairing DNA lesions by shielding the cisplatin adducts and allowing them
to continue, leading to cell deatllartin, Lord and Ashworth, 2010This suggests that
proficiency in MMR enhance tumour regtivity to cisplatin and has been shown in a
previous studie@~ram et al., 1985)

Several studies have further reported the intrinsic and acquired contributions of MMR

status in cisplatin sensitivitgFink et al., 1996, 1998; Jiricny, 2006&)indings from

recent research i nd-MSH6 & ahdt MMUSEHSU ( MBIEHR .
heterodiners binds strongly to cisplatinduced 1,2(GpG) intrastrand crosslinks but

weakly to 1,3d(GpTpG) intrastrand crosslinks produced by transplatin, a platinum

compound incapable of producing Ldsslinks and shows little to no cytotoxic activity
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againstcancer cells(Duckett et al., 1996; W. Li et al., 2016a)his suggests that

recognition of 1,2(GpG) intrastrand crosslinks by MutS heterodimers may be involved

i n the cytotoxic action of -inducesd |[CLS@Zhuiand. Mut Sb

Lippard,2009) Subsequent to damage recdauyBa)ti on,

is recruited to the damage site followed by the formation of a relatively stable ATP

dependent structure along with the damaged DNA.

In one study, HCT116, a colorectal cancell line deficient in MLH1 demonstrated a
two-fold increase in cisplatin resistance when compared with a subline complemented
with MLHL1. In the same study, an MSH2 deficient endometrial cancer cell line (HEC59)
demonstrated a twfnld increase in resiahce compared to a subline expressing the
MSH2 protein(Aebi et al., 1996)Another study showed similar results for cisplatin and
carboplatin (forms the same type of DNA adducts as cisplatin). This study went further
to include oxaliplatin, tetraplatiand transplatin, and showed no difference in sensitivity
between DNA mismatch proficient and deficient cell liigsk et al., 1996)It is worth
mentioning that differences in cisplatin sensitivity between cell lines are modest, and
there are conflictig reports about the impacts of MMR status at clinical level and on
patient survival rate. Some studies showed that the hypermethylation of MLH1 and
MSH2 genes was associated with poor prognosis irsnmall cell lung cancer, ovarian

and breast cancer paits(Mackay et al., 2000; Scartozzi et al., 2003; Hsu et al., 2005)

In contrast, another study demonstrated MMR status has no influence on patient survival
(Cooper et al., 2008 Another study showed a correlation between low levels of MSH2
and longterm survival of lung cancer patients treated with cispl&tamal et al., 2010)

More studies would be important to clarify the impact of MMR status in tumour resistance

to cispldin.
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Figure 1.4. Schematic representation of the mismatch repair pathway.

The process begins with the binding of the MSAZE H6 het er odi mer ( Mut !
mismatch in the leading strand. The MLIRMS2 heterd i me r (Mut LUO) , PCN,
EXOL1 are recruited and can move in either direction along the DNA. When a strand
discontinuity is encountered, the nicked strand is degraded and will terminate at a point

beyond the mismatch. The resulting RB#&bilized single strad DNA gap is filled by

replicative polymerase and the remaining nick is sealed by DNA ligase | (Adapted from

Baket al.,2014).

1.4.5.Base excision repair

Base excision repair (BER) has evolved to repair small DNA lesions that cause minimal
distortions to thelouble helix structure of the DNA, mostly occurring from spontaneous
DNA decay(Lindahl, 1993) Similar damages can be caused by environmental factors
such as chemicals, and radiation. The identification of uEdA glycosylase (UNG) as

an enzyme thakleases uracil from singktranded DNA (ssDNA) and doukstranded

DNA (dsDNA) containing deaminated cytosine residues marked the discovery of the
BER mechanism(Lindahl, 1974) When DNA bases are modified via alkylation,
deamination, or oxidation, this affects their hydropending properties causing them to

pair incorrectly; consequently, leading to mutations in the genome. A DNA glycosylase
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recognizes the damaged base acdifates removal by flipping it out of the double helix
DNA structure and cleaving the-§llycosidic bond to leave an abasic (AP) éM&aynard
et al., 2009; Krokan and Bjgras, 2013)

More than 11 mammalian DNA glycosylases have been identified, eaxnizag one

or a few related DNA lesions with overlapping specificities. The subsequent repair
process involves the recruitment of AP endonuclease, DNA polymerase and DNA ligase.
The DNA singlestrand break resulting from the action of bifunctional DNycgbkylases

and AP endonuclease can be processed either by the short patch or long patch process.
The basic difference between the two is that the short patch BER replaces a single
nucleotide whereas the long patch BER replace4d.@ nucleotides. Furtherms there

are multiple factors that influence the choice between short and long patch, these include
the lesion type, cell type and cell cycle stégertini and Dogliotti, 2007)Although the

short patch BER is generally more dominant, the long patdR BBy be the dominant
mechanism in posgeplicative BER during the -Bhase where NEIL1 and NEIL3
expressions peglkdegde et al., 2008)

1.4.5.1.Short patch BER

In the short patch pathway, thedWcosidic bond is cleaved by a DNA glycosylase

resulting in an APsite that is processed by APE1, which cleaves the phosphodiester
backbone to create a -dbROP)d enooxiyertiyb oasned p3hdo shpyhde
( 3aH) (Figurel5) . Subsequent to detection of the 5
|l ess frequently Pol ) removes the sugar
eliminated bas¢Balakrishnan and Bambara, 2013he break in the DNA strand is

rejoined by Ligaséll-XRCC1 complex(Wallace, Murphy and Sweasy, 2012)his

process is equally efficient in proliferating and rmoliferating cells.
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Figure 1.5. Short patch BER
The damaged baserscognized by a monofunctional or bifunctional DNA glycosylase,
which hydrolyses the glycosidic bond between the base and the sugar phosphate backbone
of the DNA. This leads to the formation of an-ARe that is cleaved by APEL1 to generate

a -6R®thats removed by Pol b. The gap is then f
[II-XRCC1 complex (Adapted from Wallace 2012).

1.4.5.2.Long patch BER

DNA | esions such as oxidized and reduced AI
lyase, therefore they areqpc essed by | ong patch BER. Her

nucleotides to fill the gap in the DNA strand, shifting DNA downstream of the damage
site in a process known as strand displacement or displacement syriigpsis 1(.6).

The result is a flap of DNA that is removed by flap endonuclease 1 (FEN1) following
stimulation by PCNA. Finally, the break in the DNA strand is rejoined by DNA Ligase |
(Kim and M. Wilson l1ll, 2011a; Wallace, 2014 his process mainly occurs in
proliferating cells.
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Figure 1.6. Long patch BER
The damaged base is recognized by a DNA glycosylase which cleaves the glycosidic
bond to generate an Agtte. The APs i t e i s t hen i nsidedDbAIPoby APE1
U/ U synthesizes a new strand and fills the
mediate displacement of the flapped DNA. The nick in the DNA is finally sealed by DNA
Ligase I(Adapted from Wallace 2012)

If unrepaired, AP sites geraged in the first step of BER (or as a result of random base
loss) can block DNA and RNA polymerase activity, thereby stalling DNA replication and
transcription respectively. Consequently leading to DSBs and cell (lesttkhart et al.,

1982; Zhou and Ddsch, 1993) Given that DNA and RNA polymerases inhibition can
initiate DNA repair pathways such as translesion bypass and tesmgemendent base
insertion, which results in genomic mutation due to the insertion of incorrect bases. AP

sites are thusamsidered to be highly mutagenic. In contrast, sksti@nd DNA breaks
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in close proximity to AP sites halted the progression of RNA and DNA polymerases

(Zhou and Doetsch, 1993Fonsidering the frequency and spectrum of damaged bases
repaired by BER, it can be regarded as one of the most important DNA repair pathways.
Several studies have documented the importance of BER proteins. Knockout of APE1
(which has both endonucleasetidty and redox function in activating transcription

factors) was shown to be lethal in murine mod€tsedberg and Meira, 2006) P o | b
deficiency resulted in hypersensitivity to alkylating agents and increased embryonic
mortality in mice(Gu et al., 994; Sobol and Wilson, 2001furthermore, mutations in

Pol b have been i mplicated in 30Wangdét sol i d
al., 1992; Lang et al., 2007)

Given that BER intermediates are themselves considered a type of DNA dénsge,

vital that the BER pathway and associated components are tightly regulated to ensure
rapid and efficient repair of damaged bases while simultaneously preventing the
accumulation of BER intermediatéslaynard et al., 2009; Krokan and Bjgras, 2013)
Thus, cells must maintain a balance between timely repair and downstream processing of
repair intermediates. Deregulation of several BER genes have been implicated in cancer

progression and prognogiBu, Calvo and Samson, 2012)
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1.5. Oxidative DNA damageand repair by DNA glycosylases

Each cell in the human body is daily subjected to genotoxic insults either from
exogeneous sources such as exposure to toxic substances and sunlight, or endogenous
sources such as intermediates of the immune response aablohset (Lambert and

Brand, 2009; Pizzino et al., 201 Mhese physical and chemical agents have the potential

to create DNA lesions that lead to mutations in the genome and cause phenotypic changes
in the organism(Pizzino et al., 2017)However, ceB possess numerous DNA repair
mechanisms that detect are repair these lesions to maintain genomic irfiegd#y et

al., 2009) DNA contains the genetic information of all living organisms; therefore, its
stability is crucial for the maintenance olilWwhen DNA damage occurs, cellular DNA

repair pathways are activated to maintain genetic integrity. However, if DNA replication
proceeds before the DNA damage has been repaired, this could lead to permanent changes
in the DNA: mutation. Thus, if the damags too extensive, the apoptotic pathway can be
activated to eliminate the affected cdl&chéarer, 2003)DNA lesions that activate the
apoptotic pathway have been identified over the past two decades. These include base
modifications such as alkylaticand oxidation, bulky DNA adducts, DNA crosslinks and
DSBs(Roos and Kaina, 2006; Ciccia and Elledge, 2010)

Three key components of DNA lesion detection are ATM, ATR, and foRpendent
protein kinase (DNAPK). Pathways involving these proteins operateohesion with
checkpoint kinases to arrest cell cycle by reducing cydipendent kinase (CDK)
activity through diverse mechanisms, some of which are mediated by the activation
(phosphorylation) of tumour suppressor protein, {38ckson and Bartek, Q@9).
Generally, the type of response will depend on various factors including the stage of cell
cycle, type of damage, and intensity of the danfa@ag et al., 2009)The downstream
targets of DDR either help cells survive or commit them to celhdeatpoptosis if the
damage is irreparable. Several cancers exhibit defects in DNA repair proteins and
pathways which as a result makes cells more susceptible to irreversible DNA damage
(Lodish et al., 2000; Basu, 2018)

1.5.1.0Oxidative damage

Oxidative damge to cellular components underlies the development of several diseases

(including cancer, Al zhei mer ds disease,
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(Lambert and Brand, 2009Yhe major causative agent for this type of damage are

reactive oxygenpecies (ROS) such as superoxide and hydroxyl radieagino et al.,

2017) Under normal conditions, ROS can be cell signalling molecules involved in
apoptosis and oxidization of cell component
against foreign @dies(Pizzino et al., 2017) However, when the level of ROS becomes

elevated such that the balance with antioxidant defence mechanism is lost, cells can
undergo oxidative stress, consequently, leading to formation of DNA lesions such as
oxidised basesabasic sites, and DNA strand bredkevasagayam et al., 2000S

have a short halife ranging from a picosecond to four seconds, thereby causing damage

locally (Meyer et al., 2007; Taverne et al., 2013)

ROS can be produced as a result of oxidative stress following exposure to toxic
exogeneous agents such as radiation, tobacco smoke, and diesel exhaust particulates
(Krokan and Bjgras, 2013Jhey can also be generated endogeneously-psolyicts of

the cellular metabolism (reduction) of molecular oxygen to water and by pro
inflammatory cytokines of the immune system such as tumour necrosis-tGagctor
interleukinl b  a nd 4o (Devasadayam etal., 2004; Yang et al., 2007 main
source of ROS ithin most cells is the mitochondria, and several enzymes of the electron
transport chain have been implicated in the production of ROS, these include complexes
I 7 1V and glycerol3-phosphate dehydrogena@diwa et al., 2003)The primary ROS
produced inthe mitochondria is superoxide {{Pwhich serves as a precursor to most
other reactive specid€hen, Azad and Gibson, 2009uperoxide is dismutated by the
action of superoxide dismutase to produce hydrogen peroxid®)Hvhich is normally
removedby glutathione peroxidase, completely reduced to water by catalase, or partially
reduced t o hydr(bampelt and Brdnd, Q@08HydrokyEr&lddls are

one of the strongest oxidants in nature and significantly contribute to DNA damage
(Turrens, 2003) They can also be produced through-hduced photolysis of ¥#D.and
oxidization of ferric ion by KHO> (Lambert and Brand, 2009)

Oxidative damage accounts for the production of around 10,000 DNA lesions daily and
it has been implicated in xaus types of molecular modifications including cell
signalling, protein kinase activity, gene expression and cell grgidlnig et al., 1998)

The most abundant oxidative lesion observed in DNA -sx@&uanine (8xo0G)
generated from the oxidation gfianine, which has a lower reduction potential than other
DNA bases making it more susceptible to oxidation by RO&oke et al., 2003)A
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further oxidation of 80xoG produces spiroiminodihydantoin (Gh) and
guanidinohydantoin (Gh) DNA lesions. Under mal conditions, about 1 in 40,000
guanines exist as@®xoG (Burrows and Muller, 1998Elevated levels of-8xoG have
been associated with carcinogenesis, ageing and neurodegenerative d{Smoleeset
al., 2003) The presence of-@x0G causes a G® {TA transversion mutatio(Krokan
and Bjaras, 2013)

ROS may also interact with cytosine. The initial product of cytosine oxidation is the

highly unstable cytosinglycol, which is dehydrated, deaminated or both to respectively

produce Bhydroxycytosineuracil glycol, or Shydroxyuracil (50OHU ) (Thiviyanathan

et al.,, 2005) 5-OHU is stable and does not distort the DNA and can be bypassed
replicative DNA polymerase due to its ability to form stable hzses with adenine,

guanine, cytosine, and thymine residues in duplex DNA, thus making it potentially. The

most common muggenic lesion caused by HU i s CG Y TA transiti ol
it mispairing with adenine if not removed before DNA replication mutagenic
(Thiviyanathan et al., 2005)

The most abundant product of thymine oxidation by hydroxyl radicals, thymine glycol
(Tg), stalls DNA replication due to modifications at the C5 and C6 positions of thymine
causing it to lose its aromatic character and become a nonplanar st(Adieret al.,
2007) This causes the C5 methyl group of thymine to protrude in an axial direction
thereby severely blocking replicative DNA polymera@esuget et al., 2000; Aller et al.,
2007; Yoon et al., 2010Alternatively, TLS DNA polymerases are abdesiynthesis past

Tg in anerrorfree manner by inserting adenine opposite Tg with the same catalytic

efficiency as for undamaged thymi@éoon et al., 2010)

Thus, cells have evolved DNA repair mechanisms for resolving potential mutagenic DNA
damage. BERwhich is initiated by DNA glycosylases, is responsible for the removal of

oxidized bases, amongst other types of base modifications.

1.5.2.DNA glycosylases

DNA glycosylases are a family of proteins that maintain genome integrity through their
abilities to reognize and remove base lesions caused by alkylation, hydrolytic

deamination, depurination, oxidization. They initiate BER by incising the glycosidic bond
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between the C1 carbon of the deoxyribose and the alterediasand M. Wilson llI,
2011b; Krokan ad Bjgras, 2013)

Based on their mechanism of action, DNA glycosylases can be categorized as
monofunctional ,-l yoa da naxdtiiowmiatly widrh i functi o
Depending on the type of DNA glycosylase, the chemical intermechaiteg complexes

required to complete BER may be differgdacobs and Schar, 2012)ter cleavage of

N-glycosidic bonds by monofunctional DNA glycosylases (e.g. ufgalycosylase

(UNG) ), APE1l cleaves phosphodBégtderoxlydnd 3906
OH) addo%ypri bosedPRpsphdse TBHB6E&Nn Pol b via i
activity -@RPmt oag e spehboast peh-B)tdme nédB&d for ligation

followed by insertion of the correct base via its polymerase #ci{iRiobertson et al.,

2009; Svilaretal.,, 2011) Bi functi onal D Nyase @dtiwtyc(0OGGLI as es
and NTH1) , cl eave phetmnatiorotd predsce anrunsatwated s v i a
hydroxyal dehyde-deorkedbdwoe -tigPeo sBmda taen d( 3ad0 5
phosphRB)Y eef®d RPhen80i s processedydoywl APE1 t
( 3aH) end ready for the polymerase sfgfrokan and Bjgras, 2013Bifunctional

gl ycosyl ases wi t h b/ u | yase activity ( NE
phosphodiester bonds on both sides of the AP site to release the unsaturated deoxyribose

as trangd-hydroxy-2-4-pent adi enal , thus | eaving -a singl
phosph-B) e atpth®d S p h-B) e e ( 8 6-P end baa be3ebiminated by
polynucleotide kinase phosphatase (PNKP) via its kinase and phosphatase activities
(Svilar et al., 2011)Although this elimination process circumvents APE1 activity, APE1

has a -wbagh&ttase acti vi-R(Beard, iPeaagad andh Wilsop,r oc e s s
2006)

Five DNA glycosylases that remove oxidised bases from DNA have been identified in
mammalian cells, they are NEIL1, NEIL2, NEIL3, NTH1 and OGG1.
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1.5.2.1.NEIL1

NEIL1 (endonuclease VHI i k e 1) i s a bifuncti owmal
elimination actvity for removing lesions from singigtranded, doubitstranded and
bubble structure DNA, such as at the replication fork before they are encountered by
DNA polymeraseqDou et al., 2008; Hegde et al., 200&) has a broad substrate
specificity effecively recognizing and removing oxidized purines (such-ag@&s) and
pyrimidines (such as-&HU, 5OHC and Tg) from DNA. Nevertheless, the preferred
substrates for NEIL1 appear to be further oxidation products-axo& such as
hydantoins, Gh and SiBandau et al., 2002; Hazra, Kow, et al., 2008)jven the cell
cycledependent expression pattern of NEIL1 with upregulation in tpheSe, its
localization at forked DNA structures, and its interactions with replicative proteins PCNA
and FENL1, it has beegoroposed that NEIL1 functions in replicatiassociated DNA

repair(Neurauter, Luna and Bjaras, 2012a)

NEIL1 was the first mammalian DNA glycosylase reported to excise psaralaned
monoadducts and ICL&ouvé et al., 2009; Cousérivat et al., 2007)Additionally,
HelLa cells deficient of NEIL1 and APE1 demonstrated hypersensitivity tari@lcing
agents 8MOP and UVA(Couvé et al., 2009; Cousérivat et al., 2007)Subsequent
studies reported that cells deficient in FANCA and FANCC becameaesist ICL-
inducing agents mitomycin ¢ (MMC) and\8OP following transient overexpression of
NEIL1 (MacéAimé et al., 201Q)It was further revealed that the cellular level of NEIL1
protein tightly depends on the presence of an intact FA pathway, indidhat the
hypersensitivity of FA cells to ICL agents may in part be due to deregulation of NEIL1
or the BER pathway. Pestanslational studies have identified Mclubiquitin ligase E3
(MULE, known to interact with p53) and tripartif motif 26 (TRIM2&) novel regulators
of steadystate cellular levels of NEIL1 via their ability to polyubiquitinate NEIL1
tagging it for proteasomal degradati@dmonds et al., 2017)

The NEIL1 gene has been reported to be one of the most frequently hypermethylated
DNA repair genes in head and neck squamous cell carcinoma and(&ipath,
McCullough and Stephen Lloyd, 201Bpigenetic silencing of NEIL1 through promoter
methylation has beerreported to repress NEILL mRNA and NEIL1 protein
(Chaisaingmongkol et al., 2012; Farkas et al., 200\#)ile the epigenetic repression of

other DNA repair genes such i H1 andMGMT are often evaluated in diverse cancer
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types, NEIL1 deficiency is oftemot considereSrivenugopal et al., 1996; Soejima, Zhao
and Mukai, 2005; Cooper et al., 2008his could be an important subject for future
research.

1.5.2.2.NEIL2

NEIL2 (endonuclease VHiike 2) DNA glycosylase plays a role in transcription
dependent anda@pal genome repair to excise oxidative products of cytosine, particularly
with strong activity against -©HU in singlestranded, doublstranded or bubble
structured DNAHazra, Kow, et al., 2002; Banerjee et al., 2011} a bifunctional DNA
glycosy a s e -lw i AyBse abtivity, weak activity against®HC and Tg DNA lesions
have been reportdéiazra, Kow, et al., 2002NEIL2 is constitutively expressed and can
be found in both the nucleus and mitochondReakash, Doublié and Wallace, 2012)
Studies have associated NEIL2 depletion with accumulation of oxidative genomic

damage though no overt phenotypic change was obs@@hedtraborty et al., 2015)

1.5.2.3.NTH1

NTH1 (Nthlike 1) DNA glycosylase is a mammalian homolog of the bacterial NTH
protein with a constitutive expression pattern throughout the cell djkbxla et al.,

1998) It is found in both nucleus and mitochondi$&ouzaPinto et al., 2008)NTH1 is

a bifunctional DNA g | -glimoaionl| ARIgase agtivity bn a s s o c i
oxidized pyrimidines such as Tg;BHC, 50HU and 5,6édihydrouracil in duplex DNA
(Ikeda et al., 1998; Prakash, Doublié and Wallace, 20t.Bas been reported to exhibit
overlapping substrate specificity with NEIL1, NEIL2 and NEI{&okan and Bjeras,

2013; Krokeide et al., 2013)An increased binding of NTH1 to-Nox 1 (YB1) (a
frequent associate of several DNA repair proteins with upregulation in cispgatstant

cells) has been reported in cisplatin treated adenocarcinoma MCF7 céBliag etal.,

2008a) This association may be advantageous for the acquisition of cisplatin resistance.
The siRNA knockdown of NTHL1 resulted in increased sensitivity to cisplatin il YB

overexpressing cell&uay et al., 2008a)
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1.5.2.4.0GG1

OGG1 (8oxoguanine) DNA glycosylase removes oxidized purines particularly 8
oxoguanine, from duplex DNpArai et al., 1997; Ikeda et al., 1998; Zharkov et al., 2000)

't is bifunct i elmaitionvARlyabe aciwtyRyakashty Doeldié ab
Wallace, 2012; Wallace, 2014 pproximately 32% of humans possess a-gasitional
substitution of serine by cysteine in the amino acid sequence of OGG1, thus predisposing
them to lung, digestive , head and neck, and prostate c@nvatlace, Murphy ad
Sweasy, 2012)Downregulation of OGG1 has been implicated in cellular resistance to
thalidomide, a drug used in the treatment of inflammatory and innmeukated diseases

and cancer6Ambudkar et al., 1999; Guay et al., 2008b)
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1.6.NEIL3

NEIL3 (endonuclease VHiike 3) is the largest member of the Fphgi-like family
(Morland et al., 2002)Human NEIL3 is made up of 605 amino acids with a molecular
mass of 68 kDa encoded by the 1818 bp long coding sequenclETL&gene located

on the plus strand DNA at the genonaication 4934.4Liu, Doublié and Wallace, 2013)

NEIL3 expression is tissugpecific with expression in keratinocytesd embryonic
fibroblasts; detectable levels of the protein have also been reported in thymus, testis and
foetal lung primary fibroblsts (Morland et al., 2002; Skarpengland et al., 20T6)is

data indicates that the expressioN&iL3is highly specific to rapidly proliferating cells.
Overexpression of NEIL3 has also been reported in several types of cancer cells
(Hildrestrand et aJ 2009; Tran et al., 2020)

1.6.1.1.Structural domain and activity

The complete protein structure of NEIL3 contains a highly conserved catalytic N
terminus, a helitwo-turn-helix (HT2H) domain, a RaBP zinc finger and two GRF zinc
fingers in the @erminus Figurel1.7)(Liu et al., 2012) NEIL3 differs from other NEIL
proteins (NEIL1 and NEILZ2) in two ways, the replacement of proline by valine at position
2 at the Fpg/Nei catalytic domain of thet&minus and the presence of extended C
terminal domains containing multiple zinc fingers with largely unknown functions
Doublié and Wallace, 2013)hese additional features make NEIL3 structurally and
biochemically unique. However, scientists initialgcountered difficulty in evaluating
the functions and substrate specificity of NEIL3, mainly due to its large size which
presents a hurdle in expressing the-ketigth active proteifKrokeide et al., 2009; Liu

et al., 2012)
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==
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Figure 1.7. Motif representation displaying the five domains (blue bars) present
within the NEIL3 protein.
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The numbers represent the amino acid locations, 605 in total. The DNA glycosylase N
terminal domain exists at location 56210, the helixwo-turn-helix domain at 157 227,

the zinefinger Ran binding protein at 317345, GRF zinc finger at 506 549, and
another GRF zinc finger at 552595.

NEIL3 was initially thought to be inactive as a DNA glycosylase; however, mogatrec
reports have shown that removal of the initiator methionine residue is essential for
catalytic activity(Liu et al., 2012) The catalytic domain of NEIL3 features a DNA
binding pocket capable of accommodating different types of DNA substrate lesions
(Krokeide et al., 2013; Liu et al., 2013) truncated version of human NEIL3{Rrminal
glycosylase domain) was shown to exhibit similar DNA glycosylase andydsge
activity to the fulllength mouse NEIL3 on both singiranded and doubkdranded
substrates containing spiroiminodihydantoin (Sp), thymine glycol (Tg) or an abasic site
(Liu, Doublié and Wallace, 201.3)1ore specifically, NEIL3 has been reported to release
the oxidized base products:o&0-7,8-dihydroguanine (8>xo0G), guanidinohydantoi

(Gh) and Sp from ssDNALIu et al., 2010; Krokeide et al., 2013; Albelazi et al., 2019)
More recently, NEIL3 has been shown to incise oligonucleotides containing 5
hydroxyuracil (50OHU) or Tg with a marked preference for ssDNAlbelazi et al.,
2019)

Although, there has been no report of the excision activity of NEIL3-ox0&, one of
the most common oxidative DNA lesions, it does play a role in removing hydantoin
products of this type of lesigiVilson and Bohr, 2007; Klattenhoff et al., 2017)

Thus, although NEIL3 is potentially active on both singled doublestranded DNA,
several reports indicate that it has a higher affinity towards sstgiaded DNA or
partially singlestranded DNA structures such as replication forks and bufldésoet

al., 2009; Albelazi et al., 2019)nsect cell lysates overexpressing NEIL3 were able to
excise 2,ediamina4-oxo-5-formamidopyrimidine (FapyG), and a weak lyase activity
on AP s i-dimirstionvdctavity fvas observed on singliganded substies
(Morland et al., 2002; Takao et al., 2009)dditionally, a study on the truncated N
terminal DNA glycosylase domain and fléingth NEIL3 indicated a strong affinity
towards oxidized purines and pyrimidines in ssDNJAZhou et al., 2013; Liu, Doubl

and Wallace, 2013)'he preference of NEIL3 for ssDNA lesions is due to the lack of two
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void-filling residues that stabilize duplex DNA and interact with the opposite sttaund

et al., 2013) Additionally, the possession of an electrostatic environment that is not
complementary to the phosphate backbone of undamaged DNA strand in dij#ex D
contributes to the preference of NEIL3 for ssSDNA substi@iies Doublié and Wallace,
2013)

Like other members of the H2TH DNA glycosylase family, NEIL3 initiates the first step
of BER pathway by recognizing and cleaving oxidised bases from DNA&anturther
introduce a DNA strand break via its associated lyase acflviyet al., 2013) Several
DNA glycosylases are involved in pagplication DNA repair, and as such are localized
to DNA structures such as replication foikscobs and Sch&012; Neurauter, Luna
and Bjaras, 2012bYnder normal conditions, NEIL3 levels are upregulated during the S
phase of cell cycle up until G2 phase before being repressed at GQbassiter, Luna

and Bjgras, 2012b)This expression pattern suppotte evidence of a cell cyele
dependent expression pattern for NEIL3 and its role in maintaining replication fork
stability during replication stresddazra and Mitra, 2006; Klattenhoff et al., 2017)
Interestingly, NEIL3 is the only DNA glycosylase thhas been associated with
replisomes (DNA replication site), suggesting its activity close to the replication fork
(Bjaras et al., 2017 his observation is further supported by findings from a study where
NEIL3 deficient cells accumulated spontaneousADilbublestrand breaks associated
with replication fork collapse, suggesting a faatalytic role of NEIL3 in maintaining

genome integrity during replicatigilattenhoff et al., 2017)

Telomeres, which stabilize and protect the ends of eukaryotic cboones are rich is
guanine bases, thus very susceptible to oxidative damage causing them to shorten faster
than usua{(Meeker et al., 2002)Telomeres contain a specific protein complex, shelterin
(comprising TRF1, TRF2, POT1, TPP1, TIN2 and Rapl), ttistas a shield to protect
chromosome ends from DNA damage response and regulate telomere maintenance by
telomerase(Palm and De Lange, 2008Yelomeres also protect the genome from
nucleolytic degradation, interchromosomal fusion, unnecessary recdinbiaad repair
(Shammas, 2011)Therefore, given the sensitivity of telomeres to oxidative damage,
unrepaired DNA lesions in this region of DNA may alter the binding of the shelterin
complex, thereby causing defects in the telomere that may triggetoago elomere
defects have been strongly linked to ageing and cancers characterised by chromosomal

such as colorectal, breast and prostate cafRedolph et al., 2001; Meeker et al., 2002)

66



Recent studies in highly proliferating cells reported aiceditrole for NEIL3 in
maintaining genome integrity by removing oxidized bases from telomeeaGruplexes
during the SG2 phases of cell cycl@Zhou et al., 2017)The Gquadruplex is the site
most prone to oxidation in DNA, and some commonly repopteducts of oxidative
damage at this & rich region are ®xoG, Sp, Gh and Tg lesiof& Zhou et al., 2013)
When the activity of DNA glycosylases on-dbadruplexes were investigated,
recombinant murine NEIL3 demonstrated excision activity on Tg, 8pGinwhereas
NEIL1 exhibited a preference for Sp and Gh lesions. Thus highlighting a shared critical
role of the two DNA glycosylases in telomere maintenance and transciptidghou et

al., 2013; Zhou et al., 201L5No other DNA glycosylases, inclugjinOGG1 which
normally processes@xoG lesions, were able to remove oxidized lesions from telomeric
regions(Zhou et al., 2015Downregulation of NEIL3 resulted in telomerase dysfunction,
anaphase bridging and ultimately cell death, suggesting a mstbgathway that
involves the recruitment of NEIL3 to the telomeres vite@ninus interaction with the
TRFH domain of TRF1Zhou et al., 2017)By interacting with TRF1, NEIL3 is able to
prevent DNA DSBs and telomere fusi@h Zhou et al., 2013; Zhaat al., 2015)NEIL3

also celocalizes with TRF2 to associate with telomeres during thb&se, an interaction

that increases in response to oxidative stfZksu et al., 2017)

The substrate specificity pattern of NEIL3 for singteanded and quagjplex DNA
lesions in comparison to doukdéranded lesions has been suggested as a potential
function of the extended -@rminal domain of NEIL3(Liu et al., 2010) NEIL3
recognizes oxidative damage in telomeres and initiates BER by interacting with APE1
and longpatch BER proteins, PCNA and FEN1. Furthermore, the observed lack of
proteinpr ot ei n i nteractions between NEI-L3 and
patch BER over shogtatch BER as the oxidative lesion repair mechanism in telomeric
regions Further analysis of protejorotein interactions revealed that both{lethgth and
truncated NEIL3 (consisting of Fpg/Nei and H2TH&tminal domains) interacted with
APE1(Zhou et al., 2017)interestingly, a significantly stronger interaction wasesied
between fullength NEIL3 and APEL1 over truncated NEIL3 and APE1, thus indicating
that the Gterminal domain of NEIL3 played a crucial role in protpnotein interactions

at the telomere.
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1.6.1.2.The NEIL3 D132V mutation

Mutated NEIL3 has also been implicated in the regulation of cellular immiMégsaad

et al., 2016a)A naturally occurring mutation in the-tédrminal DNA glycosylase domain

of NEIL3, D132V missense mutation, causes the aspartic acid residue (D Yiahpb32

to be substituted for valine (V). This results in ablation of the catalytic activity of NEIL3
and is often associated with increased autoimmunity, increased infections, and impaired
B cell function(Massaad et al., 2016bINEIL3 D132V is unabldo excise Gh from
oxidatively damaged DNA, and individuals exhibiting a homozygous variant of this
mutation are predisposed to developing autoimmune diseases. Also, NEIL3 D132V
homozygous mutations have been associated with increased telomd#hms®tal.,

2017)

1.6.1.3.NEIL3 in neurogenesis, heart diseases and HIV infection

Early studies using quantitative PCR reported elevated expression levels of NEIL3 at the
beginning of neurogenesis in developing mouse emprjmrestrand et al., 2009)
NEIL3 expression was specific to areas where neural stem cells and progenitor cells are
located. As the brain developed to reach adulthood, NEIL3 levels decreased to
undetectable level#ildrestrand et al., 2009)n contrast, a study using NEIL3 knockout
adult mce revealed that NEIL3 is vital for the maintenance of adult neurogenesis via its
ability to repair oxidative damage in neural stem and progenitor cells, thereby, preventing
agerelated neurodegeneration and cognitive de¢iRegnell et al., 2012)Additionally,

a role for NEIL3 in the recovery of neurogenesis following hypasgaemia has been

reported in mouse modgSejersted et al., 2011)

Enhanced generation of ROS and increased oxidative DNA damage are contributing
factors to the development atherosclerosis, thus making BER components crucial in
the prevention of atherogenesis. In a study that investigated association of single
nucleotide polymorphisms (SNPs) in genes encoding NEIL3, OGG1, APE1 and XRCC1
with the incidence of myocardial infaron (Ml), only a NEIL3 SNP was associated with

increased risk of myocardial infarcti¢8karpengland et al., 2015)

In an RNAIi knockdown study, human cells displayed reduced HIV infection when NEIL3
was silencedZhou et al., 2008)This suggestedstinvolvement in the integration of the
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virus into the human genome. This was further supported by studies where aged NEIL3
null mice exhibited low white blood cell counts, impaired memory and anfdietysu et
al., 2005a; Regnell et al., 2012)

1.6.1.4.NEIL3 in cancer

NEIL3is a cell cycle regulated gene, and its upregulated expression in proliferating cells
during S/G2 phase suggests evidence for its role in the growth of rapidly dividing cells
including cancer cell§Neurauter, Luna and Bjaras, 2012b; Klatteff et al., 2017)
Studies have associated overly expressed levels of NEIL3 with 7% of cancer cases
including CRC, although its clinical impact on modulating chemotherapeutic drug
response remains elusidildrestrand et al., 2009; Shinmura et al.1&) Moreover, a

few reports have associated high expression levels of NEIL3 with metastatic cancer, thus,
suggesting it may play a role in cancer growth and malign@€enyffmann et al., 2008)

A recent evaluation of cancer patients data revealegdatants with tumours expressing
higher levels of NEIL3 had significantly lower overall survival rate compared to those
with tumours expressing lower NEIL3 levd[Bran et al., 2020)However, in contrast,
overexpression of NEIL3 in colorectal and st@macancer correlated with good
prognosis. Patients with tumours overexpressing NEIL3 exhibited significantly higher
levels of mutation load and chromosomal rearrangement. Mutations in genes that
contribute to carcinogenesisSRAS TP53andEGFR) were alsmbserved simultaneously

and a positive correlation was established betwdHtfiL3 overexpression and
homologous recombination gendBRCAland BRCAJ and MMR genesMSH2 and

MSH6 but not NER genesXPA XPC, ERCClandERCC3J (Tran et al., 2020)Taken
together, these indicate that NEIL3 could have a role in DNA damage tolerance to
chemotherapeutic agents, while NEIL3 overexpression could contribute to an increase in
genome instability through imbalanced DNA repair (or another unidentified msohan

and as such can serve as a biomarker for the phenotypic classification of cancers. Another
study investigating ten different cancer types also associated an elevated level of NEIL3
with significantly elevated somatic mutations and APOBEC3B, an imchfc@utation

in cancergShinmura et al., 2016)t is possible that along with its DNA repair role,
NEIL3 plays an unintentional role in promoting carcinogenesis via its recruitment during

mutation, which additionally enhances resistance to platinasad compounds.
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1.6.1.5.NEIL3 in ICL repair

Recently, NEIL3 has become implicated in the repair of ICLs induced by psoralen and
AP sites, but not cisplatifbemlow et al., 2016; Martin et al., 2017; Wu et al., 20TB¢
initiation of the FA pathway after the mweergence of two replication forks at an ICL site
triggers the unloading of the CMG replicative helicase (comprised of CDC45, MCM2
and GINS) via the polyubiquitination of the MCMR2 subunit(Zhang et al., 2015;
Fullbright et al., 2016)This enables #replication fork to be reversed and the ICL to be
unhooked through DNA strand incisions that convert the ICL into a (B8&#n Douwel

et al., 2017; Amunugama et al., 201¥PFERCC1 mediated DNA incision to unhook

the ICL is stimulated by the activati of the FANCDZFANCI complex(Semlow et al.,
2016) However, in an alternative pathway which does not require CMG unloading or
involve the generation of a DNA DSB, NEIL3 cleaves one of the tvgbyosylic bonds
involved in the ICL and creates an abasite that is repaired by TLS polymeragétu

et al., 2019) Given that mutations in thEANC genes exhibit stronger mutagenic
potentials than mutations in tiINEIL3 gene, it has been assumed that the NEIL3 ICL
repair pathway may not be the first cl®im resolving this type of lesiofParmar,
D6Andrea and Niedernhofer, 2009; Sejersted

The majority of DNA glycosylases cleaved¥ycosidic bonds only after the damaged
base has been r ot at ehdca@lptippocket of tha ¢éneymg. This8 0 e |
process is referred to as evers{@nooks et al., 2013However, considering that bases

of an ICL cannot be readily everted, this raises the question of how NEIL3 unhooks an
ICL? Structurally, the glycosylase dam of NEIL3 is very similar to that of NEIL1,

which removes oxidized bases via the classic base eversion process. However, two
features in NEIL3 suggests an alternative mode of ag¢tian Doublié and Wallace,

2013) First is a lack of two of the thremsidues found in NEIL1 responsible for
stabilizing the nucleobase opposite the everted base, and a lack of the loop for stabilizing
the everted base. Second is the presence of two negatively charged patches in the DNA
binding region of NEIL3, which detsrinteractions with the DNA strand opposite the
everted basfLiu et al., 2013) These differences further explain the preference of NEIL3

for base damage in ssDNA. Putting all these into consideration, it was speculated that
replication fork convergengaesents ICLs in a SSDNA context thereby allowing a partial
eversion of the crosslinked base in the active site of NEIL3 which is usually open. In this

context of replicatiordependent ICL repair, it would be assumed that the AP lyase
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activity of NEIL3 wauld create a doubistrand break after unhooking the ICL. However,

as this is not the case, it was speculated that AP lyase activity is suppressed during ICL
repair by CMG or another NEIL3 displacing fact@®emlow et al., 2016; Martin et al.,
2017) In support of a role for NEIL3 in ICL repair is the reported negative correlation
between NEIL3 overexpressing tumours and nucleotide excision repair J&#eXPC,
ERCC1andERCC3J. This suggests a backup role of NEIL3 in repairing this type of DNA
lesions(Tran et al., 2020)

Furthermore, how cells decide on which pathway to use in repairing ICLs is not fully
understood. Specifically, the choice between the simpler NEIL3 patanéyhe more
prominent FA pathway that generates dotdiland breaks and potentially causes
genomic rearrangements. It has been shown that both of these pathways are regulated by
an E3 ubiquitin ligase, TRAIP, which complexes with the replisome and itibajes

any protein in the path of the compléWu et al., 2019) Upon encounter with a
convergence formed by two replication forks, the short ubiquitin chain of TRAIP directly
binds to NEIL3 whereas the long chain contributes to CMG ubiquitinationrndding

by p97 to facilitate the FA pathwgyrullbright et al., 2016)As such, TRAIP plays a

regulatory role in determining the choice interstrand crosslink r@pairet al., 2019)

Several anticancer agents target DNA via diverse mechanismsiingcthe induction of
ICLs as a strategy to initiate apoptosis through DMacéAimé et al., 201Q) The
contribution of NEIL3 to ICL resistance was confirmed in studies where siRidiated
knockdown of NEIL3 in CRCs and NEIE&ockout in mouse embryonitroblasts

cells sensitized these cells to oxaliplatin and cisplatin, respecfRelgeth et al., 2013)
Furthermore, previous studies have shown that the downregulation of DNA repair genes
such ag£RCC1land the clinical application of PARP inhibisoimproved the efficacy of
genotoxic anticancer agenfSeetharam et al., 2010Lo-localization of NEIL3 and
replication protein A in the nucleus has been reported, with the latter binding to cisplatin
induced crosslink lesion sites and implicatedhanriecruitment of other NER components
(Bjeras et al., 2017)This may suggest overlapping activities of the BER and NER
pathways in processing DN@latinum crosslinks including ICLs. The sensitization of
resistant glioblastoma cells to ATR and PARPibitbrs following shRNAimediated
downregulation of NEIL3 has been repor{@&dattenhoff et al., 2017)Loss of NEIL3
resulted in decreased binding of PCNA and RAD51 to chromatin, thus indicating a HR
dependent repa(Klattenhoff et al., 2017)
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1.6.1.6.NEIL3 as a chemotherapeutic target

Most genotoxic chemotherapeutics aim to damage DNA in order to initiate apoptosis,
however, the DNA repair pathways that are consequently activated may prevent cell death
(Liang et al., 2009)Therefore, the discovery of nawolecular targets that can enhance
chemotherapeutic efficacy is important to improve treatment benefits for cancer patients.
Clearly, NEIL3 plays an important role in DNA repair during DNA replication and cell
division, however, does the overlapping sudastrspecificities of DNA glycosylases in

the repair of oxidative DNA damage makes it a suitable target for improving the efficacy
of anticancer agen{®arsons and Elder, 2003; Krokeide et al., 2013; Martin et al., 2017)
Under normal conditions, tripkenockout of NEIL1, NEIL2 and NEIL3 in murine models

had no significant effect on oxidative damage accumulation, extent of mutagenesis, or
telomere lengti{Rolseth et al., 2017)This indicated that NEIL3 and the other NEIL
proteins may have additionalles that extend beyond the BER machinery, and these
roles can be exploited in the enhancement of tumour sensitivity to chemotherapeutic
agentyRolseth et al., 2017Presently, NEIL3 is the least characterised member of the
FpgNetlike family, however,its cell cycledependent and tissigpecific expression
makes it an interesting molecular target for drug discovery and repair of oxidative DNA
damage(Hildrestrand et al., 2009YOnly with further research can clarity about the
contrasting and prematuye=xplored roles of NEIL3 in repair of normal cells and cancer

progression be achieved.
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1.7.Project aims and objectives

Platinum compounds are powerful chemotherapeutic agents due to their ability to bind to
DNA and form adducts that distort the helicalusture (intrastrand crosslinks) or
covalently link the two complementary strands of DNA (ICLs), subsequently causing cell
death. A single platinurDNA crosslink if not repaired can be leti{®leter M Bruno et

al., 2017) Although the processing of theseosslinks is not fully understood, it is
believed to involve components of multiple DNA repair pathways, however, components
of one pathway may on their own give rise to chemotherapeutic agent resistance. For
example, an examination of several diseasenbi@ers in norsmallcell lung cancer
patients reported ERCC1 as a key determinant of treatment benefits from cisasatth
chemotherapyFan et al., 1995)Thus, patients with tumours expressing low levels of
ERCC1 benefited from chemotherapy, wherpasents with high levels did not. This
finding generated an interest in investigating the expression of DNA repair genes to

improve treatment and prognosis for patients of diverse cancer types.

The expression AiEIL3is normally tightly regulated and the protein is not found in most
differentiated cell typegHildrestrand et al., 2009)n contrast, the overexpression of
NEIL3 has been reported in several types of cancer cells including(BiRltestrand et

al., 2009; Tran et al., 2020Thus, this virtually cancer cell specific expression, along
with its known role at the replication fork and in the repair of ICLs, malasiitteresting

target to improve platinum agent efficacy. Therefore, establishing a connection between

NEIL3 and oxaliplatin resistance in CRC patients could be of therapeutic value.

Thus, the aims of this project were to investigate the role of NEIL3xalipbatin
resistance, a clinically relevant agent commonly used to treat CRC (Sk@iothese
experiments were conducted initially on CRC ceksch displaying a particular

phenotype and representing some of the different cell types likely to be found in a tumour.
Experimental objectives were as follows:

1. To determine the sensitivity of multiple colorectal cancer cell lines to platinum drugs
and ompare the basal expression of NEIL3.

2. To investigate the effects of acute doses of oxaliplatin and cisplatin on NEIL3
expression.

3. To generate an oxaliplatiesistant colorectal cell line to use as a model for evaluating

NEIL3 expression in acquired drugsistance.
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4. To generate a NEIL3 knockdown and stable knockout cell line using siRNA and

CRISPR respectively, for use in functional genomics of NEIL3.
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Chapter 2 Materials and methods

2.1.Cell lines

The HCT116 cell line was obtained from the Cockcroft Lab (Universiyatiord) cell

line repository at passage 11. This cell line was originally established frorpesaé@id

male with Stage IV colorectal carcinonfATCC, 2020a) The HCT116 cell line is

wildtype (wt) for TP53 and BRAF but has mutations in KRAS and PIK3EA also

CIMP-positive and has a MSligh statugEshleman et al., 1998; Berg et al., 2017)

Previous studies have reported doubling times ranging from 17.1 to 36(Baugset al.,

2017; Ghandi et al., 2019)hese cells were maintainedinMgC6 s 5 A cul t ur e me
(ThermokFisher).

The HT29 cell line was obtained from the Cockcroft Lab (University of Salford) cell line
repository at passage 141. This cell line was originally established frory@add|d

Caucasian female with Stage Il coloré@denocarcinom@ATCC, 2020a) There is an
overexpression of the TP53 gene with a GA homozygous mutation in codon 273

resulting in Arg- His substitutior(Jain et al., 2012; Cowley et al., 201%he HT29 cell

line is wildtype for KRAS and PIK3CA but has a mutation in BRAF, it is also GIMP

positive with a MSistable (MSS) statu#ledico et al., 2015; Berg et al., 201Pyevious

studies demonstrated a doubling time of 192 hours(Berg et &, 2017) These cells

were maintained in McCoyds 5A culture mediu

The LOVO cell line was purchased from ATCC at passage 1. This cell line was originally
established from a 5¢earold Caucasian male with Stage Ill colorectal adenocancin
(ATCC, 2020). The LOVO cell line is wildtype for TP53, BRAF and PIK3CA but has a
mutation in KRAS, it is also CIMPegative with a MShigh statugMedico et al., 2015;

Berg et al., 2017) Previous studies have shown doubling time betweeih 24 hairs
(Drewinko et al., 1976; Cowley et al., 201dhese cells were maintained in Roswell
Park Memorial Institute (RPMH)1640 culture medium (ThermoFisher).

The SW48 cell line was purchased from ATCC at passage 3. This cell line was originally
established from an 82yearold Caucasian female with Stage Il colorectal
adenocarcinomgATCC, 2020a) The SW48 cell line is wildtype for TP53 and KRAS,

but has mutations in BRAF and PIK3CA, it is also CHgiésitive with a MSihigh status

(Liu and Bodmer, 2006; &g et al., 2017)Doubling times of 33 and 70 hours at passage

63 has been previously record&emizarov et al., 2003; Cowley et al., 2014)ese cells
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wer e mai nt ai ned i n Dul beccoods Modi fied
(ThermoFisher).

The SW40 cell line was purchased from ATCC at passage 8. This cell line was originally

E a

established from a 5@earo | d Caucasian mal e with Dukes

adenocarcinoma (ATCC, 2020). These cells express elevated levels of p53 protein with a
G- A heteraygous mutation in codon 273 resulting in ArgHis substitution and a C

- T mutation in codon 309 resulting in Pro Ser substitutiorfEshleman et al., 1998;

Berg et al., 2017)The SW480 cell line is wildtype for BRAF and PIK3CA but has a
mutation in KRAS, it is also CIMPnegative with a MSS stat€ottu et al., 1996; Berg

et al.,, 2017) Doubling time between 2D 50 hours have been previously reported
(Leibovitz et al., 1976; Cowley et al., 2014hese cells were maintained in DMEM
culture mediun(ThermoFisher).

The U20S cell line was obtained from the Cockcroft Lab (University of Salford) cell line
repository at passage 2. This cell line was originally established fromyaatbld
Caucasian female with osteosarcad@CC, 2020a) The U20S céline is wildtype for
TP53 with a MSS statu$etitprez et al., 2013Poubling time between 25 30 hours
have been previously report¢@owley et al., 2014)These cells were maintained in
RPMI 1640 culture medium (ThermoFisher).

It shouldbenot ed that frozen cell stocks were
appropriate culture medium for two weeks prior to use in any experiment. During this
period, the culture medium was changed every three days and cells were subcultured into
new T25 culure flasks whenever they reachedi780% confluency. Furthermore, cell

lines were subcultured a maximum of fifteen times before being discarded and replaced

t

h

with a fresh frozen cell stock. Celz2l s wer e

humidified incubator.
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Table 2.1. Critical mutations in the CRC cell lines used in this project

MSI/MSS | CIMP KRAS BRAF TP53 PIK3CA
HCT116 | MSI +ve p.G13D | wt wt p.H1047R
HT29 MSS +ve wt p.V60OE | p.R273H | wt
LOVO MSI -ve p.G13D | wt wt wit
Sw48 MSI +ve wt p.R347X | wt p.G914R
SW480 | MSS -ve p.G12V | wt p.R273H | wt

Adapted from(Berg et al., 2017)

2.1.1.Cell growth rate analysis in T25 flasks

The HCT116 and HT29 colorectal cancer cell lines weag/ed and maintained for two
5A

200 mM L-glutamine. The purpose of this was to allow the cells to recover from the

weeks in McCoyods culture medium suppl eme
stressful thawing process and allow them to adapt to theudelre environment before
experimental use. For each cell line, five T25 tissue culture flasks were labelled 24, 48,
72, 96 and 120 corresponding to the final duration (hours) of incubation. Each flask was
loaded with 40,000 cells in a final volume of Q. and incubated at 3Z, 5% CQ for

the duration indicated. At the end of each incubation period, the cells were observed under
the microscope then the culture medium was discarded, and the cells were rinsed twice
with 3 mL 1x phosphate buffered saline (PBS). The cells were then dethghe
incubating in 1 mL of TrypLE (ThermoFisher) for 5 min at G7 Following cell
detachment, 4 mL of culture medium was added to the cell suspension and mixed by
gently pipetting up and down. Subsequently, 100 pL of cell suspension was incubated
with 100 L trypan blue exclusion dye (Siga#ddrich) for 2 min at room temperature.

After this, 10 pL of the mixture was loaded onto a haemocytometer where the cells were
counted. The total number of live cells in the four corners of the haemocytometer were
countd then divided by four to obtain an average. The derived number was multiplied
by 2 to account for the dilution factor. The newly derived number was multiplied*y 10

to determine the number of cells per . concentration. This was then multiplied by

5 mL (.e. total volume of cell suspension) to determine the total number of cells in the

flask.
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This experiment was repeated a week later as described above using continuously
cultured cells. Then another repeat was carried out a week later to seheethsd
biological replicate (n = 3). A graph of the mean of the total number of cells from the
three replicates was plotted against time to generate a growth curve.

2.1.2.Mycoplasma detection using PCR and gel electrophoresis

Cells were routinely tested for mgplasma contamination during this project using the
LookOut Mycoplasma PCR Detection Kit (Sigmddrich). At 80% confluency, 0.5 mL

of cell culture medium was collected from cells that had been cultured for more than 48
hours. This was centrifuged at 25affor 5 min. The supernatant was transferred to new
tubes and centrifuged at 15 0d§for 10 min to sediment mycoplasma. Then 0.45 mL of
supernatant was discarded, and pellet was resuspended in the remaining 50 ul to serve as
the cell line sample. Foraeh cell line sample and negative control, DNA polymerase
rehydration buffer complex was prepared by mixing 23 pL of rehydration buffer with 0.5

pL Jumpstart reagent. Then 23 pL of complex was transferred to separate labelled tubes
followed by the additiorof 2 pl of cell line sample and 2ul of DN#fee water to
respective labelled tubes. For the positive control, the DNA polymeeagedration

buffer complex was prepared by mixing 24.5 pL rehydration buffer with 0.5 pL Jumpstart
reagent which was then adté the precoated positive control tube. All tubes were

i ncubated at room temperature for 5 min the
protocol. Then 10 pL of each PCR product was resolved on a 1.2% (w/v) agarose gel for
25 min at 100 V. The gel as viewed in a éox imaging system (Syngene) to detect

bands confirming the presence or absence of mycoplasma contamination.

2.1.2.1 Preparation of a 1.2% (w/v) agarose gel

In a 100 mL bottle, 0.6 g of agarose powder (ThermoFisher) and 0.5&0reseEDTA

(TBE) buffer were added up to a final volume of 50 mL. This was heated in a microwave
and shaken occasionally until the solution was clear. After letting it cool to abdtit 55

6 pL of SYBR Safe dye (ThermoFisher) was added and mixed by swirling the botle. Th
viscous liquid was poured into a gel tray and a comb inserted to create wells. The gel was
left to polymerize at room temperature fori360 min before removing the comb. The

gel and the gel tray were then placed in an electrophoresis tank contabXxngBE

buffer ready for use.
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2.2.Cell line handling and maintenance

This section highlights the techniques for thawing, feeding, passaging, and storing cells
continuously to keep them viable throughout this project. For simplicity, culture medium
refers to purhased growth medium that has been supplemented with 1% (v/v) 200 mM
L-glutamine and 10% (v/v) foetal bovine serum (FBS). Cryopreservation medium refers
to FBS supplemented with 5% (v/v) dimethyl sulfoxide (DMSOQO). All cell culture related

techniques weregsformed aseptically.

2.2.1.Thawing

A vial containing the frozen stock of the ¢
min, then 1 mL of culture medium was added to it and mixed by gently pipetting. This

was immediately transferred to a previously prepdr25 flask containing 10 mL culture

medi um and i ncubat xirda hanidifi& ineuBatoa NTkhawes ¥ellsC O

were maintained for two weeks to allow them to recover and adapt to culture conditions

before using for any experiment.

2.2.2.Feeding and passging

Cells were observed under the microscope every two days to ensure they had not become
over confluent as indicated by the proporti
This was also performed to monitor nutrient availability; discoloratigmavth medium

may indicate nutrient exhaustion. At up to 70% confluency, the growth medium was
discarded and replaced with 10 mL of fresh complete growth medium. At80%%6
confluency, a percentage of the total cells was transferred into a new T25Tthadk

this, the culture medium was discarded, the cells were rinsed twice with 3 mL of 1x PBS
and 1 mL of TrypLE was added to the flask and cells were incubated@f&75 min

to detach them. Then 5 mL of culture medium was added to the flask taliseuthe
enzymatic action of TrypLE and the cell suspension was mixed by gently pipetting
repeatedly to completely detach the cells from the flask and dissociate cell clusters.
Finally, 0.5 mL of the cell suspension was transferred to a T25 flask cogtaio mL of

culture medium and incubated at 87 5% CQ.
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2.2.3.Storage

To maintain cell line stocks, cells were frozer8t C or at-195 C (liquid nitrogen). At

707 80% confluency, the cells were rinsed, detached, and resuspended as described in
Section2.2.2 The cell suspension was transferred to a 15 mL centrifuge tube and spun at
1000xgfor 5 min. The supernatant was discarded, and the cell pellet was resuspended in
5 mL of cryopreservation medium. Finally, 1 mL of the mixture was transferred into a
cryovial labelled with the cell line name, passage number and date. These were
immediately placed in the80 C freezer to be stored for up to three months and

subsequently in liquid nitrogen for longer term storage.
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2.3.Cell harvesting (homogenization) from cultue

To collect cell pellets from cells in culture during any experiment, culture medium was
removed by aspiration and an appropriate volume of 1X PBS was added (0.1 mL for 96
well plates, 1 mL for &vell plates or 3 mL for T25 flasks). The 1X PBS was remdove

by pipetting and TrypLE was added (0.05 mL for®@éll plates, 0.5 mL for-6vell plates

or 1 mL for T25 flasks), followed by incubation at 7for 5 min to detach the cells. To

stop the enzymatic activity of TrypLE, culture medium (0.15 mL foned plates, 1 mL

for 6-well plates or 3 5 mL for T25 flasks) was added to the detached cells. The cell
suspension was mixed by gently pipetting up and down to separate cells from clusters and
improve even distribution of cells in the suspension. Then 1.5frtheaell suspension

was transferred to a 1.5 mL Eppendorf tube and centrifuged atxgF00 5 min. The
supernatant was discarded, and the cell pellet was rinsed with 1x PBS. The cell pellet was

placed on ice to be used immediately or store8@C.

2.4.RNA isolation and analysis

2.4.1.Extraction of total RNA from cancer cells

Total RNA was extracted using the Isolate 1l RNA Mini Kit (Bioline) according to the
manufacturerds instructi ons. -rBercapwétianol 350
were added tdie cell pellet (up to 5 x £@ells), then vortexed vigorously for 1015 s.

The sample was then filtered through a spin column by centrifugation at $Gé@01

mi n. This was followed by the addition of

pipetting upand down 8 10 times. The sample was filtered through another spin column
(containing a silica membrane with affinity for RNA) by centrifugation at 12Qpfor

30 s. DNase 1 reaction mixture (95 eL) was

membane followed by incubation at room temperature for 15 min. Then three washes

were performed as foll ows: 200 e¢L of was h

centrifuged at 11008gf or 30 s, 600 eL of wash buffer
centrifuged at1000xgf or 30 s, 250 €L of wash buffer
centrifuged at 11,008g for 2 min. Finally, RNA was eluted in 40 yL RNaBee water

and placed on ice to be used immediately or stor&@Dat. Before each use, RNA purity

and quanty were assessed using a Nanodrop UV spectrophotometer (ThermoFisher). To
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assess purity, the ratio of absorbance at 260 nm to 280 nm was determined. A ratio of

approximately 2.0 was accepted as pure RNA.

2.4.2.Reverse transcription of RNA intocomplementary DNA

Messenger RNA was reverse transcribed using the QuantiNova Reverse Transcription
Kit (Qiagen) according to the manufacturer (
RNA was incubated in gDNA removal mix at Z5for 2 min to elimina contaminating
genomic DNA. The mixture was then added to a reveesescription master mix
containing a reverse transcription enzyme, a combination of-dligand random
primers; then incubated. Incubation was at@%or 3 min to allow primers annedhen

at 45C for 10 min to enable the reverse transcription reaction to occur, andCatB8%

min to deactivate the reverse transcription enzyme. The resulting cDNA was stored on
ice to be used immediately or stored2Q C. Prior to use, the conceation and purity

of cDNA was determined using the Nanodrop UV spectrophotometer. To assess purity,
the ratio of absorbance at 260 nm to 280 nm was determined. A ratio of approximately
1.8 was accepted as pure cDNA. Prior to use in gPCR experiments, cDiNAlwtad 1.:

9 in DNasefree water (Bioline).

2.4.3.Gene transcript detection using PCR and agarose gel electrophoresis

For each reaction, a PCR reaction mixture was prepared in a 200 pL PCR tube by adding
1.5 pg of template cDNA, 0.2 uM forward primer, 0.2 pidverse primer, 12.5 uL
OneTaq HotStart Master Mix (contains DNA polymerase, dNTPs and tracking dye) and
RNasefree water up to a final volume of 25 uL. Reaction conditions used were: initial
denaturation at 9€ for 1 min, then 35 cycles of (denaturatair®4 C for 15 s, annealing

at 60C for 15 s and extension at &3for 30 s), and final extension at @for 5 min.

Details of primers used are presentedale2.2.

At completion, 10 pL of the reaction mixture was loaded onto a 2% (w/v) agarose gel
starting from the second well, and 10 pL of HyperLadder 100bp (Bioline) was loaded
into the first well. Eletrophoresis was conducted at 100 V for about 1 h 30 mins to resolve
the amplified DNA fragments, then the gel was place in-lao& imaging system to

determine the presence or absence of a bands corresponding to each gene of interest. For
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semtquantitative analysis, the intensity of the bands was used to determine gene
expression level relative to housekeeping gene, glyceraldehygdosphate
dehydrogenase (GAPDH). It should be noted that when analysing multiple genes or cell
lines, cDNAdH>O-OneTaq HotStammaster mixes were prepared and aliquoted into 200
uL PCR tubes before adding primers.
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Table 2.2. Primer sequences for target genes, reverse primer sequences are

displayed in bold text.

Target genéhuman) Primer sé80é¢nce ( %Amplicon size
(bp)

Actin TCTGGCACCACACCTTCTAC 166
AGCACAGCCTGGATAGCAAC

ERCC1 CAAAACGGACAGTCAGACCCT 146
TCAAGAAGGGCTCGTGCAG

GAPDH GGTGGTCTCCTCTGACTTCAACA 127
GTTGCTGTAGCCAAAATCGTTGT

MLH1 AGGAGTCGACCCTCTCAGG 67
GTCCACTTCCAGGAGTTTGG

NEIL1 AGAAGATAAGGACCAAGCTGC 213
GATCCCCCTGGAACCAGATG

NEIL2 GCCTTAGAAGCTCTAGGCCA 146
GCACTCAGGACTGAACCGAG

NEIL3 CGCCTCTGCATTGTCCGAGT 148
TGGAACGCTTGCCATGGTTG

NTH1 GATGGCACACCTGGCTATG 166
CCACAGCTCCCTAGGCAG

p53 CCCATCCTCACCATCATCAC 297
CCTCATTCAGCTCTCGGAAC

TRIM26 GAAGAGGAAGAAGAGGAGGAG 285
GGCAGTGAAGGTGTAGATGAG
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All primers were designed using the Eurofins primer software and purchased from
Eurofins. The primers were prepared at @lsttoncentration of 10 uM by adding &®l

to each tube of dry primer pellet according
stored at20 C.

2.4.4.Gene transcript quantification using quantitative PCR

To perform qPCR in triplicate, 0.4 ug diluted cDNA template, 40 uL SYBRRIX

reagent (Bioline), 0.4 uM forward primer, 0.4 uM reverse primer and Rasevater

up to final volume of 80 uL was prepared. From this 80 pL mixture, 20 uL was loaded

into three separate wells of a 9&ll gPCR plate so that each well contained 0.1 ug
template cDNA, 10 pL SYBR L&ROX reagent, 0.4 uM forward primer, 0.4 uM reverse

primer and RNasé&ee water up to final volume of 20 pL. This was in accordance with

the SYBRLGROX Ki t manuf act uirtamplétescDiAcontradwasdlso A no
prepared for each primer pair, this contained RMNese water, primers and SYBR Lo

ROX reagent. The plate was loaded into an MJ Opticon 2 thermocyclergats Table

2.2) wereamplified using the following cycling parameters: @5or 2 min and 40 cycles

of (95 C for 5 s, 60C for 30 s and 7Z for 15 s). The melting curve betweeh € and

90 C was also analysed to confirm the amplification of a single product per reaction. At
theend of gPCR,@ al ues wer e pr o e¢metheddadcalaulate relgiivet h e
gene e X pr e sastin amd GARDH has the endogenous reference genes.
Additionally, primer efficiency was calculated by the MJ Opticon software, a primer
efficiency score of 2 (100%) confirmed that target DNA was duplicaliering each

thermal cycle.

2.5.Protein isolation and analysis

2.5.1.Protein extraction using Tanaka lysis buffer

For protein extraction using Tanaka buffer, the cell pellet was weighed and used to
determine the packed cell volume (PCV). One PCV of Tanaka buff@é0AnM Tris

HCl pH 7.8, 200 mM KCI, 1 mM dithiothreitol (DTT), 0.0005 mM phenylmethylsulfonyl
fluoride (PMSF), dHO, 0.1x Halt Protease Inhibitor Cocktail (ThermoFisher)) was added
to the cell pellet and mixed by pipetting to resuspend the cells. ThénQWe of Tanaka
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buffer B (10 mM TrisHCI pH 7.8, 600 mM KCI, 2 mM EDTA, 40% (v/v) glycerol, 0.2%
NP-40, dHO, 1 mM DTT, 0.0005 mM PMSF, 0.1x Halt Protease Inhibitor Cocktail) was
added to the cell suspension. The mixture was vortexed vigorously for 3adlitate

mechanical lysis. The lysate was then rotated@tfdr 20 min then centrifuged at 15000

xg for 40 min. The supernatant (protein) was collected in a 0.5 mL microcentrifuge tube

and placed on ice to be used immediately or store®Dat until use. The protein sample

was quantified using the Bradford assay (Bradford, 1976). It should be noted that protein

concentration was reassessed each time the sample was thawed for use.

Table 2.3 Preparation of 2 mL Tanaka buffers A and B.

Reagent Buffer A (mL) Buffer B (mL)
1 M Tris-HCI (pH 7.8) 0.020 0.020
3 M KCI 0.133 0.400
0.5 M EDTA - 0.008
100% glycerol - 0.800
100% NPi 40 - 0.004
1MDTT 0.002 0.002
0.25 M PMSF 0.004 0.004
100x Halt Protease Inhibito| 0.001 0.001
Cocktail

dH20 1.841 0.762

All reagents were purchased from ThermoFisher.

2.5.2.Protein quantification using the Bradford assay

In a 1.5
Bio-RadPr ot ei n

mL

Eppendor f

Assay reagent

t ube, 1

OL of

(200 OL G,tlock

uL Tanaka buffer A and 2 yuL Tanaka buffer B. In another tube, a blank control was
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prepared by mixing 1 pL d#D with 996 uL of diluted BieRad Protein Assay reagent, 1

uL Tanaka buffer A and 2 pL Tanaka buffer B. Each tube was inverted ten times to mix
the components. The tubes were incubated at room temperature for 5 min before
transferring the mixtures to separate 1 mL plastic cuvettes. The cuvette containing the
blank cantrol was placed in the spectrophotometer and used to zero the device. The
cuvette containing the protein sample was then placed in the spectrophotometer and
absorbance at 595 nm was measured. The obtained absorbance value was entered into a
pre-constructd bovine serum albumin (BSA) standard curve to determine the protein

concentration based on known concentrations of BSA.

2.5.3.Reagents and buffers used in SDBAGE and western blot.

Reagents and buffer preparation instructions are presented in this sedthorffeks

were stored at room temperature unless stated otherwise.

Table 2.4 Preparation of SDSPAGE and western blot reagents and buffers.

Reagent Formulation

Acrylamide Purchased ready to use from BRadas a
30% acrylamide and 0.8% (w/v) bi
acrylamide formulation (catalogue n
1610154).

PageRuler Prestained Protein Ladder | Purchased ready to use frd
ThermoFisher (catalogue no. 26617).

Tetramethylethylenediamine (TEMED) | Purchased ready to use froRigma
Aldrich.

3x SDS denaturing solution Components were added to a 15 mL t
in the order: 2mL 1 M Tri¢dCl pH 6.8, 3
mL 20% (w/v) SDS, 3 mL 100% glycerd
1.6 mL 14.3 M 2mercaptoethanol and
mg bromophenol blue. Aliquots we
prepared and stored& 0 ¢ C.
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10x SDSPAGE running buffer

Components were added to a 1 L bottle
the order: 30.2 g Tris base, 144 g glyci
dH20 up to 900 mL, 10 g SDS powde
stirred for 10 min, then di® up to 1 L.

1x SDSPAGE running buffer

Components were added to & hottle in
the order: 100 mL 10x SDBAGE
running buffer and 900 mL di@.

10x western transfer buffer

Components were added to a 1 L bottl¢
the order: 33 g Tris base, 112.5 g glyc
and dHO upto 1 L.

1x western transfer buffer

Components were addi¢o a 1 L bottle ir
the orderi 100 mL 10x western transft
buffer, 200 mL methanol and 700 n
dH-0.

10x PBS Purchased ready to use from Fis
Scientific (catalogue no 7011044).
1x PBS Components were added to a 1 L bottle

the order: 100 mL 10x PB&nd 900 mL
dH.0.

0.1% (v/v) TweerR0

Components were added to a 1 L bottle
the order: 100 mL 10x PBS, 899 n
dH20 and 1 mL Twee20.

10% (w/v) APS

1 g ammonium persulfate (APS) powd
was dissolved in df© up to 10 mL.

Aliquots were stored a2 0 ¢ C.

10% (w/v) SDS

Components were added to a 100
bottle in the order: 10 g SDS powder 3
dH20 up to 100 mL.
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0.1% (v/iv) SDS Components were added to a 100
bottle in the order: 1 mL 10% SDS and
mL dH20.

5% (w/v) nonfat milk blocking buffer Components were added to a 15 mL tt
in the order: 0.5 g nefat milk powder
and 1x PBS up to 10 mL.

2.5% (w/v) norfat milk buffer Components were added to a 15 mL t
in the order: 0.25 g nefat milk powder
and 0.1% (v/v) Twee20 up to 10 mL.

2.5.3.1.Preparation of SDSPAGE gel and loading of protein samples

A discontinuous SD®AGE was used comprising a stacking gel and a resolving gel. To
prepare the gels, reagents were added to labelled 15 mL tubes in the order as shown in
Table2.5. The resolving gel was prepared first and gently pipetted into-agsesnbled

1.5 mm width casting plate up to a point marked 1 cm from the top of the shorter plate.
The 1 cm distance was then gently filled with 0.1% (w/v) SDi$e gel was left to
polymerise for 30 60 min. The 0.1% SDS solution was discarded and the stacking gel
was gently pipetted onto the resolving layer. Avl€ll comb was then inserted, and the

gel was left to polymerise for 2030 min. The completed gapparatus was placed in an
electrophoresis tank that was filled with 1x SDS running buffable2.4) and the comb
carefully removed. After quantifyinipe previously extracted protein samples, 30 pg (up

to 20 pL in volume) was dissolved in 10 pL of 3x SDS loading buffabl(e2.4) to make

atotal volume of 30 pL, and samples incubated at®for 5 min. In cases where the
total volume was below 30 pL, @B was added to make up the difference. The denatured
protein sample was loaded onto the polyacrylamide gel starting from the second avell. Th
first well was loaded with 2 uL PageRuler Prestained Protein Ladder (ThermoFisher).
Polypeptides were separated by electrophoresis at 80 V fioi320min (depending on

how long it took the dye front to reach the resolving layer) followed by 120 V fb060

min (depending on how long it took the dye front to reach the bottom of the gel).
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Table 2.5. Formulation of 10% resolving and 5% stacking gels for discontinuous

SDSPAGE.
Component Resolving gel (mL) Stacking gel (mL)
dH20 5.5 51
30% acrylamide 4.7 1.3
1.5 M TrisHCI pH 8.8 3.5 -
1 M TrissHCI pH 6.8 - 0.93
0.2 M EDTA 0.14 0.165
10% (w/v) SDS 0.14 0.165
10% (w/v) APS 0.079 0.118
TEMED 0.009 0.013

The volumes indicated above are for pineparation of two gels. APS and TEMED were
added last as they catalyse the acrylamide polymerization reaction.

2.5.4.Protein detection using western blot

The resolved proteins were transferred to a polyvinylidene difluoride (PVDF) membrane
(ThermoFisher). Thé&ransfer sandwich was prepared with components arranged in the
orderi black side of cassette, fibre pad, filter paper (soaked in 1x western transfer buffer
(WTB)), polyacrylamide gel, PVDF membrane (soaked in methanol for 30;6) fitid 1

min and 1x WTBfor 1 min), filter paper (soaked in 1x WTB), fibre pad and finally the
white side of the cassette.

This was placed in the transfer tank along with a magnetic stirring bar and an ice pack to
prevent the transfer buffer from overheating. The tankfilad with 1x WTB, placed
on a magnetic stirrer and subjected to 0.4 A of electric current. After an hour, the ice pack
was replaced, and transfer continued for another hour. Following transfer, the membrane
was rinsed in 1X PBS for 5 min and then inceblain 5% (w/v) norfat milk blocking
buffer at room temperature on a slow shaker for 1 h. The membrane was then incubated

with steady shaking overnight at@in the target primary antibody (2.5% (w/v) rfa
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milk, 0.1% (v/v) Tweer20, 1x PBS up to 10 mLthen 3 pL of 200 pug/mL stock
antibody). It should be noted that when viewing multiple of proteins of known sizes on
the same membrane, the membrane was carefully cut horizontally above and below the
expected band size of each protein after the blockiogegs. The membrane fragments

were then incubated separately in the appropriate primary antibodies.

Subsequently, the membrane was washed three times in 0.1% (v/v)-ZOesth steady
shaking to remove unbound antibodies, 7 min per wash. It was thenaieduim
horseradish peroxidase (HR)ked secondary antibody (2.5% (w/v) ntat milk, 0.1%

(v/v) Tween20, 1x PBS up to 10 mL, then 1.5 pL of 200 pg/mL gaat-mouse IgG

HRP antibody) at room temperature for 1 h followed by three washes HTRB&R 20,

7 min per wash. One final rinse in 1x PBS for 5 min was performed to remove residual
Tween20 from the membrane. The membrane was then incubated in premixed
SuperSignal West Femto chemiluminescence reagent (ThermoFisher) for 5 min then
placed in a G box imager (Syngene) to detect polypeptide bands on the membrane.
Finally, the bands were quantified by densitometry using the GeneTools software

(Syngene).

Details of antibodies used are presented in Se@ibd.1 Details of western blot and
SDSPAGE reagents are presented able2.4.

2.5.4.1 . Antibodies

Mouse monoclonal NEIL3 antibody (catalogue no-388703, 200 pg/mL), mouse

monoclonal p53 antibody (catalogue nel126, 200 pug/mL) and mouse monoclonal actin
antibody (catalogue no. €432, pg/mL) were purchased from Santa Cruz
Biotechnology. Goat anrtouse IgG HRRonjugated antibody (catalogue no. A5278)

was purchased from Sigr#ddrich.

For western blot, primary antibody was prepared by mixing 3 yuL of appropriate mouse
antibody (stock solution) with 10 mL of 2.5% néat milk buffer (Table2.4). Secondary
antrmouse antibody was prepared by mixing 1.5 pL of goatraotise IgG HRP
conjugated antibody (stock solution) with 10 mL of 2.5 %-fadmmilk buffer (Table2.4).
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2.5.5.Band quantification using densitometry

The captured image file was exported to the GeneTools software (Syngene) and each

band was selected to automatically geneaateimerical value that corresponded to the

density of the band. The value generated for each band was then normalised to a reference
protein band to determine the -acteivastheve | ev

reference protein used for allgbein studies in this project.

2.6.The MTT assay for measuring cell proliferation

2.6.1.MTT reagent preparation

MTT powder (3(4,5dimethylthiazol2-yl)-2,5-diphenyltetrazolium bromide; catalogue
no. M5655) was purchased from Sigilarich and dissolved in d¥D to a final
concentration of 3 mg/mL. The yellowish dye solution was filter sterilised. Aliquots of 5

mL were stored a8 0 ¢ C.

2.6.2.Cell titration assay using the MTT assay

For each cell line used in this project, cells were seeded into each well -oiell $hate

in triplicate at densities of 1000, 2000, 3000, 4000, and 5000 cells/well. The final volume
of culture medium in each was 100 pL. The peripheral wells were filled with 100 uL of

1x PBS. One plate was labelled 24 h, corresponding to the number of faduretbells

were incubated for. Additional plates were prepared for 48, 72, 96 and 120 h. For each
plate, control wells containing only culture medium were prepared in triplicate. Plates
were then incubated at 37 and 5% C®@in a humidified atmosphere rfdhe labelled
duration of time. At the end of incubation, 20 pL of 3 mg/mL MTT reagent was added to
each well and incubated for an additional 3 h to allow formation of formazan crystals.
The supernatant was aspirated followed by addition of 200 uL DMSdissolve the
crystals. Absorbance at 590 nm was then measured using a microplate reader and the
absorbance plotted against time. This experiment was performed three times in total (two
weeks apart) using freshly cultured cells and the average absorlidb@@ am was

plotted against time. For statistical analysis, the GraphPad Prism software was used. Each

seeding density was compared to the lowest seeding density (1000 cells/welhvigyone
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ANOVA (repeated measures) comelCemparisaned wi t

test. Statistical significance was assumed if p<0.05.

2.6.3.Drug toxicity assay using the MTT assay

Cells (2000 cells/well for the HCT116, HT29, LOVO, SW48 and SW480 cell lines, 4000
cells/well for the U20S cell line) were seeded into welld B210 of a 96 well plate at a
final volume of 100 pL. Then 200 pL of culture medium was loaded into wellsiB11
G11. The peripheral wells were loaded with 100 uL 1x PBS to minimize evaporation

from the experimental wells.

The cells were then and incubate®atC for 24 h followed by treatment of eight wells

with serially diluted (by a factor of 2) concentrations of oxaliplatin (LGD78 uM),
cisplatin (100i 0.78 uM), transplatin (100 0.78 pM), melphalan (200 1.56 uM) or
mitomycin C (20° 0.16 uM). Eab concentration of drug treatment was done in triplicate.
Drugs were not added to wells B10 to G10 so that these cells could serve as the untreated
control. The cells were then incubated for a further 72 h a€ 3hd 5% CQin a
humidified atmosphere. At the end of the incubation period, MTT reagent was added to
each well at a final concentration of 0.5 mg/mL and incubated under the same conditions
for a further 3 h to allow formazan crystals to form. Then, the supernasardspirated
followed by the addition of 200 uL DMSO to dissolve the crystals. Absorbance at 590
nm for each well was then measured in a plate reader. Cell growth was determined by
normalising the mean absorbance value of each treatment concentratienn@ah
absorbance of the untreated control. Subsequently, IC50 (concentration that reduces cell
growth by 50%) values were determined using GraphPad Prism. Cell growth was plotted
against the concentration of the genotoxic agent.

2.6.4.Preparation of genotoxicagents

Oxaliplatin, cisplatin, transplatin, melphalan and mitomycin C were purchased from
SigmaAl dri ch and reconstituted according to
was dissolved in 0.9% saline solution, oxaliplatin was dissolved i@ dkansplatin was

dissolved in 50% (v/v) DMSO, melphalan was dissolved in 0.9% saline solution, and

mitomycin C was dissolved in dB. Each drug solution was prepared at a final
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concentration of 1 mM and filter sterilised through ami2ron filter. Aliquos of 1 mL

were stored a8 0 ¢ C.

2.7.Concentration-dependent effect of platinum drugs on NEIL3 and p53 protein

expression

Cancer cell lines were seeded into each well ofveelb plate at appropriate seeding
densities (200,000 cells/well for HCT116 and HT2B lages, and 300,000 cells/well for

the U20S cell line). The final volume of culture medium in each well was 2 mL. Each
plate was incubated at 37 and 5% C®in a humidified atmosphere for 24 h, after which

0.5 mL of serially diluted chemical (oxaliplaticisplatin or transplatin) was added to
each well to obtain the appropriate final chemical concentrations. Untreated control wells
were also prepared for each cell line. Incubation was then continued for a further 24 h
before harvesting and homogenizitig cells as described in Secti2s. It should be

noted that cells from each well were collected separately. The homogenised cells were
lysed and sbjected to SDS AGE and western blot -actm det ect
protein levels (described in Secti@rb). NEIL3 and p53 protein levels wererntalised

to endogenous actin levels via densitometry (described in S@chdh The normalized

NEIL3 and p53 protein levels in the chemitaateal cells were then compared to their

respective counterpart levels in the untreated control cells.

For technical reproducibility, the SBFSAGE and western blot procedures were repeated
two additional times using the same protein extracts (n = 3). Stdtiatiedysis was
conducted using GraphPad Prism software. Differences between large groups (untreated
control vs treated samples) were assessed usingi@an@&NOVA complemented with

the Dunnettés multiple compari siop005est . St a

2.8. Establishment of an oxaliplatinresistant HCT116 cell line

The HCT116 cell line was seeded in a 35 mm petri dish at a density of 100,000 cells/well
and maint ai ned60% tonfleBenteT@e cultare mddiunbvias then replaced
with fresh culture medium containing 0.25 uM oxaliplatin. At 80% confluency, the
culture medium was discarded, and the cells were rinsed with 1x PBS. TrypLE (0.5 mL)

was added to the wells followed by incubati
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the bottomof the culture flask. Then 0.5 mL of fresh culture medium was added to the
flask and the cells were resuspended. Following this, 0.5 mL of the cell suspension was
transferred to a new petri dish containing 1.5 mL culture medium containing oxaliplatin
at final concentration of 0.25 uM. The cells were continuously maintained in this way for

four weeks before increasing the oxaliplatin concentration to 0.5 pM.

As previously described for 0.25 uM oxaliplatin, the cells were maintained in 0.5 pM
oxaliplatin forfour weeks before increasing the concentration to 0.75 uM, then 1 uM, 1.
25 uM, 1.5 pM, 1.75 uM and finally 2 uM. After four weeks of maintenance in 2 uM
oxaliplatin, the cells were detached and transferred to a T25 culture flask labeHed oxa
HCT116. Cdl maintenance continued in 2 pM oxaliplatin. It should be noted that a
parental HCT116 cell line was also cultured alongside from the first day of this study.
The parental cells were fed and passaged on the same days as the oxaéptatincell

line. Both cell lines were also transferred to T25 flasks on the same day and maintained

continuously side by side.

To confirm the development of resistance to oxaliplatin (and-cessstance to cisplatin),
a drug cytotoxicity assay was conducted using the si§Shy. Parental HCT116 and exa
R (oxaliplatinresistant) were seeded separately inv@l plates at a density of 2000

cell s/ well and incubated at 37eC for 24 h.
serially diluted concentrations of oxaliplatin cisplatin followed by further incubation

at 37eC for 72 h. At the end of i ncubati on,
concentration of 0.5 mg/mL foll owed by incu

of formazan crystals relative teellular activity. The liquid layer was aspirated, and the
crystals were dissolved in 200 uL DMSO. Absorbance at 590 nm was measured for each
well in a plate reader. To determine cell growth, the mean absorbance of treated cells at
each concentration ofxaliplatin or cisplatin was normalized to the untreated control
cells. IC50 values were determined using GraphPad Prism. Cell growth was plotted

against the concentration of the genotoxic agent.

To determine changes in selected gene expression betwepardmtal and the ox@
HCT116 cell lines, the cells were harvested at BD% confluency in T25 flasks and

subjected to quantitative transcript analysis using gPCR as described in 3etdon
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2.9.NEIL3 knockout using CRISPR

2.9.1.0ptimization for cell seeding density and Lipofectamine 3000 volume

The HCT116 cell line was seeded in duplicate invael plate at densities of 100,000,

150,000,an@ 00, 000 cel |l s/ well . The cell s were
by transfection with 0.5 pg of a recombinant plasmid containing a green fluorescent
protein (GFP) insert. One of the duplicate set of cells was transfected using 3.75 pL
Lipofectanine 3000 reagent while the other set was transfected using 7.5 L as described

below.

The transfection complexes were prepared as follows: In a 1.5 mL Eppendorf tube, diluted
Lipofectamine 3000 was prepared by mixing 125 uL of ®fEiM (ThermoFisher) with

3.75 pL or 7.5 pL Lipofectamine 3000 and vortexing for 10 s. In another 1.5 mL
Eppendorf tube, diluted recombinant plasmid DNA was prepared by mixing 125 pL of
Opti-MEM with 0.5 pg DNA (stock concentration between 0.3 pg/uL) and 1 pL
P3000 reagent (2luper pg of DNA). The diluted Lipofectamine 3000 (125 uL) and the
diluted recombinant plasmid DNA (125 uL) were added to a third 1.5 mL Eppendorf tube
and mixed by gentle pipetting. The tube was incubated at room temperature for 15 min to
allow lipid-DNA transfection complexes to form. During this time, the culture medium

in each well of the previously incubatedvwll plate was replaced by 2 mL of fresh culture
medium. Subsequently, 250 uL of the transfection complexes were added to the
appropriate cellgontaining wells in a dropwise manner. The plate was rocked@ide
side, back and forth a few times to allow even distribution of the transfection complexes.

The plate was incubated at 37eC for 24 h
and the céd$ rinsed with 1 mL of 1x PBS. Then 2 mL of fresh culture medium was added

to each well. The cells were immediately observed using aflightescent microscope
(Cytation 7, BioTek) to assess cell growth, confluency and detect the expression of GFP
as indcated by green dots on the screen. Transfection efficiency was determined based
on the average number of visible green dots relative to the total area of view. The higher
the number of green dots, the better the transfection efficiency.

The measurementsdlume and quantity) described above apply to individual wells. For

multiple wells, the measurements were adjusted accordingly.
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2.9.2.0ptimization for nucleic acid quantity

The results from the optimization study for seeding density and transfection reagent
volume confirmed 200,000 cells/well and 3.75 pL as the optimal parameters,
respectively. To improve on these results, a subsequent study to optimize for the amount

of DNA transfected was carried out.

HCT116 cells were seeded in am@ll plate at a density of(®,000 cells/well and

i ncubated at 23Ateg 24 hatramsfechobb co@dexes were prepared as
follows: For each DNA quantity to be assessed, diluted DNA was prepared in a 1.5 mL
Eppendorf tube by mixing 125 uL of Og¥EM, the appropriate quangibf recombinant
plasmid DNA from a 0.% 1 pg/pL stock, and P3000 reagent (2uL per pg of DNA). For
each DNA quantity to be assessed, diluted Lipofectamine 3000 was prepared in a 1.5 mL
Eppendorf tube by mixing 125 pL of OgMEM with 3.75 pL Lipofectamine3000
reagent and vortexing for 10 s. Then, for each DNA guantity to be assessed, the diluted
DNA and the diluted Lipofectamine 3000 were mixed in a 1.5 mL Eppendorf tube at a
1:1 ratioi.e., 125 pL of each. Each tube was incubated at room temperatur® foin to

allow formation of the transfection complex. During this time, the culture medium in
each well of the @vell plate was replaced by 2 mL of fresh culture medium. At the end

of incubation, the transfection complexes in each tube were added ¢otrespvells in

a dropwise manner. The plate was rocked-tiegde, back and forth a few times to

facilitate even distribution of transfection complex across each well.

The plate was incubated at 37eC for d24 h,
by rinsing of the cells with 1 mL of 1x PBS. Subsequently, 2 mL of fresh culture medium
was added to each well and the cells were observed under-fuamyleiscent microscope

to detect GFP signals. After observation, the cells were returned to thatwrctd be

observed again 24 h later.

Two wells were used as controls for this stiidycell only control and a Lipofectamine
3000 treatment control. The cell only control was used as reference for cell confluency
and growth in the other wells. Insteadtadnsfection complex addition, 250 pL Opti

MEM was added to this well. The Lipofectamine 3000 reagent control well was used to
assess any toxic effect of the transfection reagent on cells in the absence of DNA. For this
well, 3.75 pL Lipofectamine 3000 ed with 246.25 pL OptMEM was added.

97



2.9.3.Optimization for puromycin selection

HCT116 cells were seeded in-all plate at a seeding density of 200,000 cells/well and

i ncubated at 8724 @G Tlemn the cbltdse r@e@ium was discarded and
replaced with 2 mL culture medium containing puromycin at either 0.5 pM, 1 pM, 1.5
UM, 2 uM or 2.5 pM. A control well was also prepared without puromycin. The cells
were further i ncenedundeda light micBoZcep€ evary 2l h.aCblls
growth and confluency were assessed by visually comparing cell appearance in each
treated well with the untreated control.

2.9.4.Generation of a NEIL3 knockout HCT116 cell line

NEIL3 Human Gene Knockout Kit (catajue no. KN206838RB) was purchased from
Origene. The kit included four vials containing gulINA 1 vector with target sequence
GGACCAGGCTGTACTCTGAA, guideRNA 2 vector with target sequence
TACAGTGGCGTGGAAACTTT, negative control scramble vector with a camided
sequence and a donor plasmid. The glr8iAs were designed based on the presence of

a PAM sequence (NGG) in close proximity to the target site. The gRNA sequences were
cloned into pCa$uide vector which also contains the Cas9 gene next to a
cytomeagalovirus (CMV) promoterKigure2.1, 1). The donor plasmid is a pUC vector
with GFP and puromycinesistance (puro) gene inserts flanked by left antitrig

homologous armd~gure2.1, 2).
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Figure 2.1 Schematic of HDRmediated CRISPR knockout kit (Origene).

(1) CRISPRCas9 cuts doublstranded DNA at gRNA directed target site. (2) Repair
template for HDR is provided by donor. (3) Functional cassette is inserted into the
genome for GFP and puromyeiesstance gene expressi¢fhermoFisher, 2020)

The HCT116 cell line was seeded into each well ofngeb plate at a seeding density of
200,000 cell s/ well (2 mL final volaane). The
24 h followed by separate transfections with the gRNA 1 vector, gRNA 2 vector, both

gRNA vectors, and the scramble vector.

The transfection complexes were prepared as follows: For each well, diluted transfection
reagent was prepared by mixing 125 ppteMEM and 3.75 uL Lipofectamine 3000
reagent in a 1.5 mL Eppendorf tube and vortexed for 10 s. Then diluted gRNA 1 vector
was prepared in a second 1.5 mL Eppendorf tube by mixing 125 ptMBEd, 1 pg of

gRNA 1 vector, 1 pug of donor plasmid DNA and 4 RB0O0O reagent. Diluted gRNA 2
vector was prepared in a third 1.5 mL Eppendorf tube by mixing 125 pl-NIEM, 1

png of gRNA 2, 1 pg of donor plasmid DNA and 4 yuL P3000 reagent. In the fourth 1.5
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mL Eppendorf tube, diluted gRNA vectors for gRNA vectors 1 2meere prepared by
mixing 125 uL Op#MEM, 1 pug of gRNA 1 vector, 1 pg of gRNA 2 vector, 2 ug of donor
plasmid DNA and 8 puL P3000 reagent. Diluted scramble vector was prepared in a fifth
1.5 mL Eppendorf tube by mixing 125 uL OpGEM, 1 pug scramble vectpl pg donor
plasmid DNA and 4 pL P3000 reagent.

Then, 125 pL diluted Lipofectamine 3000 was added to each tube of diluted nucleic acids.
Each tube was incubated at room temperature for 15 min to allow the formation of
transfection complexes. During thime, the culture medium in each well of thevéll

plate was replaced by 2 mL of fresh culture medium. Subsequently, the transfection
complexes in each tube were added to the respective wells in a dropwise manner. The
plate was rocked sig®-side, back,and forth a few times to evenly distribute the
transfection complexes in each well. The ¢
observed using a light microscope. It should be noted that to assess cell growth, two
control wells were included the cell aly control and Lipofectamine 3000 reagent
control. Instead of adding transfection reagent, 250 uL-M@pM was added to the cell

only control well. For the Lipofectamine 3000 reagent control well, 3.75 pL
Lipofectamine 3000 was mixed with 246.25 uL GMtEM and added to this well.

After assessing the health of cells at the end of incubation, control cells were disposed of.

The transfected cells were passaged into a nexglbplate at a 1:10 cell suspension to

culture medium ratio. To do this, the cultunedium in each well was discarded, and the

cells were rinsed with 1 mL of 1x PBS. The cells were incubated in 0.5 mL TrypLE at
37eC for 5 min to detach them, after which
well to stop the reaction. After this, 0.2 nok each cell suspension was transferred to a

labelled well in a new Gvell plate containing 2 mL culture medium. The cells were

i ncubated at 37eC for 72 h before passaging
over three weeks. The purpose of passenen times is to dilute out cells containing the

donor plasmid in episomal form. The puromycin resistance gene cloned into the plasmid

is preceded by a PGK promoter that allows it to be expressed ubiquitously in cells
independent of integration into genenDNA. As a result, cells that have not utilized the

donor plasmid as a template for HbRediated DNA repair would exhibit resistance to

puromycin at the selection step CRISPR gene knockout.
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On the seventh passage, 0.2 mL of detached cell suspensionefcdmwell was

transferred to a labelled well in a newnw@ll plate. Then 1.8 mL of culture medium

containing puromycin at a final concentration of 1 uM was added to each well. The plate

was incubated at 37 et@ated outturem2diuheplagedtaththep ur o my
forty-eight hour. The remaining 2 mL of detached cell suspension in each well of the old

6-well plate was transferred to a 2 mL Eppendorf tube and centrifuged atg&0pellet

the cells. The supernatant was discarded, and the cells resuspended in 1 mL

cryopreservation medium before storing@&to e C .

On the final day of puromycin selection, the cells in each well were handled as follows:
the cells were rinsed twice in 1 mL 1x PBS to remove floating dead cells. The surviving
cells werethen detached, centrifuged at 15@For 5 min and the cell pellet resuspended

in 1 mL of fresh culture medium. The cells were counted and diluted in culture medium
at a final concentration of 5 cells/mL. Then 100 pL of this cell suspension was loaded
into each well of a labelled 96ell plate to establish a seeding density of 0.5 cells/well.
This was to allow the formation a single parent cell colony in each well. The plate was
i ncubated at 37eC and observed daily.

A month into cell culture, single catblonies were observed in 28 wells of the gRNA1

plate and 2 wells of the combined gRNASs plate. The culture medium from each well was
aspirated and replaced with 100 pL of medium supplemented with 20% (v/v) FBS and

1% (v/v) L-glutamine. The increase in FR®rcentage from 10% (v/v) to 20% (v/v) was

to encourage faster proliferation o4 cell s.
Six days later, the cells had proliferated above 50% confluency. The cells were rinsed

with 0.1 mL 1X PBS and detached by¢ ubat i on in 50 OL TrypLE
Then 150 pL of culture medium was added to each well to neutralize TrypLE. The cells

in each well were resuspended and separately transferred to labelled wells eféile 6

plates, followed by the addition @ mL culture medium to each well. The plates were

i ncubated at »f3rdevdd dayswdth ebclttur€r@edium change every two

days. At this point, the cells in each well had reached 80% confluency. The cells

were detached and transferred tgezsively labelled T25 culture flasks to be maintained

at 37 e Ci 80% donfllent.7AOconfluency, the cells were rinsed with 1 mL of 1x

PBS and detached with 1 mL of TrypLE. Then 3 mL culture medium was added to each
flask to dilute the TrypLE. Subgaently, 1 mL of cell suspension from each flask was

transferred to a new flask containing 10 mL of culture medium, 1 mL was homogenized
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for protein analysis, and 1 mL was homogenized then resuspended in 1mL

cryopreservation medium and stored@i0 e C .

The homogenized cell pellet from each flask was analysed for NEIL3 protein using

western blot as described in Sectibh

Cells in the gRNA Zreated ad scramble vectareated plates were observed for another

month and then disposed of after showing no signs of cell proliferation.

2.10.RNAi-mediated gene silencing of NEIL3 and oxaliplatin treatment

2.10.1.siRNA preparation

Predesigned siRNAs with nucleotide sequence CAGATGGCCCTCGTACCTTAA
targeting exon 9 in humaNEIL3 gene (catalogue no. S102663885), positive control

SiRNA with nucleotide sequence AAGGTCGGAGTCAACGGATTT targeting exon 2 in
humanGAPDH gene (catalogue no. 671113) were purchased from Qiagen. The 1

nmol lyophilized siRNAs were separately dissolved in 100 pL sterile, RNesavater

to obtain 10 puM stock solutions then storedztO e C . Both si RNAs wer e
have no potential offargets by the manufturer. A nortargeting negative control

siRNA with scrambled nucleotide sequence was also purchased (catalogue no. 1027280).
The 5 nmol siRNA was dissolved in 500 L RNdisee water to obtain a 10 uM stock

solution, then stored a2 0 e C.

2.10.2.Experimental controls

Four controls were included in each siRNA experimientegative, positive, mock
transfected and nemansfected. The netargeting negative control confirmed that
changes in gene expression are specific to experimental gene. The positive control
confirmed that siRNA experiment was optimal by exhibiting at least 80% knockdown of
another gene. GAPDH is constitutively expressed in cells so it was selected for this
purpose. The mock control consisted of cells treated only with Lipofectamine RNAIMAX
(ThernoFisher) to determine any effects of the transfection reagent on cell growth and
gene expression. The ntransfected control consisted of cells maintained in culture

medium to serve as a reference for basal gene expression levels and cell growth.



2.10.3.NEIL3 kn ockdown confirmation and cell growth assessment

The siRNA experiments were conducted on cells in avélb plate and each diluted
SiRNA was prepared as a MasterMix for ten wells such that each 0.5 mL Eppendorf tube
contained 1.2 pL siRNA mixed with 50 puLpd-MEM.

For each of the experimental wells, diluted transfection reagent was prepared by mixing
0.3 pL Lipofectamine RNAIMAX and 5 pL OpMEM in a 0.5 mL Eppendorf tube.
Diluted Lipofectamine was prepared as a MasterMix for 30 wiedlsLQ wells multipied

by three siRNA sequences). Therefore, the Eppendorf tube contained 9 L Lipofectamine
RNAIMAX mixed with 150 puL OptiMEM.

For each siRNA sequence, diluted siRNA and diluted Lipofectamine RNAIMAX were
mixed in a 0.5 mL Eppendorf tube at a 1:1 raeo50 pL of each part to establish a final
volume of 100 pL. Then, 10 pL was transferred to each respective well elvalbplate.

The final volume of each component per well is indicatebainle2.6.

For each transfection reagent control well, diluted Lipofectamine RNAiMax was
prepared by mixing 0.3 pL RNAIMAX and 9.7 pL Og¥EM in a 0.5 mL Eppendorf
tube. This was prepared as a Masterfidr 10 wells such that the tube contained 3 pL
lipofectamine RNAIMAX mixed with 97 uL OptMEM.

Subsequently, 10 uL OpMEM was added to each ndransfected control well. The

plate was then incubated at room temperature for 15 min to allow formation of
transfection complexes. During this time, detached U20S cells were prepared at final
concentration of 80,000cells/mL. At the end of complex incubation, 100 uL of cell
suspension was added to each well from B2 to F11. The final concentration of SiRNA in

wells D27 F11 was 10.6 nM. Wells G2G11 were each loaded with 100 uL of culture

medium. The plate was rocked sitteside and back and forth to evenly distribute cells

and transfection compl exes. The polnaat e was
humidified atmosphere for 24 h, after which the culture medium in each well was replaced

with 100 pL fresh culture medium and the plate returned to 5% C®Oc ubat or at 37

Twenty-four hours later, three wells from each condition were subjected to cell growth
analysis using the MTT assay and cells in the remaining seven wells were combined for

gene expression analysis.
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For cell lysis, culture medium from each well was aspirated and the cells washed with

100 pL of 1x PBS followed by incubation with 50 uL Trypeet 3 7e C f or 5 mi n
the cells. Then, 100 pL of culture medium was added to each well to neutralise TrypLE.

Then the 150 pL cell suspension in each of the seven wells corresponding to each SiRNA
were consolidated in one 2 mL Eppendorf tube andifeged at 150g for 5 min. The
supernatant was discarded and the cell pellet was subjected to RNA extraction, reverse
transcription and gene expression analysis using qPCR as described in Se4dtibns

2.4.2 and2.4.4respectively.

For cell growth assessment, 20 pL of 3mg/mL MTT reagent was added to each well and

i ncubated at »®r73ehCrhediqud lagePwasaSpirated followed by the
addition of 200 uL DMSO to dissolve the formazan crystals. Absorbance at 590 nm was
determined and cell growth was measured by normalizing the mean absorbance of each

condition to the mean absorbarmmfehe nontransfected control cells.

Table 2.6. Reagent composition for sSIRNA knockdown in a 96vell format.

Component Vol ume
si RNA (10 0.12
Diluted siRNA
Opti-MEM 4.88
Lipofectamine 0.3
Diluted Lipofectamine RNAIMAX
RNAIMAX
Opti-MEM 4.7
U20S cells (8000) 100
Each well contained a final vol ume of 110

replicates. Diluted siRNA and diluted Lipofectamine RNAIMAX were mixed in a 0.5 ml
Eppendorf tube and incubated at room temperature for 15 min. The mixture was then

loaded into each well followed by the addition of cells.

2.10.4.Treatment of NEIL3 knockdown cells with oxaliplatin

Briefly, 8000 U20S cells were transfected with NEIL3 siRNAandiu bat ed at 37eC
5% CQfor 48 h. After 24 h, the culture medium was replaced by 100 pL of fresh culture
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medium. The cells were then treated in triplicate with 100 pL of serially diluted
concentrations of oxaliplatin. The final volume in each well wasy 200 pyL. An
untreated control was also prepared in triplicate for each condition. The cells were then
i ncubated f or 4 8beforeadting30748 L of8 mgimLSVWhT r€aQent.
The cells were incubated for a further 3 h before discardingptiie layer and dissolving

the formazan crystals in 200 uL of DMSO. Absorbance at 595 nm was then obtained
using a microplate reader. Cell growth for each concentration was determined by
normalising the mean absorbance of treated cells to the mean alssodbighe non

transfecteelntreated cells.
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Chapter 3 Results of preliminary studies

The contents of this chapter highlight the studies that were conducted to validate the cell
lines used in this research project. The purpose of these experiments were to determine
cell proliferation rates, confirm the absence of mycoplasma contamination, and to

confirm the presence of the genes of interest particularly NEIL3.

3.1.Cell growth curves for HCT116 and HT29 colorectal cancer cell lines

The HCT116 and HT29 colorectal cancetl dines were separately seeded at 40,000
cells/flask and observed for five days to determine the cell proliferation rate using the
trypan blue exclusion method. See Secfdn1for full methodology.

As displayed inFigure 3.1, the HCT116 and HT29 cell lines exhibited population
doubling times (DT) of 14.4 h and 16 h respectively. At the end of the experiment (120
h), the total number of HCT116 and HT29 cells weB8& 16 (+ 0.3 x 16) and 9.11 x

10° (+ 0.57 x 16), respectively, and overall, there was no significant difference in growth

rates between the two cell lines, indicating that they grow at similar rates.

A B
Lag phase Lag phase
10 Exponential phase 10 Exponential phase
9 A 9 A
8 1 8 1
= R2=0.9939 ||~
?'_, 7 1 g 7 A
8 ffrmmmmmm—m——————— | 3 6 -
5. I E s
c 1 c
3 41 ! 3 41
I I IS
03 fF———mm = - S 3 7
= | e
2 Lo 2 1
Fog
I DT=14.4
11 L 11
|
0 : . — . 0e ® . . . ; .
0 24 48 72 96 120 144 0 24 48 72 96 120 144
Time (hours) Time (hours)

Figure 3.1. Cell proliferation curves for HCT116 (A) and HT29 (B) colorectal
cancer cell lines.
The cells were cultured for five days. Each data point represents the average of three
technical replicates (n 8). Error bars denote standard deviation from the average. R
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squared values represents how close the average total cell numbers are tefittaibeest

line, with 1 being a 100% fit. A-squared value of 0.9901 gure3.1 A confirms that

99% of the average values fit the curve line, whereasjaared value of 0.994 Kigure

3.1 B confirms that 99.4% of the mean values fit the curve line. DT = cell population
doubling time, in this case the number of hours taken for the total cell number to increase

from 3 x 16 to 6x 10° cells (exponential growth phase).

3.1.1.Discussion

At the early stages of this research project, the HCT116 and HT29 CRC cell lines were
utilized. These cell lines differ in origin, gene mutations, metabolic process, nutrient
consumption; and are the two most commonly used cell lines in CRC s(Bdzen,

Short and Williams, 2018; Taddese et al., 2019; Sahusbylu et al., 2021) To
determine maintenance conditions and ensure that the cells were in their exponential
growth phase and below 80% confluency prior to use in any experiment, a growth rate
analysis was conducted. This is because when cells get too confluent, cellular signalling
networks can become altered potentially modifying the gene expression, thereby leading

to unreliable and irreproducible experimental resiiderpala, Doran and BeanQ@5).

As shown inFigure3.1, HCT116 and HT29 cells were both in same growth phase at each
time point. During the first 24 h (lag phase), there was no significant increase in the total
number of cells (p>0.05). At this pke, the cells attach via their cell surface receptors
(integrin) to the surface of the culture flask which is coated with cell attachment proteins
such as vitronectin and fibronect{@hangLiu and Woloschak, 1997; Wenger et al.,
2004; Sambuy et al., 20P5This attachment is necessary for adherent cells to proliferate

in vitro. The length of the lag phase is dependent on the cell cycle stage of the cells at the
time of seeding and the seeding density. Between 24 and 120 h, the total cell number for
eachcell line increased exponentially thus, marking the entry of cell growth into the
exponential growth phase. Here, cells divide rapidly and are considered to be most viable.
Gene expression studies and population doubling time are often assesqduemneps

et al., 2004)

Findings from this study showed that the HCT116 cell line doubled in number every 14.4
h during the exponential growth phase. Other studies have reported doubling times
between 17.1 and 36(Breen and Ronayne, 1994; Jaasma, JacksoKeankny, 2006)



For the HT29 cell line, we obtained a doubling time of 16 h for HT29 cells, whereas
previous studies reported doubling times between 19.95 and(2dirhet al., 2012;
Cowley et al., 2014)Although the HCT116 and HT29 cell linesed in this study
demonstrated different average doubling times, statistical analysis confirmed there was
no significant difference in growth rate, which is consistent with the broad range of results

achieved in the other referenced studies.

The steepesihcrease in cell population occurred between 96 and 120 h. At this point, the
two cell lines were above 90% confluent and the culture medium had changed colour
from pink to light orange, which is indicative of a change in pH attributed to nutrient
exhauston. For this reason, cells were subsequently maintained below 80% confluency
with culture medium changed every two to three days. If the observation time in this had
been extended to 144 h, there is a likelihood that the curve on each graph would plateau
after 120 hours as the cells would enter the stationary growth phase. This phase is
characterized by slower cell proliferation due to contact inhibition and nutrient
exhaustion. Here, the percentage of cells in active cell cycle reduces and cells become
more susceptible to injuryBrombin, Crippa and Di Serio, 2012; Jaishankar and
Srivastava, 2017)After this phase is the decline phase, where cells die due to nutrient
exhaustion and the bu#ap of toxic metabolitefAlberts et al., 2002; Braun et al., D).

Several factors that can affect the proliferation rate of cell lines in culture include nutrient
consumption or availability, and cell size. In this study, both cell lines were exposed to
the same culture conditions and culture medium, though H&RS appeared slightly
larger than HCT116 cells. The larger size of the HT29 cells may indicate a longer cell
cycle duration, hence slower proliferation r@@nzberg et al., 2018Dbservations under

the microscope confirmed the adherent epithelialpimology of the two cell lines.
HCT116 cells appeared as single cells in contact with each other, whereas HT29 cells
appeared as clusters. This is consistent with information reported in other literatures
(Cohen, Ophir and Shaul, 1999; Wan et al., 2015; &TZD20b)

The discrepancies in cell line specific doubling time achieved from this study and other
previous studies can be attributed to the passage number of the cells used in each study.
Passage number refers to the number of times a cell lines érasraesferred from one
culture flask to another. The HCT116 cell line used in this study was at passage 14, 16
and 18 respectively for each of three biological replicates, whereas the HT29 cell line was
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at passage 144, 146 and 148 respectively. Previadges conducted using these cell

lines did not report the passage number of the cells used . A growing body of literature
have shown that cell lines exhibit alterations in morphology, growth rate, gene expression
transfection efficiency and response tonstli as passage number increaffestitprez et

al., 2013; Cowley et al., 2014nfortunately, the mechanism underlying passage
dependent changes are not yet understood, neither are the approaches that can be taken to

avoid their effects on experiments.

For the purpose of this research project, several vials of HCT116 and HT29 cell lines
were frozen at passages 12 and 142 respectively. Each cell line was subcultured a
maximum of fifteen times before disposing and thawing a new vial. The purpose of this
was to avoid using passages that deviate strongly from the original cell line as this could
affect the reproducibility of experimental outcomes. The similar growth rate of the
HCT116 cell lines made them ideal for subsequent use as they comparative gene

expression and drug cytotoxicity studies.



3.2.Cell titration assay for colorectal cancer cell lines using the MTT assay

To determine the optimal seeding density for the HCT116, HT29, LOVO, SW48 and
SW480 CRC cell lines to be used in subsequent MTT drug tossgstys, a cell titration
assay was conducted. Each cell line was seeded into five differem¢lBplates at
various seeding densities (1000, 2000, 3000, 4000, and 5000 cells/well) per plate and
i ncubat ed at :iBarhgnidifiednndubdiovdor@. Each seeding density

was performed in triplicates. See Sect&® 2 for full methodology.

As show inFigure3.2 AT E, during the first 96 h of the experiment for all five cell lines

and five different seeding densities, absorbance at 590 nm which corresponds to the total
number of viable cells genengalincreased as the time in culture increased. The results
also show that the cell lines were in their exponential growth phases by the end ef the 96

h period.

However, during the final 24 h (time point D@20 h), outcomes varied. For the HCT116

cell ling, the cell proliferation rate and viable population declined at seeding densities of
2000, 3000, 4000 and 5000 cells/well during this petfaglfe3.2 A). For the HT29 cell

line, the viable cell population declined at seeding density of 4000 cells/well during the
final 24 h Figure3.2 B). As shown inFigure3.2 C, LOVO cells displayed the slowest
proliferation rate compared to the other cell lines and were still in the exponential growth
phase at all five seeding densities by the end of the experiment (120 h). SW48 cells were
also in the exponential growth phdmsethe end of the experiment for all seeding densities,
except at 5000 cells/well where a decline in cell proliferation rate and viable cell
population was observed after 96 h in cultgre3.2 D). SW480 cells were also in

the exponential growth phase after 96 h at the different seeding densities except at 4000

and 5000 cells/well where a decline was observed.

Overall, there was a significant difearce in cell proliferation rate and viable cell

population between cells seeded at 1000 cells/well and the other seeding densities
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Figure 3.2. Cell titration assays for a panel of five colorectal cancer cell lines
cultured at different seeding densities in a 9&vell plate format for 120 hours.
Each of the five CRC cell lines was cultured at five different seeding dendi@iés, (
2000, 3000, 4000, and 5000 cells/\Wédir 120 hours. Each data point represents the
average of three biological replicates, each performedphcate (n = 9).Error bars
represent standard deviation from the average.

3.2.1.Discussion

The MTT assay is a quantitative and sensitive technique for measuring cell proliferation
and determining cell population doubling rate based on the linear relatiorethipen
metabolic activity and absorbance. Metabolically active cells reduce MTT reagent to

insoluble purple formazan dye crystals, and the intensity of the colour is directly



proportional to the absorbance value which directly corresponds to numbereicakd
It is commonly used im vitro studies to evaluate the cytoxic efficacy of external stimuli

such as chemotherapeutic agéRss et al., 2016)

Prior to MTT-based drug toxicity experiments, a cell titration assay is carried out to
identify aseeding density where the cell lines will be in their exponential growth phase
by the end of the assay so that any observed changes in the rate of cell proliferation can
be attributed to the efficacy of the agent being investigated. This is similar to cell
proliferation rate assays conducted in T25 flasks; however, this further accounts for the
surface area of the 9@ell plates in which the MTT assay is performed. Exposure of
cancer cell lines to chemotherapeutic agents stimulates signalling pathwaiyitbiat

the uncontrolled proliferation of these cells. However, other factors that can limit cell
proliferationin vitro include the restricted surface area of the tissue culture container
(contact inhibition) and nutrient scarcifplkasalias et al.2014; ATCC, 2020b)By
performing a cell titration assay, the impact of these experimental limitations can be
averted.

Subsequent drug toxicity experiments in this research project have been designed to last
over a period of five days (96 h), such thelilswould be seeded for 24 h prior to drug
treatment for 72 h. Hence, a cell seeding density where all the cell lines being compared
will still be in the exponential growth phase before the addition of the MTT reagent on
the fifth day was determined. Thesults confirmed seeding densities of 1000 and 2000
cells/well, as the ideal seeding densities applicable to subsequent drug toxicity assays
using the MTT assay (Figure 3.2). Observations under the microscope also confirmed that
all cell lines were belov0% confluent after 96 h in the 9¢ell plates at these seeding
densities, in drudree culture medium. However, 2000 cells/well was selected as the ideal
seeding density to consolidate for the differences in proliferation rates between-the fast
proliferaing (HCT116, HT29, and SW480) and the slpwliferating (LOVO and

SW48) cell lines.

3.3.Confirmation of mycoplasma contamination status in colorectal cancer cell

lines

To validate that the HCT116 and HT29 CRC cell lines obtained from the University of

Salfod cell line repository were free of any mycoplasma contamination, each cell line
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was cultured for two weeks upon thawing and subjected to allRS& mycoplasma
detection test using the Lookout Mycoplasma PCR Detection Kit (SAjdréch,
Section2.1.9. This experiment was repeated each time new vials of frozen HCT116 and
HT29 cell lines were thawed.

As displayed irFigure3.3, the presence of two bands at 481 bp and 259 bp in the positive
control sample (lane 2) confirmed the presence of mycoplasma. Whereas the presence of
a single band at 481 bim the negative control sample confirmed the absence of

mycoplasma. Similar to the negative control sample, the HCT116 and HT29 cell lines
displayed a single band at 481 bp, thus confirming the absence of mycoplasma

contamination in these cell lines.

b HyperLadder Positive Negative HCT116 HT29
P 100 bp control control

500

300

200

100

Figure 3.3. Gel electrophoresis image of the mycoplasmaontamination status of
the HCT116 and HT29 colorectal cancer cell lines.
This image is a single representative of routinely conducted independent experiments.
The first lane contains the molecular size marker, HyperLadder 100 bp (Bioline), and the
sizes drelevant bands have been labelled (bp denotes base pairs).

3.3.1.Discussion

The maintenance of contaminatitree cell cultures is an important aspect of cell culture

based studies. However, the contamination of cell cultures by mycoplasma is a common
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and seious problem in many research labs. Mycoplasmas are small bacteria, typically
submicron in size, that lack a cell wall making them resistant to antibiotics and difficult
to detect microscopically. Although mycoplasmas do not cause cell death, they can
compromise the reliability of cell culture experiments as they compete for nutrients, slow
down cell proliferation, and alter gene expresgidubbell et al., 1991)Unfortunately,

the most common sources of mycoplasma contamination in the laboratory are human skin
and contaminated culture medium, thus making it difficult to cor{fiddtfarjam and
Farzaneh, 2012}t is estimated that 5 30% of cell lines in the wrld are contaminated

with at least one species of mycoplagWandsor, Windsor and Noordergraaf, 2010)

Mycoplasma detection could be carried out directly by growing colonies of mycoplasma
on agar plates; or indirectly by measuring a gene produbedidcteria as performed in

this study. The Lookout Mycoplasma PCR Detection Kit includes a primer set that is
designed to specifically target a highly conserved 16S rRNA coding region in the
mycoplasma genome, thus generating a 259 bp product that dateb&d on an agarose

gel. An internal control with a PCR product of 481 bp is also included in the kit to confirm
PCR was successfully completed. Taken together, the results confirmed that the HCT116
and HT29 cell lines were void of mycoplasma contationeat the time of routine testing.

The other cell lines used during the research project (LOVO, SW48, SW480 and U20S)
were not tested for mycoplasma as they were purchased directly from ATCC with a
confirmed negative mycoplasma status and no mycoplasmi@mination was ever

detected in the tested cell lines.

3.4.Detection of selected DNA repair gene expression in colorectal cancer cell lines

The expression of a st#et of genes likely to be involved in the cellular response to

genotoxic insult was first céinmed by reverse transcriptase PCR {RTR) in the

different CRC cell lines used in this research project. Total RNA was extracted from each

cel |l |l ine then messenger RNA was reverse tr
used in individual PCR reache to amplify fragments of eight gen@¢HIL1, NEIL2,

NEIL3, TRIM26 ERCC1 NTH1andMLH1) including the endogenous reference gene,

GAPDH The amplified products were resolved on an agarose gel and bands
corresponding to the selected genes were detecieg asgyel documentation imaging

system (see Sectiof.4.1 for full methodology). The gel electrophoresis step was
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repeated two additional times @nsure reliability and reproducibility of results. In
addition, because technical replicates may only account for intraexperimental variances
but not for the implications of biological systems on gene expression, the entire
experiment was repeated two aaduhal times using freshly cultured cells.

As displayed irFigure 3.4, the HCT116 cell line tested positive for all genes of interest
(GAPDH NEIL1, NEIL2, NEIL3, TRIM26 ERCC1 NTH1andMLHZ1), while the HT29

cell line tested for all genes of interest exddpiL1 (white arrow). For the other CRC

cell lines, LOVO cells tested positive for all genes of interest, SW48 cell line tested
positive for all genesf interest excepVILH1 (white arrow), and SW480 tested positive

for all genes of interest. The presence of a band for the constitutively expressed
housekeeping gerAPDH confirms that PCR was successfigure3.4, lane 2). The
intensity of each band relative to tBAPDHband in the same cell line provided a semi

guantitative measure for the mRNA levels of that gene within the cell line.
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Figure 3.4. Agarose gel image of studyelevant genes in HCT116, HT29, LOVO,
SW48 and SW480 colorectal cancer cell lines, as detected by-RTR.
This image is a single representative of three biological replicaées, conducted in

triplicate. The first lane contains the molecular size marker, HyperLadder 100 bp
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