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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 39 ï 65% 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 oxaliplatin-based chemotherapy regimen, which has 

shown a response rate of 50 ï 60%. 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 intra- and inter-strand 

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 cell-cycle dependent and tissue-specific DNA glycosylase 

has been implicated in the repair of psoralen- and AP (apurinic) site-induced interstrand 

crosslinks (ICLs), thus prompting these studies into the possible contribution of NEIL3 

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 current research 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 

is no significant difference in basal NEIL3 levels between oxaliplatin-sensitive and 

oxaliplatin-resistant CRC cells. However, a concentration-dependent upregulation of 

NEIL3 was observed in the oxaliplatin-sensitive HCT116 cell line (wildtype p53) 

following short-term exposure to different concentrations of oxaliplatin. 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 NEIL3 from the genome of HCT116 cells 

using CRISPR failed, though RNAi-mediated silencing of NEIL3 mRNA confirmed that 

functional downregulation of NEIL3 contributed a 13.2-fold increase in sensitivity of 

U2OS osteosarcoma cells to oxaliplatin. Collectively, these results suggest that a strategy 
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to inhibit or downregulate NEIL3 should improve the clinical outcome of oxaliplatin-

based chemotherapy for CRC patients. 
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 Introduction  

1.1. Cancer 

Cancer is believed to start with the transformation of a healthy cell into a tumour cell, 

typically a pre-cancerous lesion into a malignant tumour that can invade local tissues and 

metastasize to farther organs via the blood or lymphatic system (Hanahan and Weinberg, 

2011). Under stressful conditions, the pathways that regulate orderly 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 multifactorial disease. However, certain factors such as ageing, 

smoking and genetic mutation can increase the likelihood of carcinogenesis (Clavel, 

2007). Collectively, tobacco use, poor diet, obesity, lack of physical activity and 

excessive alcohol consumption account for 32% of cancer related deaths worldwide 

(Jayasekara et al., 2016). In developing countries, 15% of cancer cases are caused by 

infections such as hepatitis B and C, human papilloma virus and human 

immunodeficiency syndrome (WHO, 2021). Other common predisposing factors include 

exposure to ionizing radiation and environmental pollutants (Ressel, 2002; Parkin, Boyd 

and Walker, 2011). Most of these factors contribute to carcinogenesis by permanently 

mutating or overexpressing genes that are involved in normal cell growth (Medico et al., 

2015). 

Early detection as a result of screening has proven useful particularly in the case of 

cervical and colorectal cancer (Gøtzsche and Jørgensen, 2013). A combination of medical 

examinations such as blood tests, X-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 option (Cunningham et al., 2010).  
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1.2. Colorectal cancer 

Colorectal cancer (CRC) is the third leading type of cancer worldwide with an increasing 

incidences in developed countries, and it is the second leading cause of cancer-related 

deaths (881,000) in men and women (Rawla, Sunkara and Barsouk, 2019). Also known 

as colorectal adenocarcinoma, it is 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 

epigenetic mutations (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 

(Guinney et 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 young as 20 years of age (Fairley 

et al., 2006). It is estimated that 5 ï 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 mismatch repair mechanism resulting from 

germline mutations in genes that encode MutL homolog 1 (MLH1), MutS protein 

homolog 2 (MSH2), MutS protein homolog 6 (MSH6) or post-meiotic segregation 

increased 2 (PMS2). People with Lynch syndrome have a 20% and 50% likelihood of 

developing CRC by age 50 and 70, respectively (Rawla, Sunkara and Barsouk, 2019). 

Diagnosis of Lynch syndrome is often made after cancer diagnosis due the cost-

prohibitive nature of genetic diagnosis (Bonadona et al., 2011; Hampel and De La 

Chapelle, 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 which are pro-mutagenic. For instance, the 

alkylation of guanine produces predominantly N7-methylguanine (N7-MeG), but also the 

highly mutagenic lesion O6-methylguanine (06-MeG). The two modified nucleotides are 

commonly found in the human colorectal DNA. Thus, suggesting the presence of 

methylating agents in foods and drinks, or in situ formation mediated by bacterial or 

chemical nitrosation of amines  (Bartsch and Montesano, 1984; Povey et al., 2002). O6-
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MeG is often considered a biomarker for exposure to methylating agents, it has been 

associated with GC Ÿ AT transition mutations in KRAS and high levels have been 

detected in cancer-prone regions of the colorectum (Lees et al., 2002) . This association 

between DNA methylation and oncogenic mutations in KRAS provide evidence for the 

involvement of O6-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 effects of alkylating agents  is 

O6-methylguanine DNA methyltransferase (MGMT) via the transfer of the methyl group 

from O6-MeG to a cysteine acceptor residue in the protein (Pegg, 2000). This process 

results in inactivation of MGMT which is subsequently labelled for degradation by 

ubiquitination (Srivenugopal et al., 1996). Therefore, protection of DNA from 

methylation requires continuous expression of the MGMT gene and unhindered 

translation into active protein. Accordingly, low MGMT activity and increased O6-MeG 

levels have been associated with increased risk of CRC (Lees et al., 2002). In the absence 

of MGMT, O6-MeG-thymine mismatches are formed but are recognized by the MSH2-

MSH6 heterodimer of the MMR pathway, although recognition does not correlate with 

repair activity (Berardini, Mazurek and Fishel, 2000). Nevertheless, recognition results 

in the formation of an intermediate structure that induces a DNA double-strand break 

(DSB) in the next round of replication, triggering p53-mediated apoptosis (Reese, Allay 

and Gerson, 2001). Therefore, cells lacking both MGMT and MMR are more prone to 

developing cancer than those lacking one of these mechanisms (N. Lees et al., 2002). The 

role of alkylating agents in colorectal carcinogenesis is not limited to KRAS mutation, as 

exposure to these agents has been implicated in the mutation of MMR genes (Bignami et 

al., 2000). Cigarette smoke contains a variety of alkylating agents (such as ethylene oxide 

and acrylamide) and precursors (such as nitrosamines) (Scherer et al., 2010). Although 

there has been inconsistent correlation between smoking and colorectal carcinoma, there 

is a two- to three-fold likelihood of developing colorectal adenomas from long term 

smoking (Giovannucci, 2001; Ji et al., 2006; Hannan, Jacobs and Thun, 2009). Thus, 

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 CRC (Thanikachalam and Khan, 2019). The western diet 

is typically high in animal fat, which favours the development of bacterial flora that can 

degrade bile salts into carcinogenic substances (Wilmink, 1997; Boyle and Langman, 
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2000). Furthermore, patients with chronic inflammatory bowel disease are more likely to 

develop CRC due to the abnormal release of growth cytokines, increased production of 

metabolic free radicals and excess flow of blood (Lutgens et al., 2013).  

 

1.2.1. Etiology of colorectal cancer 

The primary function of the large intestine 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 intestine 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 

self-renewal (Peifer, 2002). 

As these cells differentiate and mature into specialised colon cells, they migrate 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 differentiation 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 (TGF-ɓ) 

(Medema and Vermeulen, 2011). Activation of the Wnt signalling pathway due to 

mutations in multifunctional tumour suppressor, APC, is the earliest and an essential 

event in CRC development (Powell et al., 1992). Mutant APC inhibits the degradation 

and suppression of ɓ-catenin protein, which accumulates in the cytoplasm and 

translocates to the nucleus to form a signalling complex that induces overactivation of 

Wnt. As a results, cell proliferation becomes unregulated, leading to migration, invasion, 

and metastasis (MacDonald, Tamai and He, 2009; Stanczak et al., 2011). 

The development of CRC usually starts with the proliferation of non-cancerous mucosal 

epithelial cells known as polyps or adenoma, which can continue to grow for 10 ï 20 

years before becoming cancerous (Stryker et al., 1987).  Although the risk 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 CRCs (Stewart et al., 2006). Adenocarcinomas that grow 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 
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invasion has occurred determines the stage of the cancer, and as 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 letters to describe 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 staging system uses the TNM system to classify 

cancers into four stages (stages I, II, III and IV). Stage I refers to a small tumour within 

the originate organ, stage II refers to a larger tumour that has potentially spread to nearby 

lymph node, stage III refers to tumour 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 across different 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., 2012). The 

heterogeneous nature of CRC reflects the many possible factors driving carcinogenesis, 

each of which may exhibit distinct genetic mutations and epigenetic signatures (Jass et 

al., 2002). The clinical implications of this heterogeneity manifests in the CRC prognosis 

and management. As such, molecular 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 based on microsatellite instability, chromosomal instability, CpG 

island methylator phenotype, and somatic mutations in KRAS and BRAF genes (Gyparaki, 

Basdra and Papavassiliou, 2013; Schweiger et al., 2013). These molecular phenotypes 

could also serve as biomarkers for estimating life expectancy after diagnosis and 

treatment (prognostic), or for predicting the response of a patient to a treatment strategy 

(predictive). 
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1.2.2.1. Microsatellite instability or mismatch repair deficient phenotype 

The mismatch repair (MMR) is a highly conserved mechanism that recognizes and 

eliminates incorrectly paired bases that arise during DNA replication, repair and 

recombination (Peltomäki, 2001; Mukherjee, Ridgeway and Lamb, 2010). Deficiency in 

MMR is the leading cause of colorectal cancers, annually accounting for over 500,000 

cases worldwide (Popat, Hubner and Houlston, 2005). Without MMR, DNA base-pair 

mismatches accumulate leading to microsatellite instability (MSI), a condition 

characterized by short DNA base repeats that are prone to base pair substitutions and 

frameshift mutations (Lee and Chan, 2011; Nojadeh, Sharif and Sakhinia, 2018). 

Approximately 15% of CRC tumours are characterized by high levels of MSI (MSI-high 

) due to the epigenetic silencing or germline mutation in one of the MMR genes (MLH1, 

MSH2, MSH6 or PMS2) (Lynch and de la Chapelle, 2003). The most commonly 

implicated epigenetic mutation in MSI-high tumours is the hypermethylation of the 

promoter of MLH1 (MutL homolog 1) resulting in its inactivation or downregulation 

(Peltomäki, 2001). MSI-high tumours generally possess wildtype KRAS and TP53 (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 also of relevance in prognosis. Meta-

analysis of CRC tumours associated MSI-high status with a 40% better overall survival 

rate (Guastadisegni et al., 2010). Even when compared with tumours at the same stage 

and from the same site, CRC patients with MSI-high tumours appear to have better 5-

year overall survival prognosis than those with MSS (microsatellite stable) or MSI-low 

tumours (Laghi and Malesci, 2012). Furthermore, though MSI-high status has been 

shown to be predictive of the benefit from adjuvant irinotecan regimen in Stage II ï III 

CRC, there has been no association between MSI-high status and benefit from oxaliplatin 

(Rigau et al., 2003; Bertagnolli et al., 2009a, 2009b; Gavin et al., 2012). In one study that 

compared MSS, MSI-low and MSI-high tumours, it was concluded that MSI-high status 

correlates with poor response to fluorouracil-based chemotherapy (Church, Midgley and 

Kerr, 2012). While the role of MSI as a prognostic marker is widely accepted, there is 

uncertainty about its role as a predictive marker. 
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1.2.2.2. CpG island methylator phenotype (CIMP) 

The CIMP-positive status refers to a subset of CRC tumours characterized by high-level 

methylation of specific CpG islands found in the promoter region of approximately 50 % 

of genes (Bird, 1986). Upon CpG island methylation, the gene transcription of specific 

tumour suppressor and DNA repair genes, including MLH1, is inhibited thereby 

contributing colorectal carcinogenesis (Deng et al., 2001). Approximately 5 ï 15% of 

tumours located in the distal colon and rectal regions, and 30 ï 40% of tumours located 

in the proximal colon are CIMP positive (Hughes et al., 2012). Several studies have also 

associated CIMP-positive status with poor tumour differentiation, higher BRAF mutation 

rates, wild-type TP53, and female gender (Weisenberger et al., 2006; Weisenberger, 

Liang and Lenz, 2018). Furthermore, CRC patients with CIMP-positive tumours are 

likely to be smokers and non-obese (Slattery et al., 2007; Limsui et al., 2010). Another 

pattern of CpG methylation is the low-level methylation (CIMP-low), which has been 

reported to increase with age (Toyota et al., 1999; Deng et al., 2001). There is a debate 

about CIMP-low and CIMP-negative tumours being classified into the same category. 

The average age for diagnosis of CIMP-positive CRC is 67. 6 years (Simons et al., 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 chemotherapy (Lee et al., 2008; Ogino, Nosho, et 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 III CRC tumours to 

fluoropyrimidine-based adjuvant chemotherapy (Jover et al., 2011; Min et al., 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 of it (Gerling 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 cases (Church, Midgley and Kerr, 2012). 

The mechanism underlying CIN is currently elusive, though studies have confirmed it 

occurs via a different mechanism from MSI (Hagland et al., 2013; Simons et al., 2013). 
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CIN-positive tumours have been associated with poor prognosis, late diagnosis, and 

higher frequency in men. Regarding localization, CIN tumours are most often located in 

the distal colon (Simons et al., 2013). 

 

1.2.2.4. Somatic mutations in BRAF and KRAS 

Oncogenic activation of the BRAF and KRAS genes result in dysregulation of the MAPK 

signalling pathway, thereby leading to in uncontrolled cell proliferation and inhibition of 

apoptosis (Kocarnik, Shiovitz and Phipps, 2015). 

BRAF is a serine-threonine protein kinase that inhibits the RAS-MAPK signalling 

pathway, it is easily activated by the Ras family of oncogenes including KRAS, HRAS and 

NRAS (Wellbrock, Karasarides and Marais, 2004; Niault and Baccarini, 2010). There is 

a strong correlation between smoking and BRAF-mutated tumours. CRC patients with the 

mutated BRAF phenotypes tend to be diagnosed later in life, are most likely to be female, 

and most likely to be smokers (Slattery et al., 2007; Limsui et al., 2010; Phipps et al., 

2013). BRAF mutations often occur during the early stages of colorectal carcinogenesis 

and has been implicated in 10 ï 20% of all CRC cases (Lièvre et al., 2010).  There has 

been substantial evidence to support the correlation between BRAF mutation and poor 

CRC prognosis (Roth et al., 2010; Therkildsen et al., 2014). The question as to whether 

patients with BRAF-mutated tumours should receive a more aggressive chemotherapy 

treatment was answered in a Phase II clinical trial that showed improved overall survival 

following FOLFOXIRI-bevacizumab treatment (Loupakis et al., 2014). Evidence have 

supported an association between BRAF mutation and MSI-high through CIMP 

(Lochhead et al., 2013). Approximately 90% of the observed BRAF mutations in CRC 

are as a result of the BRAF V600E (valine substituted for glutamic acid at amino acid 

600) mutation (Davies et al., 2002; Ikenoue et al., 2003). There is still no evidence of an 

association between BRAF mutation and CIN, though there is a negative correlation with 

KRAS mutation (Domingo et al., 2013). The use of BRAF status as a prognostic or 

predictive biomarker remains controversial (Rizzo et al., 2010; Yokota et al., 2011; Eklöf 

et al., 2013). However, some studies have used a signature of BRAF and KRAS to predict 

tumour response to anti-EGFR treatment (Selcukbiricik et al., 2013; Di Bartolomeo et al., 

2014). There has been no report of a predictive benefit of BRAF in regards to standalone 
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cytotoxic chemotherapy (including oxaliplatin) or anti-EGFR (cetuximab) treatment 

(Richman et al., 2009; De Roock et al., 2010). 

KRAS is a GTPase which acts like a switch that is turned on to transmit signals that 

instruct cells to grow and proliferate in response to an external stimuli (Lee and Chan, 

2011). Mutation of KRAS leads to structural activation of downstream mitogen -activated 

protein kinase (MAPK) and phosphoinositide-3-kinase-Akt (PI3-AKT) signalling 

pathways (Church, Midgley and Kerr, 2012; Corso et al., 2013). Consequently, allowing 

tumour cells to become more resistant to inhibition of tyrosine kinase surface receptors 

such as EGFR.  KRAS mutations have been reported in 30 ï 40% of all CRCs (Church, 

Midgley and Kerr, 2012). Approximately 90% of all KRAS mutations in CRC are as a 

result of point mutations codons 12, 13 and 16 (Ogino, 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 molecular sub-phenotypes. 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 acid (Marchoudi et al., 2013). 

Several studies have strongly associated mutated KRAS with the CIN tumour phenotype 

but less likely with MSI tumours (Lee and Chan, 2011; Domingo et al., 2013; Hagland et 

al., 2013). Though the consideration of KRAS as a biomarker remains controversial, 

KRAS mutation has been associated with poorer CRC prognosis (Corso et al., 2013; 

Phipps et al., 2013). In contrast, wildtype KRAS has been associated with better response 

of metastatic CRC to EGFR inhibitor, cetuximab (Siena et al., 2009; Ceelen, 2012; Grade 

et al., 2012).  One study showed that tumours with a combination of wildtype KRAS, 

BRAF and TP53 had maximal benefits from oxaliplatin and cetuximab treatment (Di 

Bartolomeo et al., 2014). However, another study reported that BRAF 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 biomarker 

Further discoveries have indicated that miRNAs potentially play an important role of 

colorectal carcinogenesis. miRNAs are short single-stranded non-coding RNA molecules 

(approximately 18 ï 25 bases long) that regulate gene expression by facilitating mRNA 
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degradation to prevent translation into corresponding proteins (Mlcochova et al., 2013). 

Several studies have associated the presence of certain miRNAs as prognostic and 

predictive biomarkers for CRC (Svoboda et al., 2012; Lou et al., 2013; Mlcochova et al., 

2013; Yang et al., 2013; Hu and Zhang, 2019). In one study, a correlation between 

miRNAs (miR-215, miR-196b and miR-450b-5p) and the expression of thymidylate 

synthetase and resistance to  its inhibitors was reported (Svoboda et al., 2012). Another 

study reported a potentially repressive role of miR-451 via its ability to prevent cell 

growth by downregulating the PI3K-AKT pathway (Li et al., 2013). A tumour suppressor 

role for miR-133a in CRC was also reported via its ability to inhibit cell proliferation and 

enhance apoptosis (Dong 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 one-cap-fits-all molecular therapy (Sideris and Papagrigoriadis, 2014). 

Curative surgery is the primary course of treatment for 70 ï 80% of colorectal cancer 

patients, however, approximately 40% of these patients experience metastases or 

reoccurrence (Kekelidze et al., 2013). In general, stage 0 ï III colorectal cancers are often 

curable with surgical resectioning though many stage II and stage III patients receive 

chemotherapy after surgery to improve the likelihood of eradicating the disease (Cancer, 

2019). If the cancer advances to stage IV (metastatic), it becomes incurable 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 resistance remains a significant 

challenge (Hsu 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 chemotherapeutic agents used in the treatment of CRC include 

capecitabine, oxaliplatin, fluorouracil (5-FU) and irinotecan (Cancer, 2020).  Oxaliplatin 

is often used in combination with 5-FU and leucovorin (FOLFOX) for adjuvant treatment 

of stage III colorectal cancer patients who have undergone surgery and for treatment of 

advanced stage colorectal cancer. The starting dosage for oxaliplatin is 85 mg/m2 once 

every two or three weeks, however, it has to be decreased or discontinued when side 
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effects such as neuropathy become persistent (Graham, Muhsin and Kirkpatrick, 2004). 

Other common treatment regimens using these compounds include FOLFIRI (5-FU with 

leucovorin and irinotecan) and CAPEOX (capecitabine and oxaliplatin) (Cunningham et 

al., 2008). 

Regardless of recent advancements 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 experience other non-fatal 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 include co-treatment of 

colon cancer mouse models with an autophagy inhibitor, 3-methyladenine (E. Raymond 

et al., 1998). The result was an inhibition of oxaliplatin-induced autophagy with an 

increase in oxaliplatin-induced cell apoptosis. Autophagy is a natural cellular protective 

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 drug-induced apoptosis (Klionsky and Emr, 2000). 

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, 2000). Nevertheless, in clinical 

investigations, oxaliplatin demonstrated similar efficacy to paclitaxel (one of the most 

effective chemotherapy drugs in treating all stages of breast cancer) in patients with 

platinum-pretreated ovarian cancer (Shi 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 oxaliplatin-based 

chemotherapy in stage III CRC patients. In multiple trials, three months of capecitabine 

and oxaliplatin (CAPOX) chemotherapy regime was shown to achieve disease free 

survival three years later with lower incidences of long-lasting PSN (Culy, 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 drugs that target biological processes, or the tissue 

environment used by cancer cells to grow and spread inside an organism (Donnard et al., 

2014; Sveen, Kopetz and Lothe, 2020). For example, the use of cetuximab or 

panitumumab in targeting epidermal growth factor receptor (EGFR), a protein that helps 

cancers grow and is found on the surface of cancer cells (Williet et al., 2017). Another 

common target is vascular endothelial growth factor (VEGF), a protein that helps tumours 

form new blood vessels (angiogenesis). 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, BRAF or NRAS (Van Cutsem et al., 2009). A possible reason for this is because 

these mutations occur downstream of EGFR. KRAS and NRAS mutations and trigger the 

transcription of transforming growth factor (TGF-Ŭ), a ligand for EGFR activation. 

Thereby creating an autocrine signalling loop that contributes to EGFR-inhibitor 

resistance (Lièvre et al., 2006). Also, mutation in these genes activate the Ras-MAPK 

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 therapy (Lièvre 

et al., 2006). However, combinations of targeted therapy with 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% five-year survival rate, 70% if regional, and 10% if it has 

spread to other organs (Jemal et al., 2004). 
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1.3. Platinum-based antineoplastic drugs 

Platinum-based antineoplastic drugs are coordination complexes of platinum used in the 

treatment of cancer (Figure 1.1).  Cisplatin (cis-diammine-dichloroplatinum II) is a first-

generation platinum-based 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,  and ovarian cancers among many others (Prestayko 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 persistence for up to four months following exposure to cisplatin (Cvitkovic 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 

hypothesised 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 effects (Kelland, 2007; Muggia et al., 2015). This 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 1989 (Dizon et al., 2003; Monneret, 2011). 

Similar to cisplatin, carboplatin produces DNA crosslinking adducts though at a 10-fold 

slower rate, thus requiring 20-fold to 40-fold higher carboplatin concentrations to 

generate equal amount of platinum-DNA (Pt-DNA) 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 dose-limiting. Miboplatin was eventually abandoned at Phase III clinical 

trials as it demonstrated no clear advantage over cisplatin (Lebwohl 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 generation platinum compound, oxaliplatin 

(trans-L-diaminocyclohexane oxalate platinum (II)), which received FDA approval in 

2002 (Kidani et al., 1978; Wheate et al., 2010). Early studies on murine leukaemia cells 

confirmed better anticancer activity of oxaliplatin compared to cisplatin, more so with 

less side effects 
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(Lebwohl and Canetta, 1998). Furthermore, in vitro screening of oxaliplatin against the 

NCI-60 panel of cancer cell lines showed that oxaliplatin was a more suitable 

chemotherapeutic agent for cisplatin-resistant cancers including colorectal cancers (Rixe 

et al., 1996). After Phase III clinical trials confirmed the efficacy of oxaliplatin in 

combination with fluorouracil (5-FU) and leucovorin for treating advanced stage CRC, it 

was approved for clinical use by the FDA (Lebwohl and Canetta, 1998). Preceding 

oxaliplatin discovery and approval by the FDA, it was largely accepted that CRCs were 

resistant to platinum-based chemotherapy, with response rates between 19 ï 22% 

following cisplatin treatment (OôDwyer et al., 1990). This value was significantly raised 

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

benefits from platinum anticancer drugs (de Gramont et al., 2000). 

The discovery and behavioural modifications 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 increasing 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 diagnosed in early stages, but for late stage cancer diagnosis, the 

outcomes were mostly fatal (Hanna and Einhorn, 2014; Siegel, Miller and Jemal, 2016). 

Currently, over 80% of metastatic  testicular germ cell tumours can be cured using 

cisplatin-based chemotherapy (Matlashewski et al., 1986). In a study on women being 

treated with adjuvant chemoradiation for early-stage cervical cancer, the introduction of 

cisplatin indicated improved survival and reduced the possibility of relapse (Horwich, 

Shipley and Huddart, 2006). Despite the advancements in the use of platinum-based 

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 consequential 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 to treat resistant tumours with an improved 

understanding of the molecular effects of platinum-based drugs offer the opportunity to 

further advance the benefits of chemotherapy. Furthermore, the present shift into the era 

of personalized medicine highlights the invaluable need for mechanistic drug research 
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that can guide clinicians towards the best-suited treatment regimen for each patient based 

on the molecular nature of their cancer. 

  

Figure 1.1. Structure of cisplatin (left) and oxaliplatin (right).  

Cisplatin has platinum (Pt) as the central atom and chlorine (Cl) and ammonia (NH3) 

ligands. Oxaliplatin has platinum as the central atom with 1,2-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 death (Jung and Lippard, 2007a). 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 the lower 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 DNA (Kartalou and Essigmann, 2001; Falcetta et al., 2016). In 

the case of oxaliplatin, the liable oxalate ligand leaving group is readily displaced in the 

plasma via a non-enzymatic process to generate active oxaliplatin derivatives such as 

monoaquo and diaquo DACH platinum, which enter the cell and nucleus to covalent bind 

DNA (Raymond et al., 1998). Therefore, cellular uptake and binding to DNA serve as 

important steps in the mechanistic action of platinum-based drugs. Also important is the 

cellular transport of platinum with efflux being associated with the development of 

tumour resistance to platinum-based 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 a process requiring no energy input nor 
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transporter (Hall et al., 2008; Basu and Krishnamurthy, 2010a). Additionally, energy-

dependent active copper transporters expressed on the cell surface such as ATP7A, 

ATP7B, Ctr1, Ctr2 and copper chaperone ATOX1 have been associated with the 

regulation of cisplatin (Safaei, 2006; Howell and Abada, 2010). However, it remains 

unknown the mechanism by which these transporters interact with cisplatin, and whether 

or not they facilitate influx or efflux of cisplatin and its analogs (Ivy and Kaplan, 2013). 

The primary function of copper transporters 1 and 2 (Ctr1 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 received increasing attention in recent years (Howell and 

Abada, 2010).  

Findings from a recent study using CRISPR-Cas9 to knockout CTR1 and CTR2 from 

HEK-293T cells showed no sensitization of knockout cells to cisplatin, indicating that 

neither Ctr1 nor Ctr2 was involved in cisplatin uptake (Bompiani et al., 2016). However, 

findings from a another study suggested that a decrease in cellular copper increase 

cisplatin-DNA adduct levels and sensitizes cancer cells to cisplatin treatment, thus 

supporting the hypothesis that copper transporters aid the migration of cisplatin into cells 

(Ishida et al., 2010). In a study where the N-terminal 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 Ctr1 involved in copper transchelation; Met150, Met154 and His139, resulted 

in abolishment of copper uptake but increased accumulation of cisplatin (Blair et al., 

2011). These findings suggest an involvement of Ctr1 in the regulation of cisplatin, 

perhaps via a different mechanism from the regulation of copper (Ivy and Kaplan, 2013). 

Ctr2 shares structural similarity with Ctr1 and binds copper but with lesser affinity 

(Huang et al., 2014). Furthermore, the differential localization of the two copper 

transporters (Ctr1 to the membrane, Ctr2 to the nucleus, lysosome and endosomes) 

suggests that they have different functions in copper homeostasis further indicating 

differential interactions with cisplatin (Blair et al., 2011).  Early studies showed that 

downregulation of Ctr2 enhanced cisplatin uptake by 2- to 3- fold whilst accordingly 

sensitizing cells to cisplatin independent of Ctr1 expression levels (Blair et al., 2009). In 

another study showing a similar outcome in mouse xenograft models, Ctr2 knockdown 

resulted in a 9.1-fold increase in intracellular concentration of platinum at tumour location  

(Blair et al., 2011). However, the most recent study showed that knockout of Ctr2 using 
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CRISPR-Cas9 resulted in no significant difference in sensitivity to cisplatin between 

knockout clones and parental cells (Bompiani et al., 2016). Further research would be 

needed to clarify the relevance of Ctr1 and Ctr2 as a prognostic or 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 cisplatin resistance. The two proteins are homologous in 

structure but differ in tissue expression and interaction with platinum drugs (Calandrini 

et al., 2014). While ATP7A is majorly expressed in the intestine, aorta, vascular 

endothelial cells, cerebrovascular endothelial cells and smooth muscle cells, ATP7B is 

majorly expressed in the brain and liver (Ciarimboli, 2012). An increase in intracellular 

concentration of platinum is typically observed in cells expressing ATP7A despite 

showing high resistance to cisplatin and oxaliplatin (Katano et al., 2004). In contrast, a 

reduction in cisplatin uptake and an increase in platinum efflux have been correlated with 

cells overexpressing ATP7B (Komatsu et al., 2000; Katano et al., 2004). Compared to 

Ctr1 and ATP7A, ATP7B has demonstrated the most significant effect on cisplatin 

resistance (Komatsu 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 ATP7B (Martinez-Balibrea et al., 2009). Co-delivery of ATP7B-

specific siRNA with cisplatin was shown to increase the sensitivity of OSC-19-R human 

oral squamous cell line by 10.6-fold over untransfected cells (Yoshizawa 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 (OCTs) and 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 cations from the blood to the bile and 

urine. Initially, substrate is transported across the basolateral membrane by OCTs before 

interacting with MATEs in the apical plasma membrane (Jonker and Schinkel, 2004; 

Harrach and Ciarimboli, 2015). The broad substrate specificity 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 properties have 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 (OCT1 in the liver, OCT2 in the kidney and brain, 

and OCT3 in the liver, brain, kidney, heart, placenta, and skeletal tissues amongst other 

tissues) and facilitate the transport of small hydrophobic compounds 60 ï 350 kDa in and 

out of tissues (Koepsell, Lips and Volk, 2007). Cisplatin and oxaliplatin 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 outside (Harrach and Ciarimboli, 2015). Studies where HEK293 embryonic kidney 

cells were transfected with human and rat orthologs of OCT2 reported increased cellular 

uptake of platinum, and accordingly increased cell death (Ciarimboli et al., 2005; 

Yonezawa et al., 2005). The contribution of OCTs to cisplatin-induced nephrotoxicity 

was further confirmed in studies where OCT1/2 knockout mice and OCT2 inhibitors were 

utilized (Filipski et al., 2009; Katsuda et al., 2010). Hence the suggested clinical use of 

OCT2 substrate, cimetidine, as a shielding agent for the kidneys of cancer patients 

undergoing cisplatin-based chemotherapy (Zhang and Zhou, 2012). Cimetidine belongs 

to a class of histamine receptor antagonist that reduce stomach acidity (Pino and Azer, 

2021). Co-treatment of mice with cisplatin and cimetidine further confirmed the 

relationship between OCT2 and renal toxicity (Ciarimboli 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 transporters (Yonezawa et al., 

2006; Zhang et al., 2006). Interestingly, 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 oxaliplatin against CRC cells is partly 

as a result of OCT3 expression in the intestine (Yonezawa et al., 2006). Furthermore, a 

recent study reported a 9.7-fold higher level of OCT3 in colorectal cancer tissues 

compared to non-cancerous tissues (Yokoo et al., 2008). 

Similar to OCTs, tissue distribution of MATE varies between tissues with high 

expressions of MATE1 observed in the heart, liver, kidney, skeletal muscle, and other 

tissues, while the expression of MATE2-K is kidney-specific (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 MATE (Yokoo et al., 

2008). Genetic deletion of MATE1 in mice resulted in cisplatin accumulation and 

increased incidence of nephrotoxicity (Nakamura et al., 2010). Oxaliplatin but not 

cisplatin has been shown to be a good substrate of MATE2-K leading to the hypothesis 

that the differential nephrotoxicity of the two platinum drugs is as a result of their 

interactions with OCT2 and MATE2-K (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 between the blood (approximately 100 mM) and cytosol (12 ï 55 

mM) (Kartalou and Essigmann, 2001; Jung and Lippard, 2007a). Aquated cationic 

platinum species are further able to diffuse out of the cell to react with various cellular 

components including RNA, DNA and proteins, via competing pathways that have been 

directly linked with drug efficacy and toxicity (Lippert, 1992; Babu et al., 1995; Pinato, 

Musetti and Sissi, 2014). Cisplatin in its parent state is unable to react with biological 

nucleophiles, however, the replacement of chloride ligands with water ligands produces 

cisplatin species that are 10- to 70-folds more reactive than the parent drug (Bancroft, 

Lepre and Lippard, 1990). Depending on pKa and pH values of the aqueous environment, 

water ligands may be deprotonated to generate considerably less reactive cisplatin species 

thereby modulating toxicity (Berners-Price et al., 1992). Cisplatin is also capable of 

reacting with sulphur-containing nucleophiles pre- and post-activation (Dedon and Borch, 

1987; Todd, Lovejoy and Lippard, 2007). The binding of thiolate anions to platinum 

species as well as elevated levels of glutathione have been strongly associated with 

tumour resistance to platinum (Zhang et al., 2001; Townsend and Tew, 2003). 

Similar to cisplatin, oxaliplatin forms mono- and di-adducts with various biological 

nucleophiles subsequent to aquation. HPLC analysis of plasma ultrafiltrate from patients 

infused with 130 mg/m2 of oxaliplatin for two hours confirmed the DACH (trans-R, R-

1,2-diaminocyclohexane) species as the predominant oxaliplatin derivative accounting 

for 31 ï 100% of the population. Other identified platinum-containing products adducts 
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include glutathione (1 %), monocholorocreatinine (2 ï 11 %), diaqua (2 ï 26 %) and 

methionine (8 ï 24 %) (Graham et al., 2000). 

 

1.3.2.2. Species of DNA-platinum adducts 

Cisplatin covalently binds both nuclear and mitochondrial DNA (mtDNA) form adducts, 

though repair of cisplatin-intrastrand induced crosslinks occurs slower in the histone-

lacking mtDNA (Wenger et al., 2004). A 4- to 6-fold higher level of DNA adducts have 

been reported in mtDNA compared to nuclear DNA, with this difference being associated 

with the higher initial binding rates and insufficient elimination of  cisplatin-DNA adducts 

from mtDNA (Olivero et al., 1997). 

Upon reaching the nucleus without being deactivated, platinum complexes covalently 

bind N7 sites of purine bases (guanine and adenine) (Harder and Rosenberg, 1970; 

Jamieson and Lippard, 1999). The monoaquated derivative of cisplatin rapidly forms 

adducts with the N7 positions on guanine and adenine, followed by aquation of the second 

chloride ligand to allow formation of a bifunctional crosslink (Bancroft, Lepre and 

Lippard, 1990; Jung and Lippard, 2007a). When 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 

distribution of platinum-induced adducts is as follows ï approximately 60 ï 65% are 1,2-

d(GpG) intrastrand crosslinks, 25 ï 30% are 1,2-d(ApG) intrastrand crosslinks, 5 ï 10% 

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

1987; Kartalou and Essigmann, 2001; Chaney et al., 2005). Regardless 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 encoded 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 oxaliplatin (Szikriszt et al., 2021). 

After binding to DNA, the double helix structure of the DNA is distorted and unwound 

by each platinum adduct in a unique manner (Todd and Lippard, 2009). X-ray crystal 

analysis of solid state major cisplatin 1,2-d(GpG) intrastrand crosslink revealed hydrogen 
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bonds formation between platinum adduct and the DNA backbone on the 5ô side of the 

lesion, and unwinding of duplex DNA by approximately 25 ï 40ę (Takahara et al., 1995). 

Whereas, nuclear magnetic resonance analysis suggest that this angular bend could as 

high as 60 ï 70ę in solution (Yang et al., 1995; Gelasco and Lippard, 1998). The minor 

1,3-d(GpNpG) intrastrand crosslink bends DNA globally by approximately 30 ęthough 

platination site is severely distorted (Van Garderen and Van Houte, 1994). In contrast, 

crystal analysis of the significantly cytotoxic cisplatin interstrand  crosslinks revealed a 

47ę bend of duplex DNA towards the minor groove instead of the major groove, and a 

110 ę overall unwinding of the duplex (Coste et al., 1999). Observations made from the 

crystal analysis of oxaliplatin adducts shows evidence for the impact of replacing the cis-

diammine (II) moiety of cisplatin with the cis-DACH group (Faggiani et al., 1977; 

Spingler, Whittington and Lippard, 2001). Unlike cisplatin adducts, oxaliplatin adducts 

form hydrogen bonds between platinum and DNA on the 3ô side of the intra- or interstrand 

crosslink (Wu et al., 2004). Furthermore, the oxaliplatin-GG structure exhibits a narrow 

minor groove and a 31ę overall bending of DNA. These conformational differences may 

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 Pt-DNA adducts 

1.3.3.1. Blockage of DNA synthesis 

Early studies monitoring the incorporation 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 ɛM selectively blocked DNA synthesis in cervical carcinoma 

AV3 cell line (Harder and Rosenberg, 1970). While at concentrations greater than 25 ɛM, 

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 were blocked by these lesions 90 % of the time (Sherman and Lippard, 

1987; Comess et al., 1992; Jung and Lippard, 2007b). However, other studies reported 

the continuation of DNA synthesis in cells that stopped dividing following cisplatin 

treatment, thus suggesting the operation of a cellular mechanism for bypassing platinum-

DNA adducts (Sorenson and Eastman, 1988; Sale, 2012). This 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 nucleotides opposite damaged nucleotides (Prakash, Johnson and Prakash, 

2005). They have a broad catalytic site and are more error-prone than replicative DNA 

polymerases, allowing them to bypass DNA lesions in a mutagenic manner (Lange, 

Takata and Wood, 2011; Yamanaka et al., 2017). The monoubiquitination of proliferating 

cell nuclear antigen (PCNA) at Lys-164 strengthens its affinity for the Y-family 

polymerases (REV1, Pol ɖ, Pol ɘ, and Pol ə ï all of which have ubiquitin binding sites), 

thus allowing it 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 such as 1,2-d(GpG) 

intrastrand crosslink. A nucleotide is inserted opposite the 3ô-G, then another opposite the 

5ô-G, followed by onward extension from the 5ô-G. The kinetics for each of this step is 

dependent upon the nature of the lesion and the specific polymerase (Lehmann 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 lesions being more readily bypassed by TLS polymerases ɓ and ɖ than 

cisplatin lesions (Chaney et al., 2004, 2005). Previous studies have reported the respective 

roles of Pol ɖ or Pol ə in incorporating the correct or incorrect nucleotide opposite the 

cisplatin 1,2-d(GpG) intrastrand crosslink. The extension step is then accomplished by 

Pol ɕ (B-family), an error-prone TLS polymerase that bypasses cisplatin adducts with low 

efficiency (Chaney et al., 2005; Knobel and Marti, 2011). It was recently discovered that 

the flexibility of the Val59-Trp64 loop in the catalytic site of Pol ɖ provides a basis for 

TLS-mediated bypass of oxaliplatin 1,2-d(GpG) adducts (Ouzon-Shubeita et al., 2019). 

Human cells that lacked Pol ɖ were shown to be dramatically more sensitive to cisplatin 

treatment than cells expressing functional Pol ɖ (Albertella et 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 that analysed sixty-four mucosal derived squamous cell carcinoma 

of head and neck (HNSCC), it was revealed that the reduced expression of Pol ɖ 
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correlated with high benefit rates in patients treated with a platinum-based 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 three-step ICL repair process involving TLS polymerases 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 then serves as an intact template for 

completing the repair process (Ho 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 involved in ICL repair. These include the NER, 

HR and Fanconi anaemia pathway, and how these pathways work together is still not 

fully understood (Moldovan and DôAndrea, 2009; Muniandy et al., 2010; Roy and 

Schärer, 2016). Recent studies have reported the role of NEIL3, a component of the BER 

pathway, at directly unhooking psoralen- and AP site- induced 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 advanced 

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 phase (Otto 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 sensitivity (Sorenson 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 transcription of genes required 

for transition into mitosis. More specifically, it was later revealed that cisplatin 1,2-

d(GpG) and 1,2-d(ApG) adducts on the template strand blocked mammalian RNA 
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polymerase II (Pol II) and E. coli polymerase (RNAP), but only slightly on the non-

template strand (Corda et al., 1991). The eukaryotic RNA polymerase II is responsible 

for the transcription of majority of genes and has been implicated in several transcription 

inhibition studies. Although less reported, RNA polymerase I involved in the 

transcription of ribosomal RNA has also been shown to be inhibited (Hara et al., 1999; 

Jung and Lippard, 2007a). Given that RNA Pol I transcribes significantly more DNA than 

RNA Pol II, its inhibition may account for ribosome biogenesis stress, a new mechanism 

that is believed to be responsible for the anticancer properties of oxaliplatin (Peter M. 

Bruno et al., 2017). This is in contrast to carboplatin and cisplatin, which kill cells through 

DNA-damage response (DDR), further explaining the distinct clinical 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 pathways operate to 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) 1 ï 4 proteins 

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 platinated 

DNA; and there have been postulations of its involvement in cisplatin sensitization 

(Scovell, Muirhead and Kroos, 1987; Bruhn et al., 1992; Jung and Lippard, 2007a). There 

has been evidence to suggest that HMGB binding to cisplatinated DNA shields the 1,2-

d(GpG) intrastrand crosslink from NER to potentiate the sensitivity of tumour cells to 

cisplatin (Awuah, Riddell and Lippard, 2017). MDA-MG-231 cancer cells transfected 

with HMGB4 displayed a two-fold increase in cisplatin sensitivity. However, HMG 

proteins bind oxaliplatin-DNA adducts with lower affinity than cisplatin adducts 

(Vaisman et al., 1999; Rabik and Dolan, 2007). HMGB1 has been reported to stimulate 

AP endonuclease and FEN1 activities on BER substrates (Prasad et al., 2007). 

Interactions between the TATA-binding protein (TBP) and cisplatin-damaged DNA have 

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

is similar to that towards TATA, this increased by 20-fold in the presence of HMGB1, 

thus suggesting that TBP-HMGB1 complex interacts in platinum-DNA 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 sequences (Y-box) has 

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

intrastrand crosslinks (Ohga et al., 1996). An increased concentration of YB-1 was 

observed in cisplatin-resistant cell lines compared drug-sensitive parental cells. YB-1 

interacts with several DNA repair proteins including DNA polymerase ŭ, PCNA and 

MSH2, thus indicating a possible role for YB-1 in DNA damage repair modulation (Jung 

and Lippard, 2007a). 

BER occurs in the nuclei as well as mitochondria and to protect against cancer, ageing 

and neurodegeneration  (Krokan and Bjørås, 2013). The magnitude of damage signalling 

that is required to initiate 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, PARP1 in its active and inactive form binds 1,2-d(GpG) and 1,3-

d(GpTpG) cisplatinated DNA with higher affinity than undamaged DNA, amount binding 

to the 1,2-d(GpG) was greater than the amount binding to other types of cisplatin 

crosslinks (Zhu, Chang and Lippard, 2010). 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. PARP1 has also been implicated in the BER pathway, murine 

models deficient in PARP1 (poly (ADP-ribose) polymerase 1) exhibited sensitization to  

DNA damaging agents that produce lesions normally recognized by BER mechanism 

(Wang et al., 1995). PARP is significantly upregulated in response to DNA damage 

leading to NAD+ depletion and ultimately necrotic cell death (Schreiber et al., 2006). 

Tumour suppressor protein p53 via its two DNA-binding domains binds double-stranded 

platinated DNA molecules with a stronger affinity than undamaged DNA molecules 

(Wetzel and Berberich, 2001). However, inhibition of the C-terminal domain prevents 

binding to platinated DNA (PivoŔkov§ et al., 2006). More specifically, active p53 has a 
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strong affinity for 1,2-d(GpG) intrastrand crosslinks but does not bind 1,3-d(GpG) 

crosslinks, ICLs or monoadducts (Kasparkova, Pospisilova and Brabec, 2001). Similar to 

PARP, p53 associates with proteins involved in damage recognitions and improves 

HMGB1 binding to cisplatinated DNA, thereby 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. This leads to subsequent activation of cell cycle checkpoint 

kinases 1 and 2 (CHK1 and CHK2) which halt cell cycle progression at the G1, intra-S 

or G2 phase to allow an opportunity for damage repair before the cell re-enters the cell 

cycle (Zhou and Elledge, 2000). If 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 platinum-based drugs depends not only on their ability to 

prevent transcription 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 9-1-1 complex (consists of RAD9, HUS1 and RAD1 proteins) in 

combination with proximal kinases ATM and ATR has been implicated in the detection 

of DNA damage (Maréchal and Zou, 2013). The 9-1-1 complex is a heterotrimeric 

toroidal clamp which shares structural and mechanistic features with PCNA (Xu et al., 

2009). In response to genotoxic stress induced by replication inhibition, the 9-1-1 

complex is loaded onto the chromatin by RAD17-containing replication factor C (RFC) 

followed by binding of ATR-ATRIP to damaged DNA (Parrilla-Castellar, Arlander and 

Karnitz, 2004). Subsequently, TopB1 is recruited to the damage site where it links the 9-

1-1 complex and ATR-ATRIP to facilitate ATR-mediated phosphorylation and activation 

of CHK1. 

After damage recognition, signals are relayed through a number of transducers to 

downstream effectors that initiate DNA repair or stop progression of the cell cycle (Zhou 

and Elledge, 2000). DNA 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 

must continue until the damage is resolved (Medema and Macšrek, 2012). Therefore, the 

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 rad3-related (ATR) and ataxia telangiectasia mutated protein (ATM) are 

protein kinases with structural similarities to the phosphatidylinositol-3-OH kinases 

(PI3K) family. Respectively, ATR and ATM activate CHK1 and CHK2. ATM is 

activated in response 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 single-stranded 

lesions (Medema and Macšrek, 2012). CHK1 and 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, CHK1 is 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; Sørensen and Syljuåsen, 2012). In contrast, CHK2 

knockout mice studies confirmed the redundancy of CHK2, thus prompting the 

hypothesis that CHK2 is a supportive kinase of the main checkpoint inhibitor, CHK1 

(Zhou and Bartek, 2004). Following phosphorylation by ATR, CHK1 dissociates from 

chromatin and auto-phosphorylates itself to promote the phosphorylation of CDC25A 

(Zhou and Bartek, 2004; Medema and Macšrek, 2012). Dephosphorylation of CDC25A 

activates cyclin-dependent kinases (CDKs). CDKs along with other cyclins regulate the 

transitions between the different cell cycle phases. 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) but it has also been shown that it directly 

activates CHK2in an ATM-independent manner (Damia et al., 2001; Zhao and Piwnica-

Worms, 2001). 

 

1.3.4.3. MAPK (ERKs, JNKS and p38) 

CHK1 has been reported to activate specific pathways of the mitogen-activated protein 

kinase (MAPK) system such as those mediated by major members of the MAPK 

subfamily which include the extracellular signal-regulated kinases (ERK), stress-

activated protein kinases (SAPK, also known as c-Jun N-terminal kinases (JNKs)) and 

p38 kinases. In healthy cells, MAPKs 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 death (Brozovic and Osmak, 2007). 

Cisplatin-mediated activation of MAPK is cell-dependent and may either suppress, 

induce or have no part at all in apoptosis. A previous study reported that all three major 

MAPKs are activated by cisplatin, although ERK activation is the most critical for 

induction of apoptosis by cisplatin (Damia et al., 2001). Inhibition of the ERK pathway 

in cervical cancer  cells has been shown to promote cisplatin resistance (Persons, 

Yazlovitskaya and Pelling, 2000). This is consistent with findings that ERK activation 

subsequent to exposure of tumour cells to cisplatin contributes to p53 phosphorylation at 

the serine15 position (Wang, Martindale and Holbrook, 2000). Majority of the genes 

activated by p53 are associated with cell cycle arrest, DNA repair and apoptosis (Dent 

and Grant, 2001). These include CDK inhibitor p21, pro-apoptotic gene Bax, and growth 

arrest and DNA damage gene (GADD45). The GADD45 protein associates with PCNA 

to enhance NER and protect cells from cisplatin-induced cytotoxicity (Delmastro 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 with the mitochondrial translocation of Bax leading to a cascade of events that 

release apoptotic factors that activate the caspase 9-caspase 3 pathway to complete 

apoptosis (Smith et al., 1994; Delmastro et al., 1996). Disruption of p53 function has been 

shown to sensitize breast cancer cells to cisplatin (Wang, Martindale and Holbrook, 2000; 

Makin et al., 2001). 

Similar to ERK, p38 kinases have been implicated in cisplatin-induced apoptosis and can 

be activated by various stimuli including inflammatory cytokines and environmental 

stress (Losa et al., 2003). Activation and inactivation of p38 respectively sensitizes and 

makes cells resistant to cisplatin (Losa et al., 2003; Basu and Krishnamurthy, 2010b). 

Activated p38 can proceed to phosphorylate MAPK-activated protein kinase 2 

(MAPKAPK 2) which phosphorylates CDC25 to induce a checkpoint response. The p38 

protein has also been implicated in cisplatin-induced phosphorylation of histone H3 

which plays a crucial role in chromatin remodelling and DNA damage response (DDR) 

(Rossetto, Avvakumov and Côté, 2012). 

Sustained activation of JNKs has been implicated in apoptosis, whereas transient 

activation has been implicated in cell proliferation and survival (Berners-Price and 
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Appleton, 2000; Dhanasekaran and Reddy, 2008). Phosphorylation and activation of 

JNKs by mitogen-activated protein kinase kinase (MAPKK) leads to the control of 

apoptosis via the upregulation of pro-apoptotic genes including Fas-L and TNF-alpha 

(Dhanasekaran and Reddy, 2008). The role of JNKs in mediating cisplatin-induced 

apoptosis was indicated in studies where JNK-deficient cells demonstrated resistance to 

cisplatin (Wang and Lippard, 2005; Dhanasekaran and Reddy, 2008). 

The complex role of MAPKs in cisplatin sensitivity and resistance is yet to be fully 

understood. It is possible that both pro-apoptotic and anti-apoptotic effects of this these 

pathways are correct, and the discrepancies may reflect the variances in tumour type and 

extent of DNA damage incurred. Overexpression and mutational activation Ras 

oncogenes which are upstream regulators of ERK and JNK have been implicated in 

cisplatin resistance (Siddik, 2003). Ras bound to guanosine triphosphate (GTP) can 

activate ERK and MAPKK leading to p53 phosphorylation. In its inactive state when 

bound to GDP, it is unable to signal p53 activation (Dempke et al., 2000). 

 

1.3.4.4. p53 

The status of tumour suppressor protein p53 (encoded by the TP53 gene) is a major 

determinant of cellular tolerance to DNA damage, hence its implication in cancer 

prognosis and the development of drug resistance (Baker et al., 1989). Approximately 

50% of cancer cases exhibit mutations in TP53, with 75% of these mutations being 

missense mutations that inhibit apoptosis, frequently resulting in aggressive proliferation 

of cancer cells (Zhang and Lozano, 2017). Under 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 degradation. Thus, 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 protein (Basu and Krishnamurthy, 2010a). The indirect role of p53 in 

regulating gene expression has been previously reported (Zhang and Lozano, 2017). Both 

wildtype and mutant p53 are able to bind cisplatinated DNA (Wetzel and Berberich, 2001; 

PivoŔkov§ et al., 2006). Furthermore, p53 regulates cisplatin-induced cell death via the 

overexpression of phosphatase and tension homolog (PTEN), degradation of FLICE-like 

inhibitory protein (FLIP), and inhibition of AMP-kinase. p53 also directly binds and 
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counteracts the anti-apoptotic function of Bcl-xL  to promote cisplatin-induced apoptosis 

(Basu and Krishnamurthy, 2010a). 

Following nuclear localization, p53 transcriptionally induces target genes which could be 

either pro-apoptotic (such as Bax, PUMA, Noxa and PIDD) or anti-apoptotic genes (such 

as FEN1, MSH2 and MGMT) that encode downstream DDR proteins (Christmann, Fritz 

and Kaina, 2007; Gutekunst et al., 2011a; Li, Musich and Zou, 2011). As such, p53 plays 

a bifunctional role as an enhancer of DNA repair to maintain genome protect cells, and a 

sensitization role by triggering apoptosis. The choice of which pathway to stimulate may 

be dependent of the cytotoxic agent and dosage. RNAi-mediated silencing of p53 in 

testicular cancer cells was shown to contribute to cisplatin resistance in these cells 

(Gutekunst et al., 2011b). 

 

1.3.5. Oxaliplatin induces ribosomal biogenesis stress 

Although the cellular processing and mechanistic actions of platinum-based drugs are 

similar, recent experimental findings have identified major differences between how 

oxaliplatin and cisplatin trigger cell death (Peter M. Bruno et al., 2017). It was shown that 

oxaliplatin does not induce DDR, rather it eliminates cells via ribosomal biogenesis stress 

thereby explaining differential clinical applications and side-effects associated with the 

two commonly used platinum-based anticancer drugs. Early RNAi -based studies 

indicated that unlike cisplatin and carboplatin  which crosslink DNA, oxaliplatin exhibits 

a mechanistic activity profile that is similar to that of phenanthriplatin, a monofunctional 

agent, which is mechanistically closer to the inhibitors of transcription-translation , 

actinomycin D and rapamycin  (Peter M. Bruno et al., 2017). Further findings from the 

study indicated that oxaliplatin causes fewer DNA DSBs than cisplatin, and that silencing 

genes involved in HR (XRCC2, XRCC3 and BRCA2) and ICL repair (FACNC, FANCD2 

and FANCG) in avian DT40 cells had undetectable impact on oxaliplatin sensitivity 

relative to cisplatin (Peter M. Bruno et al., 2017). To 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 II 

transcript levels remained stable. Additionally, knockdown of ribosomal protein L II 

(RPLII), a major component of the ribosome made A549 lung adenocarcinoma cells 

resistant to oxaliplatin. 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 

oxaliplatin-treated and phenanthriplatin-treated but not cisplatin-treated 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 are treated with oxaliplatin)  and ovarian tumours (which respond well 

to cisplatin treatment) (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 distinguishing 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, cells undergo 

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 plethora of 

chemotherapeutic agents is consequential due to the formation of DSBs and subsequent 

collapse of the DNA replication fork (Ricci and Zong, 2006). 

The signalling cascade of events that lead to apoptosis of mammalian cells can be divided 

into two broad groups ï intrinsic and extrinsic. The intrinsic pathway is mediated by the 

mitochondria via the initiation of proteolytic caspase cascade that execute the apoptic 

program (Desagher and Martinou, 2000). Following exposure to apoptotic signals, pro-

apoptotic Bcl-2 family members such as Bax, which reside in the cytosol, are translocated 

to the outer membrane of the mitochondria leading to the release of apoptotic factors such 

as cytochrome c, subsequently activating caspases and inducing apoptosis (Li et al., 1997; 

Zou et al., 1997). Tumour suppressor p53 is essential in the activation of the intrinsic 

pathway has been show to regulate Bax levels (Toshiyuki and Reed, 1995). In response 

to cellular stress, p53 arrests cell cycle to allow time for damage repair by stimulating the 

expression of target genes that inhibit mitosis, such as p21 and p27. If DNA damage is 

unrepairable, p53 initiates cell death by 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 (Ashkenazi and Dixit, 1998). Death receptors belong to the tumour necrosis 

factor (TNF) receptor superfamily, common members include Fas and TNFR1 (Smith, 

Farrah and Goodwin, 1994). Both pathways are implicated in the mechanism via which 

chemotherapeutic agents induce cell death (Lowe and Lin, 2000; Johnstone, Ruefli and 

Lowe, 2002). Time- and concentration-dependent activation of the intrinsic pathway by 

oxaliplatin has been reported in HCT116 colorectal cancer cell line, though activation of 

the extrinsic pathway by oxaliplatin was not observed (Arango 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 cells (Tesniere et al., 2010). Following oxaliplatin treatment, CT26 

cancer cells produce numerous immunogenic signals on their surfaces prior to undergoing 

apoptosis. These signals stimulate T cells to produce interferon ɔ and further interact with 

toll-like receptor 4 (TLR4) on dendritic cells. Loss-of-function mutations in TLR4 has 

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

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

et al., 2010). Cisplatin 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 oxaliplatin-based combinations 

Because the standalone application of oxaliplatin displays low activity in many tumours, 

it is often used in combination with other chemotherapeutic agents, mostly 5-FU. The 

exact synergistic mechanism of this combination  is complex, but studies have indicated 

that oxaliplatin can inhibit or downregulate dihydropyrimidine dehydrogenase, thereby 

decelerating the metabolism of 5-FU (Fischel et al., 2002). The mechanism of action of 

other oxaliplatin-based combinational therapies are less well documented. In vitro 

experiments have reported improved cisplatin cytotoxicity in cells pre-treated with 

rapamycin (mTOR inhibitor and immunosuppressor) following DNA repair suppression 
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by the latter (Beuvink 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 cisplatin -resistant ovarian cancer cells (Liu et al., 2015; X. Z. Li et al., 

2016). Activation of the mTOR pathway has been reported in patients receiving 

oxaliplatin-based chemotherapy (Lu et al., 2017). 

Clearly, there is a strong potential for the use of oxaliplatin-based combinational therapy 

in the treatment of diverse cancers. For instance, the downregulation of NER components 

(responsible for removing platinum-DNA adducts) by cetuximab has been previously 

reported (Prewett et al., 2007). Research has confirmed little to no effect of oxaliplatin 

treatment on cytochrome P450, one of the main enzymes responsible for drug 

biotransformation (Masek et al., 2009). Thus, indicating that oxaliplatin can be safely co-

administered with other commonly used drugs. 

 

1.3.9. Oxaliplatin application in treating other cancers 

Considering its success in the treatment of colorectal cancer, oxaliplatin has been 

considered as a treatment option for other types of cancer, especially digestive cancers 

(Cunningham et al., 2008). The less toxic profile of oxaliplatin classifies it as a more 

beneficial substitute cisplatin. Oxaliplatin in combination with gemcitabine or 5-FU 

showed promising results in the treatment of metastatic pancreatic cancer following 

failure of gemcitabine alone (Oettle et al., 2005). In this present research, we showed that 

pre-treatment of osteosarcoma cells with siRNA specific to NEIL3 (a component of BER) 

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 platinum-based drugs in chemotherapy is the development 

of dose-limiti ng toxicity that can lead to the discontinuation of treatment. Common 

systemic side effects include gastrointestinal toxicity, ototoxicity, hepatotoxicity, 

neurotoxicity, nephrotoxicity and myelosuppression (Barabas et al., 2008; Hoff et al., 

2012). Toxicity occurs due to the accumulation of drug in non-cancerous sites, typically 
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involving rapidly dividing cells such as hair cells, bone marrow and cells lining the 

gastrointestinal tract (Barabas et al., 2008). However, it is uncertain whether this 

accumulation 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. BTP-114, a cisplatin 

derivate currently in clinical trials has displayed reduced toxicity as well as a 13-fold 

increase in platinum accumulation in ovarian and lung tumour models compared to 

cisplatin (Awuah, Riddell and Lippard, 2017). 

Dose-limiting peripheral neuropathy (neurotoxicity) is associated with both oxaliplatin 

and cisplatin treatments , though evidence suggests different mechanisms of platinum-

induced neuropathies between the two drugs (Adelsberger et al., 2000). Peripheral 

neuropathy occurs in 85% of patients undergoing cisplatin-based chemotherapy at doses 

greater than 300 mg/m2, whereas in the generally less toxic oxaliplatin-based 

chemotherapy, incidence rates are relatively lower and further classified as acute or 

chronic depending on the time it takes for toxic effects to manifest. Peripheral neuropathy 

manifests as paraesthesia and dysaesthesia of the fingers and toes which eventually 

extends towards the wrist and ankles (Dy and Adjei, 2006). The pain is severe and can 

affect functional ability and quality of life. Factors that contribute to peripheral 

neuropathy include age, drug-dose, treatment duration and pre-existing 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 

neuropathy is the ñstop and goò treatment which has shown comparable response rates 

and progression-free survival (PFS) as the continuous oxaliplatin treatment approach. 

Here, treatment is discontinued when peripheral neuropathy manifests, and continued 

after toxicity has worn off. Thus, managing the lasting accumulative effects of oxaliplatin 

(Hoff et al., 2012). Acute oxaliplatin-induced neuropathy has been recently linked to 

impairment of the voltage-gated sodium channels, particularly increased sodium influx 

caused by the prolonged opening of sodium channels (Adelsberger et al., 2000; Park et 

al., 2011). 

Nephrotoxicity is majorly associated with cisplatin treatment and 28 ï 36% of patients 

administered a starting dose of 50 ï 100 mg/m2 develop renal failure, of which majority 

do not recover (Barabas et al., 2008). Like nephrotoxicity, ototoxicity is commonly 
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associated with cisplatin treatment but rarely with oxaliplatin treatment (Raymond et al., 

1998; Ciarimboli, 2012). This difference is accounted for by the differential transport of 

platinum agents by membrane transporters (Yonezawa and Inui, 2011; Ciarimboli, 2012). 

Hydration with saline which induces diuresis has been shown to significantly reduce to 

nephrotoxicity of cisplatin, and co-treatment with thiol has been suggested to reduce 

nephrotoxicity and ototoxicity (Pinzani et al., 1994; Barabas et al., 2008). 

Hepatotoxicity and gastrointestinal (GI) symptoms such as vomiting are associated with 

both cisplatin and oxaliplatin (McWhirter et al., 2013). However, these are not considered 

dose-limiting because GI discomfort is efficiently treated with 5HT3 antagonists, and 

hepatotoxicity is only of secondary concern (Cubeddu et al., 1990). 

 

1.3.10.2. Multifactorial cellular resistance 

A major challenge facing the clinical use of platinum 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 mechanisms 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 induction of DNA adduct repair components (Kartalou and Essigmann, 

2001). This simultaneous operation of several drug-limiting mechanisms is referred to as 

multifactorial resistance (Siddik, 2003). 

Decreased intracellular accumulation of cisplatin has been associated with several 

cisplatin-resistant cell line, though resistance is often caused by more than one operative 

mechanism at a time (Kelland, 1993). There are still controversies regarding the transport 

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 two (Kelland, 1993; Siddik, 2003). However, there has been more 

consistent data implicating thiols in drug resistance. Specifically, increased 

concentrations of glutathione has been reported in cisplatin-resistant cell lines including 

those that were initially sensitive to cisplatin such as the testicular tumour cell line 

(Masters et al., 1996). Likewise, elevated levels of cysteine-containing metallothioneins 
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have been reported in cisplatin-resistant study models (Kasahara et al., 1991; Kartalou 

and Essigmann, 2001). 

The ability of cells to tolerate or repair DNA damage is another major factor contributing 

to platinum-drug resistance. Mutation or downregulation of MMR genes MLH1 and 

MSH6 have been shown to increase replicative bypass past cisplatin lesions by 3- to 6-

fold, however, the effect of such defects on oxaliplatin lesions is very minimal (Kartalou 

and Essigmann, 2001). Thus, indicating that MMR-deficient cells are more resistant to 

cisplatin than oxaliplatin. Furthermore, cisplatin-resistant MMR-deficient cells often 

exhibit abrogated p53 function, 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 patients with acquired resistance to cisplatin (Siddik, 2003). This is 

consistent with studies reporting an association between increased sensitivity to cisplatin 

and low levels of these proteins in testicular tumour samples (Siddik, 2003). 

 

1.3.10.3. Cancer stem cell enrichment 

There is speculation that cancer stem cells (CSCs) which account for approximately 1 % 

of tumour population are responsible for the development of platinum drug resistance and 

cancer recurrence after chemotherapy (Visvader and Lindeman, 2008; Ciarimboli et al., 

2010; Vassilopoulos et al., 2014; Wiechert et al., 2016a). It 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 growth though this pathway can be inhibited by co-

treatment with rapamycin (Vassilopoulos et al., 2014). Much work is still required to 

develop the tools required for investigating the properties of CSCs before new anticancer 

agents can be discovered to specifically target this distinct population of cancer cells 

without implicating normal stem cells (Wiechert et al., 2016b). 

 

1.3.10.4. Mutagenicity 

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

platinum-based chemotherapy.  Early studies 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 investigated in subsequent studies, and it was discovered that the major 

cytotoxic 1,2-d(GpG) intrastrand crosslinks were less mutagenic than the 1,2-d(ApG) 

crosslinks, though there was no evidence of mutations by the 1,3-d(GpTpG) crosslinks 

(Bradley et al., 1993; Yarema, Lippard and Essigmann, 1995; Sanderson, Ferguson and 

Denny, 1996). Predominant mutations caused by cisplatin-induced 1,2-d(GpG) and 1,2-

d(ApG) are G Ÿ T and A Ÿ T transversions, respectively, targeted to the 5ô modified 

base (Bradley et al., 1993; Yarema, 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 DNA 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 replication 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 

resulting in the formation of DNA double-strand breaks that can lead to DNA 

rearrangement or cell death (Roos and Kaina, 2013). The repair of platinum lesions is a 

complex process that exhibits a crosstalk between multiple DNA repair pathways. 

 

1.4.1. Nucleotide excision repair 

The nucleotide excision repair (NER) is a programmed repair mechanism for processing 

single-stranded DNA (ssDNA) damage caused by radiation, chemicals and other 

mutagens (Gillet and Schärer, 2006). It is particularly involved in the repair of DNA 

damages resulting from exposure to UV radiation which causes bulky DNA adducts to 

form, mostly thymine dimers and 6, 4 ï photoproducts. NER is also the primary 

mechanism for removing the 1,2- intrastrand crosslinks produced by cisplatin (Jung and 

Lippard, 2007a). Findings from in vitro experiments have also indicated that oxaliplatin-

induced intrastrand crosslinks are repaired in a similar fashion (Reardon et al., 1999) 

further suggesting that the carrier ligand has no influence on the crosslink repair 

mechanism.  

NER is a complex process involving an array of proteins including DNA-excision repair 

cross complementing protein (ERCC1) (Sancar et al., 2004). There are two pathways 

through which NER can occur, they are the transcription coupled NER (TC-NER ï repairs 

damage in actively transcribing genes and is triggered when RNA polymerase II is 

blocked by a DNA lesion) and global genomic NER (GG-NER ï 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 ATP-independent recognition process which is believed to 
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occur via an indirect sensing of abnormal conformations in the DNA backbone. For the 

TC-NER, this occurs when a heterodimer is formed by CSA, CSB and USP7-UVSSA in 

a random order at the site of damage (Figure 1.2 B). Whereas for GG-NER, this occurs 

via the recruitments of the XPC-RAD23-CETN2 complex which recognizes helix 

distortions, and DNA damage binding protein (DDB) which recognizes UV induced 

damages (Figure 1.2 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 II H) which unwind the double helix 

strand, followed by cleavage of the damaged strand on both sides of the DNA lesion by 

endonucleases ERCC1-XPF at the 5ô end, and XPG at the 3ô end. They do this by cutting 

the phosphodiester bonds few nucleotides away from the lesion. This leaves a 25 ï 30 

nucleotide long gap in the strand, which is correctly synthesised by DNA polymerase ŭ 

or Ů using the intact strand as template and ligated by DNA ligase or flap endonuclease 

or Ligase-III -XRCC1 complex (Menck and Munford, 2014). 

The repair of ICLs in human cells is a cell cycle dependent process, thus the repair genes 

involved, and the repair outcomes will vary in proliferating and non-proliferating cells. 

The primary mechanism for repairing ICLs is the Fanconi anaemia (FA) pathway, 

however, ICLs that occur outside the S-phase are recognized and repaired by the TC-NER 

pathway and TLS (Enoiu, Jiricny and Schärer, 2012; Clauson, Schärer and Niedernhofer, 

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

ERCC1 endonuclease complex, which generates a dinucleotide adduct on the intact DNA 

strand (Enzlin and Schärer, 2002; Niedernhofer et al., 2004). Error-prone polymerase ɖ 

(Pol ɖ) of the translesion synthesis pathway has been implicated in ICL repair via its 

ability to fill the gapped intermediate produced by XPF-ERCC1 (Muniandy et al., 2010). 

The NER pathway has been implicated in tumour resistance to cisplatin with ERCC1 

particularly contributing to the excision of platinum-DNA adducts formed by the drug 

(Galluzzi et al., 2012a). Low levels of ERCC1-XPF heterodimer in testis cells correlated 

with low ICL repair, and the levels of this heterodimer appear to limit the repair of 

cisplatin-induced lesions (Usanova et al., 2010). Xeroderma pigmentosum cells deficient 

in one or more NER components have been reported to be five- to ten-fold 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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Figure 1.2. Schematic diagram of the global genomic-NER (A) and transcription 

coupled-NER (B) pathways. 

In the GGðNER pathway, the XPC-RAD23-CETN2 complex recognizes distortions in 

the helix DNA. DDB1 and DDB2 further facilitate damage detection. In the TC-NER 
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pathway, RNA Pol II stalls and RPA and XPA proteins are recruited to the damage site, 

facilitating RNA Pol II to backtrack along the DNA. The TFIIH complex is recruited 

followed by lesion verification by XPD, XPA and XPB. RPA coats the non-damaged 

DNA strand. ERCC1-XPF and XPG incise the damaged DNA on both sides of the 

damage to release the damaged fragment. PCNA then recruits DNA polymerases to fill 

the gap and the nick is sealed by DNA Ligase I or III (Adapted from Marteijn et al., 2014). 

 

1.4.2. Recombination repair 

DNA double-strand 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 DNA lesions 

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 DSB (Huertas, 2010). The repair of DNA DSBs 

(recombination repair) generated by well-known agents of ionizing radiation, free 

radicals and ICL-inducing agents is carried out by either the homologous recombination 

(HR) or the non-homologous end joining (NHEJ) pathways. 

After the formation of a DSB (replication fork collapse), a complex cascade of events is 

initiated to 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 ɔH2AX within seconds of damage recognition. Other 

kinases of the PI3-family (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 

suggested that ɔH2AX serves as an adhesive element that attracts other repair components 

to the damage site (Cleaver, 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 together (Zhang, Zhou and Lim, 2006). The DNA ends are processed so that 

redundant residuals of chemical groups are eliminated leaving behind single strand 3ô-

overhangs. Each piece of single stranded DNA is covered by replication protein A (RPA), 

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

of DNA is resynthesized by a DNA polymerase. Subsequently, RPA is replaced by 

RAD51 which acts in cooperation with BRCA2 to couple a complementary piece of DNA 

which invades the broken 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 the error-free homologous recombination pathway, the NHEJ pathway 

directly ligates DNA break ends without the need for a homologous recombination 

template (Sancar et al., 2004). In some cases, it may delete some bases during the ligation 

step. As such, the NHEJ pathway is considered an error-prone DNA repair mechanism 

(Lieber, 2010). The DSB is recognized by Ku70-Ku80 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 DNA-PKcs allowing it to bridge the 

broken DNA ends. DNA-PKcs further phosphorylates exonuclease protein Artemis 

giving it a new function as an endonuclease to cleave multiple bases at the double-strand 

break site. Due to the lack of DNA-PKcs is yeast cells, the role of this kinase is 

accomplished by the MRE11-Rad50-Xrs (MRX) complex (Chen et al., 2001). To 

complete DNA repair by NHEJ, resynthesis is achieved by DNA polymerases Õ and ɚ 

(Pol 4 in yeast), followed by re-joining of the phosphodiester backbone by the DNA ligase 

IV complex consisting of the catalytic subunit of DNA ligase IV and its cofactor XRCC4 

(Palmbos et al., 2008). Although the precise role of XLF in NHEJ is unknown, it is known 

to interact with the DNA ligase IV complex (Ahnesorg, 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 G0/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 cells (Hartlerode and Scully, 2009).  This 

cell cycle dependent impact on double-strand break repair determines which pathway is 

selected during repair in proliferating and post-replication cells. Nevertheless, in cells 

lacking G1 checkpoint components, DSBs not repaired by NHEJ can progress through S-

phase and be repaired by HR in S/G2 phase (Delacôte and Lopez, 2008). It is worth 

knowing that this increases the likelihood if genetic instability. The colocalization of 

RAD51 following DSB indicates that HR pathway has been initiated, whereas the 

presence of the Ku complex indicates that NHEJ has been initiated. 
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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 ICLs (Furuta 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 the replication-

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

and exhibit hypersensitivity to cisplatin and other ICL-inducing agents (DôAndrea and 

Grompe, 2003; Moldovan and DôAndrea, 2009). The FA pathway is closely regulated 

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 repair (Moldovan and DôAndrea, 2009; Haynes et al., 2015). 

Exposure to endogenous (include nitrous acids formed as a by-product of digestion, 

bifunctional aldehydes formed via lipid peroxidation, and free oxygen radicals formed as 

result of oxidative stress) and exogeneous (include drugs such as cisplatin, oxaliplatin, 

psoralen and mitomycin C) ICL-inducing agents arrest cell cycle during the S-phase and 

initiate a cascade of molecular events that lead to the activation of the FA-BRCA pathway 

(Deans and West, 2011). Damage recognition is believed to be initiated by ATR. The 

activation of the FA pathway begins with the formation of the eight-protein FA core 

complex (comprises FANCA, FANCB, FANCC, FANCE, FANCF, FANCG, FANCL, 

and FANCM) (Figure 1.3; DôAndrea, 2010). The FA core complex mediates 

monoubiquitination  of downstream target  FANCD2 and FANCI proteins, a crucial step 

in the activation of the FA-BRCA pathway (Sobeck et al., 2009). Activated FANCD2-

FANCI complex is translocated to the damage site where it binds other DNA repair 

components including BRCA1, phosphorylated H2AX (ɔH2AX), RAD51 and PCNA. An 

endonuclease complex is then instantly recruited to the ICL site to generate DSBs that 

uncouple the two sister chromatids. XPF-ERCC1 and MUS81-EME1 endonuclease 

complexes have been implicated in the repair of ICLs, and cells deficient in these proteins 

are sensitive to crosslinking agents (Klein Douwel et al., 2014; Nair et al., 2014). It is 

speculated that after the formation of DSBs, the crosslink is unhooked to 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 replication fork (Moldovan and DôAndrea, 2009). 

Stalling of the replication fork is also recognized by the FANCM-FAAP24-MHF 

complex, which binds it and recruits the FA core complex and BTR complex (Bloom 

helicae-TOP3A-RMI1) to the chromatin. The BTR complex is capable of dissolving 

Holliday junctions to produce non-crossover homologous recombination products 

(Shorrocks et al., 2021). The FANCM-FAAP24-MHF complex also binds RPA to single-

strand DNA to activate the ATR-ATRIP signalling pathway. Monoubiquitinated 

FANCD2-FANCI permits incisions of the ICL by structure specific endonucleases such 

as MUS81-EME1 and XPF-ERCC1. MUS81-EME1 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 bases (DNA strands) are involved in the formation 

of an ICL, the lesion still remains attached to both DNA strands after the 3ô incision. XPF-

ERCC1 endonuclease creates a second incision at the 5ô end, producing a stable flap. This 

generates a DSB that is repaired by HR. Both Rad51 and the BRCA complex (BRCA1, 

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 continues past the removed lesion site by a 

translesion polymerase (Hashimoto, Anai and Hanada, 2016).  
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Figure 1.3. Schematic representation of FA mediated ICL repair 

Stalled CMG complex near the replication fork is dissociated by BRCA1-BARD1 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 FANCD2-FANCI 

complex. Strand incisions on both sides of the ICL are induced by MUS81-EME1 and 

XPF-ERCC1 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 

recombination (Peltomäki, 2001). Similar to NER, the MMR pathway comprises lesion 

recognition, excision, strand synthesis and ligation (Figure 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 ATP-regulated process, the complex binds to the mismatched area 

of the DNA where it encounters proliferating cell nuclear antigen (PCNA) and replication 

factor C (RFC). The strand containing the mismatch nucleotide is then cleaved by 

exonuclease EXO1, excised, and the gap filled by high-fidelity DNA polymerases Pol ŭ 

and Pol Ů. Subsequently, the DNA sequence is rejoined by DNA ligase (Martin, Lord and 

Ashworth, 2010). 

The MMR pathway is also capable of recognizing lesions caused by platinum-based drugs 

such as cisplatin but not oxaliplatin (Sawant et al., 2015). The lesion is often post-

replication, characterised by mispairing of 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 the lesion. 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, proteins 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 death (Martin, Lord and Ashworth, 2010). This suggests that 

proficiency in MMR enhance tumour sensitivity to cisplatin and has been shown in a 

previous studies (Fram et al., 1985). 

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

status in cisplatin sensitivity (Fink et al., 1996, 1998; Jiricny, 2006a). Findings from 

recent research indicate that MutSŬ (MSH2-MSH6) and MutSɓ (MSH2-MSH3) 

heterodimers binds strongly to cisplatin-induced 1,2-d(GpG) intrastrand crosslinks but 

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

compound incapable of producing 1,2-crosslinks and shows little to no cytotoxic activity 
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against cancer cells (Duckett et al., 1996; W. Li et al., 2016a). This suggests that 

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

in the cytotoxic action of cisplatin. MutSɓ also binds to cisplatin-induced ICLs (Zhu and 

Lippard, 2009). Subsequent to damage recognition, MutLŬ heterodimer (MSH1-MMS2) 

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 cancer cell line deficient in MLH1 demonstrated a 

two-fold increase in cisplatin resistance when compared with a subline complemented 

with MLH1. In the same study, an MSH2 deficient endometrial cancer cell line (HEC59) 

demonstrated a two-fold increase in resistance 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, tetraplatin and transplatin, and showed no difference in sensitivity 

between DNA mismatch proficient and deficient cell lines (Fink et al., 1996). It is worth 

mentioning that differences in cisplatin sensitivity between cell lines are modest, and 

there are conflicting 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 in non-small cell lung cancer, ovarian 

and breast cancer patients (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 long-term survival of lung cancer patients treated with cisplatin (Kamal et al., 2010). 

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

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

The process begins with the binding of the MSH2-MSH6 heterodimer (MutSŬ) to the 

mismatch in the leading strand. The MLH1-PMS2 heterodimer (MutLŬ), PCNA and 

EXO1 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 RPA-stabilized single strand DNA gap is filled by 

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

Bak et al., 2014). 

 

1.4.5. Base excision repair 

Base excision repair (BER) has evolved to repair small DNA lesions that cause minimal 

distortions to the double 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 uracil-DNA glycosylase (UNG) as 

an enzyme that releases uracil from single-stranded DNA (ssDNA) and double-stranded 

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 hydrogen-bonding properties causing them to 

pair incorrectly; consequently, leading to mutations in the genome. A DNA glycosylase 
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recognizes the damaged base and facilitates removal by flipping it out of the double helix 

DNA structure and cleaving the N-glycosidic bond to leave an abasic (AP) site (Maynard 

et al., 2009; Krokan and Bjørås, 2013). 

More than 11 mammalian DNA glycosylases have been identified, each recognizing 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 single-strand break resulting from the action of bifunctional DNA glycosylases 

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 replaces 2 ï 10 nucleotides. Furthermore, there 

are multiple factors that influence the choice between short and long patch, these include 

the lesion type, cell type and cell cycle stage (Fortini and Dogliotti, 2007). Although the 

short patch BER is generally more dominant, the long patch BER may be the dominant 

mechanism in post-replicative BER during the S-phase where NEIL1 and NEIL3 

expressions peak (Hegde et al., 2008). 

 

1.4.5.1. Short patch BER 

In the short patch pathway, the N-glycosidic bond is cleaved by a DNA glycosylase 

resulting in an AP site that is processed by APE1, which cleaves the phosphodiester 

backbone to create a 5ô deoxyribose phosphate (5ô-dRP) moiety and 3ô hydroxyl moiety 

(3ô-OH) (Figure 1.5). Subsequent to detection of the 5ô deoxyribose phosphate, Pol ɓ (or 

less frequently Pol  ɚ) removes the sugar backbone via lyase activity and replaces the 

eliminated base (Balakrishnan and Bambara, 2013). The break in the DNA strand is 

rejoined by Ligase-III -XRCC1 complex (Wallace, Murphy and Sweasy, 2012). This 

process is equally efficient in proliferating and non-proliferating cells. 
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Figure 1.5. Short patch BER 

The damaged base is recognized 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 AP-site that is cleaved by APE1 to generate 

a 5ô-dRP that is removed by Pol ɓ. The gap is then filled and sealed by Pol ɓ and Ligase-

III -XRCC1 complex (Adapted from Wallace 2012). 

   

1.4.5.2. Long patch BER 

DNA lesions such as oxidized and reduced AP sites are resistant to the activity of Pol ɓ 

lyase, therefore they are processed by long patch BER. Here, Pol ŭ/Ů synthesizes 

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 synthesis (Figure 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 I 

(Kim and M. Wilson III, 2011a; Wallace, 2014). This 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 AP-site. The AP-site is then incised by APE1on the 5ô side. DNA Pol 

ŭ/Ů synthesizes a new strand and fills the gap resulting in a flap of DNA. FEN1 and PCNA 

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 generated 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 death (Lockhart et al., 

1982; Zhou and Doetsch, 1993). Given that DNA and RNA polymerases inhibition can 

initiate DNA repair pathways such as translesion bypass and template-independent base 

insertion, which results in genomic mutation due to the insertion of incorrect bases. AP 

sites are thus considered to be highly mutagenic. In contrast, single-strand DNA breaks 
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in close proximity to AP sites halted the progression of RNA and DNA polymerases 

(Zhou and Doetsch, 1993). Considering 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 endonuclease activity and redox function in activating transcription 

factors) was shown to be lethal in murine models (Friedberg and Meira, 2006). Pol ɓ 

deficiency resulted in hypersensitivity to alkylating agents and increased embryonic 

mortality in mice (Gu et al., 1994; Sobol and Wilson, 2001). Furthermore, mutations in 

Pol ɓ have been implicated in 30% of solid cancer including colorectal cancer (Wang et 

al., 1992; Lang et al., 2007).  

Given that BER intermediates are themselves considered a type of DNA damage, it is 

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 intermediates (Maynard et al., 2009; Krokan and Bjørås, 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 prognosis (Fu, Calvo and Samson, 2012). 
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1.5. Oxidative DNA damage and 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 and metabolism (Lambert and 

Brand, 2009; Pizzino et al., 2017). These 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, cells possess numerous DNA repair 

mechanisms that detect are repair these lesions to maintain genomic integrity (Takao et 

al., 2009). DNA contains the genetic information of all living organisms; therefore, its 

stability is crucial for the maintenance of life. When 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 damage is too extensive, the apoptotic pathway can be 

activated to eliminate the affected cells (Schärer, 2003). DNA lesions that activate the 

apoptotic pathway have been identified over the past two decades. These include base 

modifications such as alkylation and 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 DNA-dependent 

protein kinase (DNA-PK). Pathways involving these proteins operate in cohesion with 

checkpoint kinases to arrest cell cycle by reducing cyclin-dependent kinase (CDK) 

activity through diverse mechanisms, some of which are mediated by the activation 

(phosphorylation) of tumour suppressor protein, p53 (Jackson and Bartek, 2009). 

Generally, the type of response will depend on various factors including the stage of cell 

cycle, type of damage, and intensity of the damage (Liang et al., 2009). The downstream 

targets of DDR either help cells survive or commit them to cell death by apoptosis 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. Oxidative damage 

Oxidative damage to cellular components underlies the development of several diseases 

(including cancer, Alzheimerôs disease, diabetes and Parkinsonôs disease) and aging 
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(Lambert and Brand, 2009). The major causative agent for this type of damage are 

reactive oxygen species (ROS) such as superoxide and hydroxyl radicals (Pizzino et al., 

2017). Under normal conditions, ROS can be cell signalling molecules involved in 

apoptosis and oxidization of cell components as part of the bodyôs defence mechanism 

against foreign bodies (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 bases, abasic sites, and DNA strand breaks (Devasagayam et al., 2004). ROS 

have a short half-life 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 Bjørås, 2013). They can also be generated endogeneously as by-products of 

the cellular metabolism (reduction) of molecular oxygen to water and by pro-

inflammatory cytokines of the immune system such as tumour necrosis factor-Ŭ, 

interleukin-1ɓ and interferon-ɔ (Devasagayam et al., 2004; Yang et al., 2007). The main 

source of ROS within 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 ï IV and glycerol-3-phosphate dehydrogenase (Miwa et al., 2003).The primary ROS 

produced in the mitochondria is superoxide (O2
-) which serves as a precursor to most 

other reactive species (Chen, Azad and Gibson, 2009). Superoxide is dismutated by the 

action of superoxide dismutase to produce hydrogen peroxide (H2O2), which is normally 

removed by glutathione peroxidase, completely reduced to water by catalase, or partially 

reduced to hydroxyl radicals (ĘOH) (Lambert and Brand, 2009). Hydroxyl radicals are 

one of the strongest oxidants in nature and significantly contribute to DNA damage 

(Turrens, 2003). They can also be produced through UV-induced photolysis of H2O2 and 

oxidization of ferric ion by H2O2 (Lambert and Brand, 2009). 

Oxidative damage accounts for the production of around 10,000 DNA lesions daily and 

it has been implicated in various types of molecular modifications including cell 

signalling, protein kinase activity, gene expression and cell growth (Klaunig et al., 1998). 

The most abundant oxidative lesion observed in DNA is 8-oxoguanine (8-OxoG) 

generated from the oxidation of guanine, which has a lower reduction potential than other 

DNA bases making it more susceptible to oxidation by ROS (Cooke et al., 2003). A 
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further oxidation of 8-OxoG produces spiroiminodihydantoin (Gh) and 

guanidinohydantoin (Gh) DNA lesions. Under normal conditions, about 1 in 40,000 

guanines exist as 8-OxoG (Burrows and Muller, 1998). Elevated levels of 8-oxoG have 

been associated with carcinogenesis, ageing and neurodegenerative disorders (Cooke et 

al., 2003). The presence of 8-OxoG causes a GC to TA transversion mutation (Krokan 

and Bjørås, 2013). 

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

highly unstable cytosine-glycol, which is dehydrated, deaminated or both to respectively 

produce 5-hydroxycytosine, uracil glycol, or 5-hydroxyuracil (5-OHU ) (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 base-pairs with adenine, 

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

most common mutagenic lesion caused by 5-OHU is CG Ÿ TA transition as a result of 

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 structure (Aller et al., 

2007). This causes the C5 methyl group of thymine to protrude in an axial  direction 

thereby severely blocking replicative DNA polymerases (Pouget et al., 2000; Aller et al., 

2007; Yoon et al., 2010). Alternatively, TLS DNA polymerases are able to synthesis past 

Tg in an error-free manner by inserting adenine opposite Tg with the same catalytic 

efficiency as for undamaged thymine (Yoon et al., 2010). 

Thus, cells have evolved DNA repair mechanisms for resolving potential mutagenic DNA 

damage. BER, which 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 recognize 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 altered base (Kim and M. Wilson III, 

2011b; Krokan and Bjørås, 2013).  

Based on their mechanism of action, DNA glycosylases can be categorized as 

monofunctional, bifunctional with ɓ-lyase activity, or bifunctional with ɓ/ŭ lyase activity. 

Depending on the type of DNA glycosylase, the chemical intermediates and complexes 

required to complete BER may be different  (Jacobs and Schär, 2012). After cleavage of 

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

(UNG)), APE1 cleaves phosphodiester bond 5ô of the AP site to generate 3ô-hydroxyl (3ô-

OH) and 5ô-deoxyribose phosphate (5ô-dRP) ends. Then Pol ɓ via its phosphodiesterase 

activity eliminates 5ô-dRP to generate the 5ô-phosphate (5ô-P) end needed for ligation 

followed by insertion of the correct base via its polymerase activity (Robertson et al., 

2009; Svilar et al., 2011). Bifunctional DNA glycosylases with ɓ-lyase activity (OGG1 

and NTH1), cleave phosphodiester bonds via ɓ-elimination to produce an unsaturated 

hydroxyaldehyde linked to the 3ô -deoxyribose phosphate (3ô-dRP) end and a 5ô-

phosphate (5ô-P) end. The 3ô-dRP end is processed by APE1 to produce a 3ô-hydroxyl 

(3ô-OH) end ready for the polymerase step (Krokan and Bjørås, 2013). Bifunctional 

glycosylases with ɓ/ŭ lyase activity (NEIL1, NEIL2 and NEIL3) cleave the 

phosphodiester bonds on both sides of the AP site to release the unsaturated deoxyribose 

as trans-4-hydroxy-2-4-pentadienal, thus leaving a single nucleotide gap flanked by 3ô-

phosphate (3ô-P) and 5ô-phosphate (5ô-P) ends. The 3ô-P end can be eliminated 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 weak 3ô-phophatase activity that may process 3ô-P (Beard, Prasad and Wilson, 

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 VIII-like 1) is a bifunctional  DNA glycosylase with ɓ-ŭ 

elimination activity for  removing lesions from single-stranded, double-stranded and 

bubble structure  DNA, such as at the replication fork before they are encountered by 

DNA polymerases (Dou et al., 2008; Hegde et al., 2008). It has a broad substrate 

specificity effectively recognizing and removing oxidized purines (such as 8-oxoG) and 

pyrimidines (such as 5-OHU, 5-OHC and Tg) from DNA. Nevertheless, the preferred 

substrates for NEIL1 appear to be further oxidation products of 8-oxoG such as 

hydantoins, Gh and Sp (Bandaru et al., 2002; Hazra, Kow, et al., 2002). Given the cell 

cycle-dependent expression pattern of NEIL1 with upregulation in the S-phase, its 

localization at forked DNA structures, and its interactions with replicative proteins PCNA 

and FEN1, it has been proposed that NEIL1 functions in replication-associated DNA 

repair (Neurauter, Luna and Bjørås, 2012a). 

NEIL1 was the first mammalian DNA glycosylase reported to excise psoralen-induced 

monoadducts and ICLs (Couvé et al., 2009; Couvé-Privat et al., 2007). Additionally, 

HeLa cells deficient of NEIL1 and APE1 demonstrated hypersensitivity to ICL-inducing 

agents 8-MOP and UVA (Couvé et al., 2009; Couvé-Privat et al., 2007). Subsequent 

studies reported that cells deficient in FANCA and FANCC became resistant to ICL-

inducing agents mitomycin c (MMC) and 8-MOP following transient overexpression of 

NEIL1 (Macé-Aimé et al., 2010). It was further revealed that the cellular level of NEIL1 

protein tightly depends on the presence of an intact FA pathway, indicating that the 

hypersensitivity of FA cells to ICL agents may in part be due to deregulation of NEIL1 

or the BER pathway. Post-translational studies have identified Mcl-1 ubiquitin ligase E3 

(MULE, known to interact with p53) and tripartif motif 26 (TRIM26) as novel regulators 

of steady-state cellular levels of NEIL1 via their ability to polyubiquitinate NEIL1 

tagging it for proteasomal degradation (Edmonds 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 CRC (Sampath, 

McCullough and Stephen Lloyd, 2012). Epigenetic silencing of NEIL1 through promoter 

methylation has been reported to repress NEIL1 mRNA and NEIL1 protein 

(Chaisaingmongkol et al., 2012; Farkas et al., 2014). While the epigenetic repression of 

other DNA repair genes such as MLH1 and MGMT are often evaluated in diverse cancer 
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types, NEIL1 deficiency is often not considered (Srivenugopal et al., 1996; Soejima, Zhao 

and Mukai, 2005; Cooper et al., 2008). This could be an important subject for future 

research. 

 

1.5.2.2. NEIL2  

NEIL2 (endonuclease VIII-like 2) DNA glycosylase  plays a role in transcription-

dependent and global genome repair to excise oxidative products of cytosine, particularly 

with strong activity against 5-OHU in single-stranded, double-stranded or bubble 

structured DNA (Hazra, Kow, et al., 2002; Banerjee et al., 2011). It is a bifunctional DNA 

glycosylase with ɓ-ŭ AP-lyase activity, weak activity against 5-OHC and Tg DNA lesions 

have been reported (Hazra, Kow, et al., 2002). NEIL2 is constitutively expressed and can 

be found in both the nucleus and mitochondria (Prakash, Doublié and Wallace, 2012). 

Studies have associated NEIL2 depletion with accumulation of oxidative genomic 

damage though no overt phenotypic change was observed (Chakraborty et al., 2015). 

 

1.5.2.3. NTH1 

NTH1 (Nth-like 1) DNA glycosylase is a mammalian homolog of the bacterial NTH 

protein with a constitutive expression pattern throughout the cell cycle (Ikeda et al., 

1998). It is found in both nucleus and mitochondria (Souza-Pinto et al., 2008). NTH1 is 

a bifunctional DNA glycosylase with associated ɓ-elimination AP-lyase activity on 

oxidized pyrimidines such as Tg, 5-OHC, 5-OHU and 5,6-dihydrouracil in duplex DNA 

(Ikeda et al., 1998; Prakash, Doublié and Wallace, 2012). It has been reported to exhibit 

overlapping substrate specificity with NEIL1, NEIL2 and NEIL3 (Krokan and Bjørås, 

2013; Krokeide et al., 2013). An increased binding of NTH1 to Y-box 1 (YB-1) (a 

frequent associate of several DNA repair proteins with upregulation in cisplatin-resistant 

cells) has been reported in cisplatin treated adenocarcinoma MCF7 cell line (Guay et al., 

2008a). This association may be advantageous for the acquisition of cisplatin resistance. 

The siRNA knockdown of NTH1 resulted in increased sensitivity to cisplatin in YB-1 

overexpressing cells (Guay et al., 2008a). 
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1.5.2.4. OGG1 

OGG1 (8-oxoguanine) DNA glycosylase removes oxidized purines particularly 8-

oxoguanine, from duplex DNA (Arai et al., 1997; Ikeda et al., 1998; Zharkov et al., 2000). 

It is bifunctional with associated ɓ-elimination AP-lyase activity (Prakash, Doublié and 

Wallace, 2012; Wallace, 2014). Approximately 32% of humans possess a 326-positional 

substitution of serine by cysteine in the amino acid sequence of OGG1, thus predisposing 

them to lung, digestive , head and neck, and prostate cancer (Wallace, Murphy and 

Sweasy, 2012). Downregulation of OGG1 has been implicated in cellular resistance to 

thalidomide, a drug used in the treatment of inflammatory and immune-mediated diseases 

and cancers (Ambudkar et al., 1999; Guay et al., 2008b). 
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1.6. NEIL3  

NEIL3 (endonuclease VIII-like 3) is the largest member of the Fpg-Nei-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 sequence. The NEIL3 gene located 

on the plus strand DNA at the genomic location 4q34.4 (Liu, Doublié and Wallace, 2013). 

NEIL3 expression is tissue-specific with expression in keratinocytes and embryonic 

fibroblasts; detectable levels of the protein have also been reported in thymus, testis and 

foetal lung primary fibroblasts (Morland et al., 2002; Skarpengland et al., 2016). This 

data indicates that the expression of NEIL3 is highly specific to rapidly proliferating cells. 

Overexpression of NEIL3 has also been reported in several types of cancer cells 

(Hildrestrand et al., 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 helix-two-turn-helix (HT2H) domain, a Ran-BP zinc finger and two GRF zinc 

fingers in the C-terminus (Figure 1.7)(Liu et al., 2012). NEIL3 differs from other NEIL 

proteins (NEIL1 and NEIL2) in two ways, the replacement of proline by valine at position 

2 at the Fpg/Nei catalytic domain of the N-terminus, and the presence of extended C-

terminal domains containing multiple zinc fingers with largely unknown functions (Liu, 

Doublié and Wallace, 2013). These additional features make NEIL3 structurally and 

biochemically unique. However, scientists initially encountered difficulty in evaluating 

the functions and substrate specificity of NEIL3, mainly due to its large size which 

presents a hurdle in expressing the full-length active protein (Krokeide et al., 2009; Liu 

et al., 2012). 

 

 

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 52 ï 110, the helix-two-turn-helix domain at 157 ï 227, 

the zinc-finger Ran binding protein at 317 ï 345, GRF zinc finger at 506 ï 549, and 

another GRF zinc finger at 552 ï 595. 

 

NEIL3 was initially thought to be inactive as a DNA glycosylase; however, more recent 

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). A truncated version of human NEIL3 (N-terminal 

glycosylase domain) was shown to exhibit similar DNA glycosylase and AP-lyase 

activity to the full-length mouse NEIL3 on both single-stranded and double-stranded 

substrates containing spiroiminodihydantoin (Sp), thymine glycol (Tg) or an abasic site 

(Liu, Doublié and Wallace, 2013). More specifically, NEIL3 has been reported to release 

the oxidized base products: 8-oxo-7,8-dihydroguanine (8-OxoG), guanidinohydantoin 

(Gh) and Sp from ssDNA (Liu et al., 2010; Krokeide et al., 2013; Albelazi et al., 2019). 

More recently, NEIL3 has been shown to incise oligonucleotides containing 5-

hydroxyuracil (5-OHU) or Tg with a marked preference for ssDNA (Albelazi et al., 

2019). 

Although, there has been no report of the excision activity of NEIL3 on 8-oxoG, one of 

the most common oxidative DNA lesions, it does play a role in removing hydantoin 

products of this type of lesion (Wilson and Bohr, 2007; Klattenhoff et al., 2017). 

Thus, although NEIL3 is potentially active on both single- and double-stranded DNA, 

several reports indicate that it has a higher affinity towards single-stranded DNA or 

partially single-stranded DNA structures such as replication forks and bubbles (Takao et 

al., 2009; Albelazi et al., 2019). Insect cell lysates overexpressing NEIL3 were able to 

excise 2,6-diamino-4-oxo-5-formamidopyrimidine  (FapyG), and a weak lyase activity 

on AP sites via ɓ-elimination activity was  observed on single-stranded substrates 

(Morland et al., 2002; Takao et al., 2009). Additionally, a study on the truncated N-

terminal DNA glycosylase domain and full-length NEIL3 indicated a strong affinity 

towards oxidized purines and pyrimidines in ssDNA (J. Zhou et al., 2013; Liu, Doublié 

and Wallace, 2013). The 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 strand (Liu 

et al., 2013). Additionally, the possession of an electrostatic environment that is not 

complementary to the phosphate backbone of undamaged DNA strand in duplex DNA 

contributes to the preference of NEIL3 for ssDNA substrates (Liu, 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 and can further 

introduce a DNA strand break via its associated lyase activity (Liu et al., 2013). Several 

DNA glycosylases are involved in post-replication DNA repair, and as such are localized 

to DNA structures such as replication forks (Jacobs and Schär, 2012; Neurauter, Luna 

and Bjørås, 2012b). Under normal conditions, NEIL3 levels are upregulated during the S 

phase of cell cycle up until G2 phase before being repressed at G0 phase (Neurauter, Luna 

and Bjørås, 2012b). This expression pattern supports the evidence of a cell cycle-

dependent expression pattern for NEIL3 and its role in maintaining replication fork 

stability during replication stress (Hazra and Mitra, 2006; Klattenhoff et al., 2017). 

Interestingly, NEIL3 is the only DNA glycosylase that has been associated with 

replisomes (DNA replication site), suggesting its activity close to the replication fork 

(Bjørås et al., 2017). This observation is further supported by findings from a study where 

NEIL3 deficient cells accumulated spontaneous DNA double-strand breaks associated 

with replication fork collapse, suggesting a non-catalytic role of NEIL3 in maintaining 

genome integrity during replication (Klattenhoff et al., 2017). 

Telomeres, which stabilize and protect the ends of eukaryotic chromosomes are rich is 

guanine bases, thus very susceptible to oxidative damage causing them to shorten faster 

than usual (Meeker et al., 2002). Telomeres contain a specific protein complex, shelterin 

(comprising TRF1, TRF2, POT1, TPP1, TIN2 and Rap1), that acts as a shield to protect  

chromosome ends from DNA damage response and regulate telomere maintenance by 

telomerase (Palm and De Lange, 2008). Telomeres also protect the genome from 

nucleolytic degradation, interchromosomal fusion, unnecessary recombination and 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 trigger apoptosis. Telomere 

defects have been strongly linked to ageing and cancers characterised by chromosomal 

such as colorectal, breast and prostate cancers (Rudolph et al., 2001; Meeker et al., 2002). 
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Recent studies in highly proliferating cells reported a critical role for NEIL3 in 

maintaining genome integrity by removing oxidized bases from telomere G-quadruplexes 

during the S-G2 phases of cell cycle (Zhou et al., 2017). The G-quadruplex is the site 

most prone to oxidation in DNA, and some commonly reported products of oxidative 

damage at this G-G rich region are 8-oxoG, Sp, Gh and Tg lesions (J. Zhou et al., 2013). 

When the activity of DNA glycosylases on G-quadruplexes were investigated, 

recombinant murine NEIL3 demonstrated excision activity on Tg, Sp and Gh whereas 

NEIL1 exhibited a preference for Sp and Gh lesions. Thus highlighting a shared critical 

role of the two DNA glycosylases in telomere maintenance and transcription (J. Zhou et 

al., 2013; Zhou et al., 2015). No other DNA glycosylases, including OGG1 which 

normally processes 8-oxoG lesions, were able to remove oxidized lesions from telomeric 

regions (Zhou et al., 2015). Downregulation of NEIL3 resulted in telomerase dysfunction, 

anaphase bridging and ultimately cell death, suggesting a mechanistic pathway that 

involves the recruitment of NEIL3 to the telomeres via C-terminus interaction with the 

TRFH domain of TRF1 (Zhou et al., 2017). By interacting with TRF1, NEIL3 is able to 

prevent DNA DSBs and telomere fusion (J. Zhou et al., 2013; Zhou et al., 2015). NEIL3 

also co-localizes with TRF2 to associate with telomeres during the S-phase, an interaction 

that increases in response to oxidative stress (Zhou et al., 2017). 

The substrate specificity pattern of NEIL3 for single-stranded and quadruplex DNA 

lesions in comparison to double-stranded lesions has been suggested as a potential 

function of the extended C-terminal domain of NEIL3 (Liu et al., 2010). NEIL3 

recognizes oxidative damage in telomeres and initiates BER by interacting with APE1 

and long-patch BER proteins, PCNA and FEN1. Furthermore, the observed lack of 

protein-protein interactions between NEIL3 and Pol ɓ indicated a preference for long-

patch BER over short-patch BER as the oxidative lesion repair mechanism in telomeric 

regions. Further analysis of protein-protein interactions revealed that both full-length and 

truncated NEIL3 (consisting of Fpg/Nei and H2TH N-terminal domains) interacted with 

APE1 (Zhou et al., 2017). Interestingly, a significantly stronger interaction was observed 

between full-length NEIL3 and APE1 over truncated NEIL3 and APE1, thus indicating 

that the C-terminal domain of NEIL3 played a crucial role in protein-protein 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 immunity (Massaad 

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

of NEIL3, D132V missense mutation, causes the aspartic acid residue (D) at position 132 

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., 2016b). NEIL3 D132V is unable to 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 telomere loss (Zhou et al., 

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 embryo (Hildrestrand 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 levels (Hildrestrand et al., 2009). In contrast, a study using NEIL3 knockout 

adult mice 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 

age-related neurodegeneration and cognitive decline (Regnell et al., 2012). Additionally, 

a role for NEIL3 in the recovery of neurogenesis following hypoxia-ischemia has been 

reported in mouse models (Sejersted et al., 2011). 

Enhanced generation of ROS and increased oxidative DNA damage are contributing 

factors to the development of 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 infarction (MI), only a NEIL3 SNP was associated with 

increased risk of myocardial infarction (Skarpengland et al., 2015). 

In an RNAi knockdown study, human cells displayed reduced HIV infection when NEIL3 

was silenced (Zhou et al., 2008). This suggested its involvement 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 anxiety (Torisu et 

al., 2005a; Regnell et al., 2012). 

 

1.6.1.4. NEIL3 in cancer 

NEIL3 is 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 cells (Neurauter, Luna and Bjørås, 2012b; Klattenhoff 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 elusive (Hildrestrand et al., 2009; Shinmura et al., 2016). 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 malignancy (Kauffmann et al., 2008). 

A recent evaluation of cancer patients data revealed that patients with tumours expressing 

higher levels of NEIL3 had significantly lower overall survival rate compared to those 

with tumours expressing lower NEIL3 levels (Tran et al., 2020). However, in contrast, 

overexpression of NEIL3 in colorectal and stomach cancer 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 carcinogenesis (KRAS, TP53 and EGFR) were also observed simultaneously 

and a positive correlation was established between NEIL3 overexpression and 

homologous recombination genes (BRCA1 and BRCA2) and MMR genes (MSH2 and 

MSH6) but not NER genes (XPA, XPC, ERCC1 and ERCC2) (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 mechanism), 

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 inducer of mutation 

in cancers (Shinmura et al., 2016). It 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 platinum-based 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 cisplatin (Semlow et al., 2016; Martin et al., 2017; Wu et al., 2019). The 

initiation of the FA pathway after the convergence of two replication forks at an ICL site 

triggers the unloading of the CMG replicative helicase (comprised of CDC45, MCM2-7 

and GINS) via the polyubiquitination of the MCM2-7 subunit (Zhang et al., 2015; 

Fullbright et al., 2016). This enables the replication fork to be reversed and the ICL to be 

unhooked through DNA strand incisions that convert the ICL into a DSB (Klein Douwel 

et al., 2017; Amunugama et al., 2018). XPF-ERCC1 mediated DNA incision to unhook 

the ICL is stimulated by the activation of the  FANCD2-FANCI 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 two N-glycosylic bonds 

involved in the ICL and creates an abasic site that is repaired by TLS polymerases (Wu 

et al., 2019). Given that mutations in the FANC genes exhibit stronger mutagenic 

potentials than mutations in the NEIL3 gene, it has been assumed that the NEIL3 ICL 

repair pathway may not be the first choice in resolving this type of lesion (Parmar, 

DôAndrea and Niedernhofer, 2009; Sejersted et al., 2011; Massaad et al., 2016a) 

The majority of DNA glycosylases cleave N-glycosidic bonds only after the damaged 

base has been rotated approximately 180 ę into the catalytic pocket of the enzyme. This 

process is referred to as eversion (Brooks et al., 2013). However, considering that bases 

of an ICL cannot be readily everted, this raises the question of how NEIL3 unhooks an 

ICL? Structurally, the glycosylase domain 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 action (Liu, Doublié and Wallace, 

2013). First is a lack of two of the three residues 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 deters interactions with the DNA strand opposite the 

everted base (Liu 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 convergence presents 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 replication-dependent ICL repair, it would be assumed that the AP lyase 
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activity of NEIL3 would create a double-strand 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 factor. (Semlow 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 genes (XPA, XPC, 

ERCC1 and ERCC2). 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 pathway and the more 

prominent FA pathway that generates double-strand 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 ubiquitinates 

any protein in the path of the complex (Wu 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 ubiquitination and unloading 

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

regulatory role in determining the choice interstrand crosslink repair (Wu et al., 2019). 

Several anticancer agents target DNA via diverse mechanisms including the induction of 

ICLs as a strategy to initiate apoptosis through DDR (Macé-Aimé et al., 2010). The 

contribution of NEIL3 to ICL resistance was confirmed in studies where siRNA-mediated 

knockdown of NEIL3 in CRCs and NEIL3-knockout in mouse embryonic fibroblasts 

cells sensitized these cells to oxaliplatin and cisplatin, respectively (Rolseth et al., 2013). 

Furthermore, previous studies have shown that the downregulation of DNA repair genes 

such as ERCC1 and the clinical application of PARP inhibitors improved the efficacy of 

genotoxic anticancer agents (Seetharam et al., 2010). Co-localization of NEIL3 and 

replication protein A in the nucleus has been reported, with the latter binding to cisplatin-

induced crosslink lesion sites  and implicated in the recruitment of other NER components 

(Bjørås et al., 2017). This may suggest overlapping activities of the BER and NER 

pathways in processing DNA-platinum crosslinks including ICLs. The sensitization of 

resistant glioblastoma cells  to ATR and PARP inhibitors following shRNAi-mediated 

downregulation of NEIL3 has been reported (Klattenhoff et al., 2017). Loss of NEIL3 

resulted in decreased binding of PCNA and RAD51 to chromatin, thus indicating a HR-

dependent repair (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 new molecular 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 substrate specificities of DNA glycosylases in 

the repair of oxidative DNA damage makes it a suitable target for improving the efficacy 

of anticancer agents (Parsons and Elder, 2003; Krokeide et al., 2013; Martin et al., 2017)? 

Under normal conditions, triple knockout of NEIL1, NEIL2 and NEIL3 in murine models 

had no significant effect on oxidative damage accumulation, extent of mutagenesis, or 

telomere length (Rolseth et al., 2017). This indicated that NEIL3 and the other NEIL 

proteins may have additional roles that extend beyond the BER machinery, and these 

roles can be exploited in the enhancement of tumour sensitivity to chemotherapeutic 

agents (Rolseth et al., 2017). Presently, NEIL3 is the least characterised member of the 

FpgNei-like family, however, its cell cycle-dependent and tissue-specific expression 

makes it an interesting molecular target for drug discovery and repair of oxidative DNA 

damage (Hildrestrand et al., 2009). Only with further research can clarity about the 

contrasting and prematurely explored 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 helical structure (intrastrand crosslinks) or 

covalently link the two complementary strands of DNA (ICLs), subsequently causing cell 

death. A single platinum-DNA crosslink if not repaired can be lethal (Peter M Bruno et 

al., 2017). Although the processing of these crosslinks 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 disease biomarkers in non-small-cell lung cancer 

patients reported ERCC1 as a key determinant of treatment benefits from cisplatin-based 

chemotherapy (Fan et al., 1995). Thus, patients with tumours expressing low levels of 

ERCC1 benefited from chemotherapy, whereas patients 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 of NEIL3 is normally tightly regulated and the protein is not found in most 

differentiated cell types (Hildrestrand et al., 2009). In contrast, the overexpression of 

NEIL3 has been reported in several types of cancer cells including CRC (Hildrestrand et 

al., 2009; Tran et al., 2020). Thus, this virtually cancer cell specific expression, along 

with its known role at the replication fork and in the repair of ICLs, makes it an interesting 

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 NEIL3 in oxaliplatin 

resistance, a clinically relevant agent commonly used to treat CRC (Section 1.3). these 

experiments were conducted initially on CRC cells, each 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 compare the basal expression of NEIL3. 

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

expression.  

3. To generate an oxaliplatin-resistant colorectal cell line to use as a model for evaluating 

NEIL3 expression in acquired drug resistance. 
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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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 Materials and methods 

2.1. Cell lines 

The HCT116 cell line was obtained from the Cockcroft Lab (University of Salford) cell 

line repository at passage 11. This cell line was originally established from a 48-year-old 

male with Stage IV colorectal carcinoma (ATCC, 2020a). The HCT116 cell line is 

wildtype (wt) for TP53 and BRAF but has mutations in KRAS and PIK3CA, it is also 

CIMP-positive and has a MSI-high status (Eshleman et al., 1998; Berg et al., 2017) . 

Previous studies have reported doubling times ranging from 17.1 to 36 hours  (Berg et al., 

2017; Ghandi et al., 2019). These cells were maintained in McCoyôs 5A culture medium 

(ThermoFisher). 

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 from a 44-year-old 

Caucasian female with Stage III colorectal adenocarcinoma (ATCC, 2020a). There is an 

overexpression of the TP53 gene with a G ­ A homozygous mutation in codon 273 

resulting in Arg ­ His substitution (Jain et al., 2012; Cowley et al., 2014). The HT29 cell 

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

positive with a MSI-stable (MSS) status (Medico et al., 2015; Berg et al., 2017). Previous 

studies demonstrated a doubling time of 19.5 ï 24 hours (Berg et al., 2017). These cells 

were maintained in McCoyôs 5A culture medium (ThermoFisher). 

The LOVO cell line was purchased from ATCC at passage 1. This cell line was originally 

established from a 56-year-old Caucasian male with Stage III colorectal adenocarcinoma 

(ATCC, 2020). The LOVO cell line is wildtype for TP53, BRAF and PIK3CA but has a 

mutation in KRAS, it is also CIMP-negative with a MSI-high status (Medico et al., 2015; 

Berg et al., 2017).  Previous studies have shown doubling time between 34 ï 52 hours 

(Drewinko et al., 1976; Cowley et al., 2014). These cells were maintained in Roswell 

Park Memorial Institute (RPMI)-1640 culture medium (ThermoFisher). 

The SW48 cell line was purchased from ATCC at passage 3. This cell line was originally 

established from an 82-year-old Caucasian female with Stage III colorectal 

adenocarcinoma (ATCC, 2020a). The SW48 cell line is wildtype for TP53 and KRAS, 

but has mutations in BRAF and PIK3CA, it is also CIMP-positive with a MSI-high status 

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

63 has been previously recorded (Semizarov et al., 2003; Cowley et al., 2014). These cells 
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were maintained in Dulbeccoôs Modified Eagle Medium (DMEM) culture medium 

(ThermoFisher). 

The SW480 cell line was purchased from ATCC at passage 8. This cell line was originally 

established from a 50-year-old Caucasian male with Dukesô Type B colorectal 

adenocarcinoma (ATCC, 2020). These cells express elevated levels of p53 protein with a 

G ­ A heterozygous mutation in codon 273 resulting in Arg ­ His substitution and a C 

­ T mutation in codon 309 resulting in Pro ­ Ser substitution (Eshleman 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 CIMP-negative with a MSS status (Cottu et al., 1996; Berg 

et al., 2017). Doubling time between 20 ï 50 hours have been previously reported 

(Leibovitz et al., 1976; Cowley et al., 2014). These cells were maintained in DMEM 

culture medium (ThermoFisher). 

The U2OS cell line was obtained from the Cockcroft Lab (University of Salford) cell line 

repository at passage 2. This cell line was originally established from a 15-year-old 

Caucasian female with osteosarcoma (ATCC, 2020a). The U2OS cell line is wildtype for 

TP53 with a MSS status (Petitprez et al., 2013). Doubling time between 25 ï 30 hours 

have been previously reported (Cowley et al., 2014). These cells were maintained in 

RPMI 1640 culture medium (ThermoFisher). 

It should be noted that frozen cell stocks were thawed at 37ęC and maintained in the 

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 culture flasks whenever they reached 70 ï 80% confluency. Furthermore, cell 

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

with a fresh frozen cell stock. Cells were maintained in culture at 37ęC in a 5% CO2 

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.V600E p.R273H wt 

LOVO MSI -ve p.G13D wt wt wt 

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 were thawed and maintained for two 

weeks in McCoyôs 5A culture medium supplemented with 10% (v/v) FBS and 1 % (v/v) 

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

stressful thawing process and allow them to adapt to the cell culture 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 10 mL and incubated at 37̄C, 5% CO2 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 detached by 

incubating in 1 mL of TrypLE (ThermoFisher) for 5 min at 37C̄. Following cell 

detachment, 4 mL of culture medium was added to the cell suspension and mixed by 

gently pipetting up and down. Subsequently, 100 µL of cell suspension was incubated 

with 100 µL trypan blue exclusion dye (Sigma-Aldrich) for 2 min at room temperature. 

After this, 10 µL 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 

counted 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 by 104 

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

5 mL (i.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 serve as the third 

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 mycoplasma contamination during this project using the 

LookOut Mycoplasma PCR Detection Kit (Sigma-Aldrich). 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 2500 xg for 5 min. The supernatant was transferred to new 

tubes and centrifuged at 15 000 xg for 10 min to sediment mycoplasma. Then 0.45 mL of 

supernatant was discarded, and pellet was resuspended in the remaining 50 µl to serve as 

the cell line sample. For each cell line sample and negative control, DNA polymerase-

rehydration buffer complex was prepared by mixing 23 µL of rehydration buffer with 0.5 

µL Jumpstart reagent. Then 23 µL of complex was transferred to separate labelled tubes 

followed by the addition of 2 µl of cell line sample and 2µl of DNA-free water to 

respective labelled tubes. For the positive control, the DNA polymerase-rehydration 

buffer complex was prepared by mixing 24.5 µL rehydration buffer with 0.5 µL Jumpstart 

reagent which was then added to the pre-coated positive control tube. All tubes were 

incubated at room temperature for 5 min then thermocycled according to manufacturerôs 

protocol. Then 10 µL of each PCR product was resolved on a 1.2% (w/v) agarose gel for 

25 min at 100 V. The gel was viewed in a G-box 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 0.5x Tris-borate-EDTA 

(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 about 55C̄, 

6 µL of SYBR Safe dye (ThermoFisher) was added and mixed by swirling the bottle. The 

viscous liquid was poured into a gel tray and a comb inserted to create wells. The gel was 

left to polymerize at room temperature for 30 ï 60 min before removing the comb. The 

gel and the gel tray were then placed in an electrophoresis tank containing 0.5x TBE 

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 purchased 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 (DMSO). All cell culture related 

techniques were performed aseptically. 

 

2.2.1. Thawing 

A vial containing the frozen stock of the cells was incubated in a 37ęC water bath for 1 

min, then 1 mL of culture medium was added to it and mixed by gently pipetting. This 

was immediately transferred to a previously prepared T25 flask containing 10 mL culture 

medium and incubated at 37ęC and 5% CO2 in a humidified incubator.  Thawed cells 

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 passaging 

Cells were observed under the microscope every two days to ensure they had not become 

over confluent as indicated by the proportion of the flaskôs surface area covered by cells. 

This was also performed to monitor nutrient availability; discoloration of growth 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. At 70 ï 80% 

confluency, a percentage of the total cells was transferred into a new T25 flask. To do 

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 at 37C̄ for 5 min 

to detach them. Then 5 mL of culture medium was added to the flask to neutralise the 

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 containing 10 mL of 

culture medium and incubated at 37C̄, 5% CO2. 
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2.2.3. Storage 

To maintain cell line stocks, cells were frozen at -80̄ C or at -195̄ C (liquid nitrogen). At 

70 ï 80% confluency, the cells were rinsed, detached, and resuspended as described in 

Section 2.2.2. The cell suspension was transferred to a 15 mL centrifuge tube and spun at 

1000 xg for 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 the -80̄ 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 culture 

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 6-well plates or 3 mL for T25 flasks).  The 1X PBS was removed 

by pipetting and TrypLE was added (0.05 mL for 96-well plates, 0.5 mL for 6-well plates 

or 1 mL for T25 flasks), followed by incubation at 37C̄ for 5 min to detach the cells. To 

stop the enzymatic activity of TrypLE, culture medium (0.15 mL for 96-well plates, 1 mL 

for 6-well plates or 3 ï 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 1.5 mL of the cell suspension 

was transferred to a 1.5 mL Eppendorf tube and centrifuged at 1500 xg for 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 stored at -80̄ C. 

 

2.4. RNA isolation and analysis 

2.4.1. Extraction of total RNA from cancer cells 

Total RNA was extracted using the Isolate II RNA Mini Kit (Bioline) according to the 

manufacturerôs instructions. Briefly, 350 ÕL lysis buffer and 3.5 ÕL ɓ-mercaptoethanol 

were added to the cell pellet (up to 5 x 106 cells), then vortexed vigorously for 10 ï 15 s. 

The sample was then filtered through a spin column by centrifugation at 11000 xg for 1 

min. This was followed by the addition of 350 ɛL of 70% ethanol with mixing by 

pipetting up and down 8 ï 10 times. The sample was filtered through another spin column 

(containing a silica membrane with affinity for RNA) by centrifugation at 11000 xg for 

30 s. DNase 1 reaction mixture (95 ɛL) was directly added onto the centre of the silica 

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

were performed as follows: 200 ɛL of wash buffer 1 was added to the column and 

centrifuged at 11000 xg for 30 s, 600 ɛL of wash buffer 2 was added to the column and 

centrifuged at 11000 xg for 30 s, 250 ɛL of wash buffer 2 was added to the column and 

centrifuged at 11,000 xg for 2 min. Finally, RNA was eluted in 40 µL RNase-free water 

and placed on ice to be used immediately or stored at -20̄ C. Before each use, RNA purity 

and quantity 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 into complementary DNA 

Messenger RNA was reverse transcribed using the QuantiNova Reverse Transcription 

Kit (Qiagen) according to the manufacturerôs instructions. Briefly, up to 1.5 Õg of total 

RNA was incubated in gDNA removal mix at 25̄C for 2 min to eliminate contaminating 

genomic DNA. The mixture was then added to a reverse-transcription master mix 

containing a reverse transcription enzyme, a combination of oligo-dT and random 

primers; then incubated. Incubation was at 25C̄ for 3 min to allow primers anneal, then 

at 45̄ C for 10 min to enable the reverse transcription reaction to occur, and at 85C̄ for 5 

min to deactivate the reverse transcription enzyme. The resulting cDNA was stored on 

ice to be used immediately or stored at -20̄ C. Prior to use, the concentration 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 qPCR experiments, cDNA was diluted 1: 

9 in DNase-free 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 µL PCR tube by adding 

1.5 µg of template cDNA, 0.2 µM forward primer, 0.2 µM reverse primer, 12.5 µL 

OneTaq HotStart Master Mix (contains DNA polymerase, dNTPs and tracking dye) and 

RNase-free water up to a final volume of 25 µL. Reaction conditions used were: initial 

denaturation at 94̄C for 1 min, then 35 cycles of (denaturation at 94̄ C for 15 s, annealing 

at 60̄ C for 15 s and extension at 68̄C for 30 s), and final extension at 68̄C for 5 min. 

Details of primers used are presented in Table 2.2. 

At completion, 10 µL of the reaction mixture was loaded onto a 2% (w/v) agarose gel 

starting from the second well, and 10 µL of HyperLadder 100bp (Bioline) was loaded 

into the first well. Electrophoresis was conducted at 100 V for about 1 h 30 mins to resolve 

the amplified DNA fragments, then the gel was place in a G-box imaging system to 

determine the presence or absence of a bands corresponding to each gene of interest. For 
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semi-quantitative analysis, the intensity of the bands was used to determine gene 

expression level relative to housekeeping gene, glyceraldehyde 3-phosphate 

dehydrogenase (GAPDH). It should be noted that when analysing multiple genes or cell 

lines, cDNA-dH2O-OneTaq HotStart master mixes were prepared and aliquoted into 200 

µL 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 gene (human) Primer sequence (5ô ï 3ô) Amplicon size 

(bp) 

Actin TCTGGCACCACACCTTCTAC 

AGCACAGCCTGGATAGCAAC  

166 

ERCC1 CAAAACGGACAGTCAGACCCT 

TCAAGAAGGGCTCGTGCAG  

146 

GAPDH GGTGGTCTCCTCTGACTTCAACA 

GTTGCTGTAGCCAAAATCGTTGT  

127 

MLH1 AGGAGTCGACCCTCTCAGG  

GTCCACTTCCAGGAGTTTGG  

67 

NEIL1 AGAAGATAAGGACCAAGCTGC 

GATCCCCCTGGAACCAGATG  

213 

NEIL2 GCCTTAGAAGCTCTAGGCCA  

GCACTCAGGACTGAACCGAG  

146 

NEIL3 CGCCTCTGCATTGTCCGAGT 

TGGAACGCTTGCCATGGTTG  

148 

NTH1 GATGGCACACCTGGCTATG  

CCACAGCTCCCTAGGCAG  

166 

p53 CCCATCCTCACCATCATCAC 

CCTCATTCAGCTCTCGGAAC  

297 

TRIM26 GAAGAGGAAGAAGAGGAGGAG  

GGCAGTGAAGGTGTAGATGAG  

285 
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All primers were designed using the Eurofins primer software and purchased from 

Eurofins. The primers were prepared at a stock concentration of 10 µM by adding dH2O 

to each tube of dry primer pellet according to manufacturerôs (Eurofins) instructions and 

stored at -20̄ C. 

 

2.4.4. Gene transcript quantification using quantitative PCR 

To perform qPCR in triplicate, 0.4 µg diluted cDNA template, 40 µL SYBR Lo-ROX 

reagent (Bioline), 0.4 µM forward primer, 0.4 µM reverse primer and RNase-free water 

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

into three separate wells of a 96-well qPCR plate so that each well contained 0.1 µg 

template cDNA, 10 µL SYBR Lo-ROX reagent, 0.4 µM forward primer, 0.4 µM reverse 

primer and RNase-free water up to final volume of 20 µL. This was in accordance with 

the SYBR Lo-ROX Kit manufacturerôs protocol. A no ï template cDNA control was also 

prepared for each primer pair, this contained RNase-free water, primers and SYBR Lo-

ROX reagent. The plate was loaded into an MJ Opticon 2 thermocycler and targets (Table 

2.2) were amplified using the following cycling parameters: 95C̄ for 2 min and 40 cycles 

of (95̄ C for 5 s, 60̄C for 30 s and 72̄C for 15 s). The melting curve between 72 C̄ and 

90̄ C was also analysed to confirm the amplification of a single product per reaction. At 

the end of qPCR, Ct values were processed using the ȹȹCt method to calculate relative 

gene expression with ɓ-actin and GAPDH as 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 duplicated during 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 buffer A (10 mM Tris-

HCl pH 7.8, 200 mM KCl, 1 mM dithiothreitol (DTT), 0.0005 mM phenylmethylsulfonyl 

fluoride (PMSF), dH2O, 0.1x Halt Protease Inhibitor Cocktail (ThermoFisher)) was added 

to the cell pellet and mixed by pipetting to resuspend the cells. Then two PCVs of Tanaka 
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buffer B (10 mM Tris-HCl pH 7.8, 600 mM KCl, 2 mM EDTA, 40% (v/v) glycerol, 0.2% 

NP-40, dH2O, 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 30 s to facilitate 

mechanical lysis. The lysate was then rotated at 4C̄ for 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 stored at -80̄ C 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-HCl (pH 7.8) 0.020 0.020 

3 M KCl 0.133 0.400 

0.5 M EDTA - 0.008 

100% glycerol - 0.800 

100% NP ï 40 - 0.004 

1 M DTT 0.002 0.002 

0.25 M PMSF 0.004 0.004 

100x Halt Protease Inhibitor 

Cocktail 

0.001 0.001 

dH2O 1.841 0.762 

All reagents were purchased from ThermoFisher. 

 

2.5.2. Protein quantification using the Bradford assay 

In a 1.5 mL Eppendorf tube, 1 ÕL of protein sample was mixed with 996 ɛL of diluted 

Bio-Rad Protein Assay reagent (200 ÕL stock dye reagent mixed with 800 ɛL dH2O), 1 

µL Tanaka buffer A and 2 µL Tanaka buffer B. In another tube, a blank control was 
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prepared by mixing 1 µL dH2O with 996 uL of diluted Bio-Rad Protein Assay reagent, 1 

µL Tanaka buffer A and 2 µL 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 control 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-constructed 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 SDS-PAGE and western blot. 

Reagents and buffer preparation instructions are presented in this section. All buffers 

were stored at room temperature unless stated otherwise. 

 

Table 2.4 Preparation of SDS-PAGE and western blot reagents and buffers. 

Reagent Formulation 

Acrylamide Purchased ready to use from Bio-Rad as a 

30% acrylamide and 0.8% (w/v) bis-

acrylamide formulation (catalogue no. 

1610154). 

PageRuler Prestained Protein Ladder Purchased ready to use from 

ThermoFisher (catalogue no. 26617). 

Tetramethylethylenediamine (TEMED) Purchased ready to use from Sigma-

Aldrich. 

3x SDS denaturing solution Components were added to a 15 mL tube 

in the order: 2mL 1 M Tris-HCl pH 6.8, 3 

mL 20% (w/v) SDS, 3 mL 100% glycerol, 

1.6 mL 14.3 M 2-mercaptoethanol and 6 

mg bromophenol blue. Aliquots were 

prepared and stored at -20ęC. 
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10x SDS-PAGE running buffer Components were added to a 1 L bottle in 

the order: 30.2 g Tris base, 144 g glycine, 

dH2O up to 900 mL, 10 g SDS powder, 

stirred for 10 min, then dH2O up to 1 L. 

1x SDS-PAGE running buffer Components were added to a 1 L bottle in 

the order: 100 mL 10x SDS-PAGE 

running buffer and 900 mL dH2O. 

10x western transfer buffer Components were added to a 1 L bottle in 

the order: 33 g Tris base, 112.5 g glycine 

and dH2O up to 1 L. 

1x western transfer buffer Components were added to a 1 L bottle in 

the order ï 100 mL 10x western transfer 

buffer, 200 mL methanol and 700 mL 

dH2O. 

10x PBS Purchased ready to use from Fisher 

Scientific (catalogue no 7011044). 

1x PBS Components were added to a 1 L bottle in 

the order: 100 mL 10x PBS and 900 mL 

dH2O. 

0.1% (v/v) Tween-20  Components were added to a 1 L bottle in 

the order: 100 mL 10x PBS, 899 mL 

dH2O and 1 mL Tween-20. 

10% (w/v) APS 1 g ammonium persulfate (APS) powder 

was dissolved in dH2O up to 10 mL. 

Aliquots were stored at -20ęC. 

10% (w/v) SDS Components were added to a 100 mL 

bottle in the order: 10 g SDS powder and 

dH2O up to 100 mL. 
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0.1% (v/v) SDS Components were added to a 100 mL 

bottle in the order: 1 mL 10% SDS and 99 

mL dH2O. 

5% (w/v) non-fat milk blocking buffer Components were added to a 15 mL tube 

in the order: 0.5 g non-fat milk powder 

and 1x PBS up to 10 mL. 

2.5% (w/v) non-fat milk buffer Components were added to a 15 mL tube 

in the order: 0.25 g non-fat milk powder 

and 0.1% (v/v) Tween-20 up to 10 mL. 

 

2.5.3.1. Preparation of SDS-PAGE gel and loading of protein samples 

A discontinuous SDS-PAGE 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 

Table 2.5. The resolving gel was prepared first and gently pipetted into a pre-assembled 

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) SDS. The gel was left to 

polymerise for 30 ï 60 min. The 0.1% SDS solution was discarded and the stacking gel 

was gently pipetted onto the resolving layer. A 10-well comb was then inserted, and the 

gel was left to polymerise for 20 ï 30 min. The completed gel apparatus was placed in an 

electrophoresis tank that was filled with 1x SDS running buffer (Table 2.4) and the comb 

carefully removed. After quantifying the previously extracted protein samples, 30 µg (up 

to 20 µL in volume) was dissolved in 10 µL of 3x SDS loading buffer (Table 2.4) to make 

a total volume of 30 µL, and samples incubated at 95C̄ for 5 min. In cases where the 

total volume was below 30 µL, dH2O was added to make up the difference. The denatured 

protein sample was loaded onto the polyacrylamide gel starting from the second well. The 

first well was loaded with 2 µL PageRuler Prestained Protein Ladder (ThermoFisher). 

Polypeptides were separated by electrophoresis at 80 V for 20 ï 30 min (depending on 

how long it took the dye front to reach the resolving layer) followed by 120 V for 60 ï 90 

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 

SDS-PAGE. 

Component Resolving gel (mL) Stacking gel (mL) 

dH2O 5.5 5.1 

30% acrylamide 4.7 1.3 

1.5 M Tris-HCl pH 8.8 3.5 - 

1 M Tris-HCl 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 the preparation 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). The transfer sandwich was prepared with components arranged in the 

order ï black side of cassette, fibre pad, filter paper (soaked in 1x western transfer buffer 

(WTB)), polyacrylamide gel, PVDF membrane (soaked in methanol for 30 s, dH2O for 1 

min and 1x WTB for 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 tank was filled 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 incubated in 5% (w/v) non-fat milk blocking 

buffer at room temperature on a slow shaker for 1 h. The membrane was then incubated 

with steady shaking overnight at 4̄C in the target primary antibody (2.5% (w/v) non-fat 
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milk, 0.1% (v/v) Tween-20, 1x PBS up to 10 mL, then 3 µL of 200 µg/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 blocking process. The membrane fragments 

were then incubated separately in the appropriate primary antibodies. 

Subsequently, the membrane was washed three times in 0.1% (v/v) Tween-20 with steady 

shaking to remove unbound antibodies, 7 min per wash. It was then incubated in 

horseradish peroxidase (HRP)-linked secondary antibody (2.5% (w/v) non-fat milk, 0.1% 

(v/v) Tween-20, 1x PBS up to 10 mL, then 1.5 µL of 200 µg/mL goat-anti-mouse IgG-

HRP antibody) at room temperature for 1 h followed by three washes in PBS-Tween-20, 

7 min per wash. One final rinse in 1x PBS for 5 min was performed to remove residual 

Tween-20 from the membrane. The membrane was then incubated in premixed 

SuperSignal West Femto chemiluminescence reagent (ThermoFisher) for 5 min then 

placed in a G ï 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 Section 2.5.4.1. Details of western blot and 

SDS-PAGE reagents are presented in Table 2.4. 

 

2.5.4.1. Antibodies 

Mouse monoclonal NEIL3 antibody (catalogue no. sc-393703, 200 µg/mL), mouse 

monoclonal p53 antibody (catalogue no. sc-126, 200 µg/mL) and mouse monoclonal actin 

antibody (catalogue no. sc-8432, µg/mL) were purchased from Santa Cruz 

Biotechnology. Goat anti-mouse IgG HRP-conjugated antibody (catalogue no. A5278) 

was purchased from Sigma-Aldrich. 

For western blot, primary antibody was prepared by mixing 3 µL of appropriate mouse 

antibody (stock solution) with 10 mL of 2.5% non-fat milk buffer (Table 2.4). Secondary 

anti-mouse antibody was prepared by mixing 1.5 µL of goat anti-mouse IgG HRP-

conjugated antibody (stock solution) with 10 mL of 2.5 % non-fat milk buffer (Table 2.4). 
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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 generate a numerical 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 relative level of that protein in the cell. ɓ-actin was the 

reference protein used for all protein studies in this project. 

 

2.6. The MTT assay for measuring cell proliferation 

2.6.1. MTT reagent preparation 

MTT powder (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; catalogue 

no. M5655) was purchased from Sigma-Aldrich and dissolved in dH2O to a final 

concentration of 3 mg/mL. The yellowish dye solution was filter sterilised. Aliquots of 5 

mL were stored at -80ęC. 

 

2.6.2. Cell titration assay using the MTT assay 

For each cell line used in this project, cells were seeded into each well of a 96-well plate 

in triplicate at densities of 1000, 2000, 3000, 4000, and 5000 cells/well. The final volume 

of culture medium in each was 100 µL. The peripheral wells were filled with 100 µL of 

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

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 37̄C and 5% CO2 in a humidified atmosphere for the labelled 

duration of time. At the end of incubation, 20 µL 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 µL DMSO to dissolve 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 absorbance at 590 nm 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/well) by one-way 
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ANOVA (repeated measures) complemented with the Dunnettôs Multiple Comparison 

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 U2OS cell line) were seeded into wells B2 ï G10 of a 96 well plate at a 

final volume of 100 µL. Then 200 µL of culture medium was loaded into wells B11 ï 

G11. The peripheral wells were loaded with 100 µL 1x PBS to minimize evaporation 

from the experimental wells. 

The cells were then and incubated at 37̄ C for 24 h followed by treatment of eight wells 

with serially diluted (by a factor of 2) concentrations of oxaliplatin (100 ï 0.78 µM), 

cisplatin (100 ï 0.78 µM), transplatin (100 ï 0.78 µM), melphalan (200 ï 1.56 µM) or 

mitomycin C (20 ï 0.16 µM). Each 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 at 37C̄ and 5% CO2 in 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 supernatant was aspirated 

followed by the addition of 200 µL 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 concentration to the mean 

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 genotoxic agents 

Oxaliplatin, cisplatin, transplatin, melphalan and mitomycin C were purchased from 

Sigma-Aldrich and reconstituted according to the manufacturerôs instruction. Cisplatin 

was dissolved in 0.9% saline solution, oxaliplatin was dissolved in dH2O, transplatin was 

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

mitomycin C was dissolved in dH2O. Each drug solution was prepared at a final 
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concentration of 1 mM and filter sterilised through a 0.2-micron filter. Aliquots of 1 mL 

were stored at -80ęC. 

 

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

expression 

Cancer cell lines were seeded into each well of a 6-well plate at appropriate seeding 

densities (200,000 cells/well for HCT116 and HT29 cell lines, and 300,000 cells/well for 

the U2OS cell line). The final volume of culture medium in each well was 2 mL. Each 

plate was incubated at 37̄C and 5% CO2 in a humidified atmosphere for 24 h, after which 

0.5 mL of serially diluted chemical (oxaliplatin, cisplatin 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 homogenizing the cells as described in Section 2.3. It should be 

noted that cells from each well were collected separately. The homogenised cells were 

lysed and subjected to SDS-PAGE and western blot to detect NEIL3, p53, and ɓ-actin 

protein levels (described in Section 2.5). NEIL3 and p53 protein levels were normalised 

to endogenous actin levels via densitometry (described in Section 2.5.5). The normalized 

NEIL3 and p53 protein levels in the chemical-treated cells were then compared to their 

respective counterpart levels in the untreated control cells. 

For technical reproducibility, the SDS-PAGE and western blot procedures were repeated 

two additional times using the same protein extracts (n = 3). Statistical analysis was 

conducted using GraphPad Prism software. Differences between large groups (untreated 

control vs treated samples) were assessed using one-way ANOVA complemented with 

the Dunnettôs multiple comparison test. Statistical significance was assumed if p<0.05 

 

2.8. Establishment of an oxaliplatin-resistant HCT116 cell line 

The HCT116 cell line was seeded in a 35 mm petri dish at a density of 100,000 cells/well 

and maintained at 37ęC until 50 ï 60% confluent. The culture medium was then replaced 

with fresh culture medium containing 0.25 µM 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 incubation at 37ęC for 5 min to detach the cells from 
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the bottom of 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 µM. The cells were continuously maintained in this way for 

four weeks before increasing the oxaliplatin concentration to 0.5 µM. 

As previously described for 0.25 µM oxaliplatin, the cells were maintained in 0.5 µM 

oxaliplatin for four weeks before increasing the concentration to 0.75 µM, then 1 µM, 1. 

25 µM, 1.5 µM, 1.75 µM and finally 2 µM. After four weeks of maintenance in 2 µM 

oxaliplatin, the cells were detached and transferred to a T25 culture flask labelled oxa-R 

HCT116. Cell maintenance continued in 2 µM 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 oxaliplatin-treated cell 

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 cross-resistance to cisplatin), 

a drug cytotoxicity assay was conducted using the MTT assay. Parental HCT116 and oxa-

R (oxaliplatin-resistant) were seeded separately in 96-well plates at a density of 2000 

cells/well and incubated at 37ęC for 24 h. The cells were then treated in triplicate with 

serially diluted concentrations of oxaliplatin or cisplatin followed by further incubation 

at 37ęC for 72 h. At the end of incubation, MTT reagent was added to the cells at a final 

concentration of 0.5 mg/mL followed by incubation at 37ęC for 3 h to allow the formation 

of formazan crystals relative to cellular activity. The liquid layer was aspirated, and the 

crystals were dissolved in 200 µL 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 of oxaliplatin 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 between the parental and the oxa-R 

HCT116 cell lines, the cells were harvested at 70 ï 80% confluency in T25 flasks and 

subjected to quantitative transcript analysis using qPCR as described in Section 2.4.4. 
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2.9. NEIL3 knockout using CRISPR 

2.9.1. Optimization for cell seeding density and Lipofectamine 3000 volume 

The HCT116 cell line was seeded in duplicate in a 6-well plate at densities of 100,000, 

150,000, and 200,000 cells/well. The cells were then incubated at 37ęC for 24 h followed 

by transfection with 0.5 µg of a recombinant plasmid containing a green fluorescent 

protein (GFP) insert. One of the duplicate set of cells was transfected using 3.75 µL 

Lipofectamine 3000 reagent while the other set was transfected using 7.5 µL 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 µL of Opti-MEM (ThermoFisher) with 

3.75 µL or 7.5 µL Lipofectamine 3000 and vortexing for 10 s. In another 1.5 mL 

Eppendorf tube, diluted recombinant plasmid DNA was prepared by mixing 125 µL of 

Opti-MEM with 0.5 µg DNA (stock concentration between 0.5 ï 1 µg/µL) and 1 µL 

P3000 reagent (2 µL per µg of DNA). The diluted Lipofectamine 3000 (125 µL) and the 

diluted recombinant plasmid DNA (125 µL) 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 incubated 6-well plate was replaced by 2 mL of fresh culture 

medium. Subsequently, 250 µL of the transfection complexes were added to the 

appropriate cells-containing wells in a dropwise manner. The plate was rocked side-to-

side, back and forth a few times to allow even distribution of the transfection complexes. 

The plate was incubated at 37ęC for 24 h after which the culture medium was discarded, 

and the cells 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 a light-fluorescent microscope 

(Cytation 7, BioTek) to assess cell growth, confluency and detect the expression of GFP 

as indicated 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 measurements (volume and quantity) described above apply to individual wells. For 

multiple wells, the measurements were adjusted accordingly. 
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2.9.2. Optimization 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 µL 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 a 6-well plate at a density of 200,000 cells/well and 

incubated at 37ęC and 5% CO2. After 24 h, transfection complexes 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 µL of Opti-MEM, the appropriate quantity of recombinant 

plasmid DNA from a 0.5 ï 1 µg/µL stock, and P3000 reagent (2µL per µg of DNA). For 

each DNA quantity to be assessed, diluted Lipofectamine 3000 was prepared in a 1.5 mL 

Eppendorf tube by mixing 125 µL of Opti-MEM with 3.75 µL Lipofectamine 3000 

reagent and vortexing for 10 s. Then, for each DNA quantity to be assessed, the diluted 

DNA and the diluted Lipofectamine 3000 were mixed in a 1.5 mL Eppendorf tube at a 

1:1 ratio i.e., 125 µL of each. Each tube was incubated at room temperature for 15 min to 

allow formation of the transfection complex.  During this time, the culture medium in 

each well of the 6-well plate was replaced by 2 mL of fresh culture medium. At the end 

of incubation, the transfection complexes in each tube were added to respective wells in 

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

facilitate even distribution of transfection complex across each well. 

The plate was incubated at 37ęC for 24 h, then the culture medium was removed followed 

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 a light-fluorescent microscope 

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

observed again 24 h later. 

Two wells were used as controls for this study ï a cell 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. Instead of transfection complex addition, 250 µL 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 µL Lipofectamine 3000 mixed with 246.25 µL Opti-MEM was added. 
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2.9.3. Optimization for puromycin selection 

HCT116 cells were seeded in a 6-well plate at a seeding density of 200,000 cells/well and 

incubated at 37ęC and 5% CO2 for 24 h. Then the culture medium was discarded and 

replaced with 2 mL culture medium containing puromycin at either 0.5 µM, 1 µM, 1.5 

µM, 2 µM or 2.5 µM. A control well was also prepared without puromycin. The cells 

were further incubated at 37ęC and observed under a light microscope every 24 h. Cell 

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 (catalogue no. KN206838RB) was purchased from 

Origene. The kit included four vials containing guide-RNA 1 vector with target sequence 

GGACCAGGCTGTACTCTGAA, guide-RNA 2 vector with target sequence 

TACAGTGGCGTGGAAACTTT, negative control scramble vector with a randomised 

sequence and a donor plasmid. The guide-RNAs were designed based on the presence of 

a PAM sequence (NGG) in close proximity to the target site.  The gRNA sequences were 

cloned into pCas-Guide vector which also contains the Cas9 gene next to a 

cytomegalovirus (CMV) promoter (Figure 2.1, 1). The donor plasmid is a pUC vector 

with GFP and puromycin-resistance (puro) gene inserts flanked by left and right 

homologous arms (Figure 2.1, 2). 
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Figure 2.1 Schematic of HDR-mediated CRISPR knockout kit (Origene). 

(1) CRISPR-Cas9 cuts double-stranded 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 puromycin-resistance gene expression (ThermoFisher, 2020). 

 

The HCT116 cell line was seeded into each well of a 6-well plate at a seeding density of 

200,000 cells/well (2 mL final volume). The plate was incubated at 37ęC and 5% CO2 for 

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 µL Opti-MEM and 3.75 µL 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 µL Opti-MEM, 1 µg of 

gRNA 1 vector, 1 µg of donor plasmid DNA and 4 µL P3000 reagent. Diluted gRNA 2 

vector was prepared in a third 1.5 mL Eppendorf tube by mixing 125 µL Opti-MEM, 1 

µg of gRNA 2, 1 µg of donor plasmid DNA and 4 µL P3000 reagent. In the fourth 1.5 
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mL Eppendorf tube, diluted gRNA vectors for gRNA vectors 1 and 2 were prepared by 

mixing 125 µL Opti-MEM, 1 µg of gRNA 1 vector, 1 µg of gRNA 2 vector, 2 µg of donor 

plasmid DNA and 8 µL P3000 reagent. Diluted scramble vector was prepared in a fifth 

1.5 mL Eppendorf tube by mixing 125 µL Opti-MEM, 1 µg scramble vector, 1 µg donor 

plasmid DNA and 4 µL P3000 reagent.  

Then, 125 µL 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 this time, the culture medium in each well of the 6-well 

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 side-to-side, back, and forth a few times to evenly distribute the 

transfection complexes in each well. The plate was incubated at 37ęC for 48 h and 

observed using a light microscope. It should be noted that to assess cell growth, two 

control wells were included ï the cell only control and Lipofectamine 3000 reagent 

control. Instead of adding transfection reagent, 250 µL Opti-MEM was added to the cell 

only control well. For the Lipofectamine 3000 reagent control well, 3.75 µL 

Lipofectamine 3000 was mixed with 246.25 µL Opti-MEM 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 new 6-well plate at a 1:10 cell suspension to 

culture medium ratio. To do this, the culture medium 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 

37ęC for 5 min to detach them, after which 0.5 mL culture medium was added to each 

well to stop the reaction. After this, 0.2 mL of each cell suspension was transferred to a 

labelled well in a new 6-well plate containing 2 mL culture medium. The cells were 

incubated at 37ęC for 72 h before passaging again. Passaging was performed seven times 

over three weeks. The purpose of passing seven 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 genomic DNA. As a result, cells that have not utilized the 

donor plasmid as a template for HDR-mediated 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 suspension from each well was 

transferred to a labelled well in a new 6-well plate. Then 1.8 mL of culture medium 

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

was incubated at 37ęC for 72 h with puromycin-treated culture medium replaced at the 

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 at 1500 xg to pellet 

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

cryopreservation medium before storing at -80ęC. 

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 were then detached, centrifuged at 1500 xg 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 µL of this cell suspension was loaded 

into each well of a labelled 96-well 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 

incubated at 37ęC and observed daily. 

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

plate and 2 wells of the combined gRNAs plate. The culture medium from each well was 

aspirated and replaced with 100 µL of medium supplemented with 20% (v/v) FBS and 

1% (v/v) L-glutamine. The increase in FBS percentage from 10% (v/v) to 20% (v/v) was 

to encourage faster proliferation of cells. The plates were incubated at 37ęC and 5% CO2. 

Six days later, the cells had proliferated above 50% confluency. The cells were rinsed 

with 0.1 mL 1X PBS and detached by incubation in 50 ÕL TrypLE at 37ęC for 5 min. 

Then 150 µL of culture medium was added to each well to neutralize TrypLE. The cells 

in each well were resuspended and separately transferred to labelled wells of five 6-well 

plates, followed by the addition of 2 mL culture medium to each well. The plates were 

incubated at 37ęC and 5% CO2 for seven days with a culture medium change every two 

days. At this point, the cells in each well had reached 70 ï 80% confluency. The cells 

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

at 37ęC until 70 ï 80% confluent. At confluency, 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. Subsequently, 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 at -80ęC. 

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

western blot as described in Section 2.5. 

Cells in the gRNA 2-treated and scramble vector-treated 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 human NEIL3 gene (catalogue no. SI02663885), positive control 

siRNA with nucleotide sequence AAGGTCGGAGTCAACGGATTT targeting exon 2 in 

human GAPDH gene (catalogue no. SI03571113) were purchased from Qiagen. The 1 

nmol lyophilized siRNAs were separately dissolved in 100 µL sterile, RNase-free water 

to obtain 10 µM stock solutions then stored at -20ęC. Both siRNAs were confirmed to 

have no potential off-targets by the manufacturer. A non-targeting negative control 

siRNA with scrambled nucleotide sequence was also purchased (catalogue no. 1027280). 

The 5 nmol siRNA was dissolved in 500 µL RNase-free water to obtain a 10 µM stock 

solution, then stored at -20ęC. 

2.10.2. Experimental controls 

Four controls were included in each siRNA experiment ï negative, positive, mock 

transfected and non-transfected. The non-targeting 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 

(ThermoFisher) to determine any effects of the transfection reagent on cell growth and 

gene expression. The non-transfected control consisted of cells maintained in culture 

medium to serve as a reference for basal gene expression levels and cell growth. 
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2.10.3. NEIL3 kn ockdown confirmation and cell growth assessment 

The siRNA experiments were conducted on cells in a 96-well plate and each diluted 

siRNA was prepared as a MasterMix for ten wells such that each 0.5 mL Eppendorf tube 

contained 1.2 µL siRNA mixed with 50 µL Opti-MEM. 

For each of the experimental wells, diluted transfection reagent was prepared by mixing 

0.3 µL Lipofectamine RNAiMAX and 5 µL Opti-MEM in a 0.5 mL Eppendorf tube. 

Diluted Lipofectamine was prepared as a MasterMix for 30 wells (i.e. 10 wells multiplied 

by three siRNA sequences). Therefore, the Eppendorf tube contained 9 µL Lipofectamine 

RNAiMAX mixed with 150 µL Opti-MEM.  

For each siRNA sequence, diluted siRNA and diluted Lipofectamine RNAiMAX were 

mixed in a 0.5 mL Eppendorf tube at a 1:1 ratio i.e. 50 µL of each part to establish a final 

volume of 100 µL. Then, 10 µL was transferred to each respective well of a 96-well plate. 

The final volume of each component per well is indicated in Table 2.6. 

For each transfection reagent control well, diluted Lipofectamine RNAiMax was 

prepared by mixing 0.3 µL RNAiMAX and 9.7 µL Opti-MEM in a 0.5 mL Eppendorf 

tube. This was prepared as a MasterMix for 10 wells such that the tube contained 3 µL 

lipofectamine RNAiMAX mixed with 97 µL Opti-MEM. 

Subsequently, 10 µL Opti-MEM was added to each non-transfected control well. The 

plate was then incubated at room temperature for 15 min to allow formation of 

transfection complexes. During this time, detached U2OS cells were prepared at final 

concentration of 80,000cells/mL. At the end of complex incubation, 100 µL of cell 

suspension was added to each well from B2 to F11. The final concentration of siRNA in 

wells D2 ï F11 was 10.6 nM. Wells G2 ï G11 were each loaded with 100 µL of culture 

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

and transfection complexes. The plate was then incubated at 37ęC and 5% CO2 in a 

humidified atmosphere for 24 h, after which the culture medium in each well was replaced 

with 100 µL fresh culture medium and the plate returned to 5% CO2 incubator at 37ęC. 

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 µL of 1x PBS followed by incubation with 50 µL TrypLE at 37ęC for 5 min to detach 

the cells. Then, 100 µL of culture medium was added to each well to neutralise TrypLE. 

Then the 150 µL cell suspension in each of the seven wells corresponding to each siRNA 

were consolidated in one 2 mL Eppendorf tube and centrifuged at 1500 xg 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 Sections 2.4.1, 

2.4.2, and 2.4.4 respectively. 

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

incubated at 37ęC and 5% CO2 for 3 h. The liquid layer was aspirated followed by the 

addition of 200 µL 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 absorbance of the non-transfected control cells. 

Table 2.6. Reagent composition for siRNA knockdown in a 96-well format. 

Component Volume (ɛL) 

Diluted siRNA 

siRNA (10 ɛM) 0.12 

Opti-MEM 4.88 

Diluted Lipofectamine 

RNAiMAX  

Lipofectamine 

RNAiMAX  

0.3 

Opti-MEM 4.7 

U2OS cells (8000) 100 

Each well contained a final volume of 110 ɛL with each condition prepared in seven 

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 U2OS cells were transfected with NEIL3 siRNA and incubated at 37ęC and 

5% CO2 for 48 h. After 24 h, the culture medium was replaced by 100 µL of fresh culture 
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medium. The cells were then treated in triplicate with 100 µL of serially diluted 

concentrations of oxaliplatin. The final volume in each well was now 200 µL. An 

untreated control was also prepared in triplicate for each condition. The cells were then 

incubated for 48 h at 37ęC and 5% CO2 before adding 40 40 µL of 3 mg/mL MTT reagent. 

The cells were incubated for a further 3 h before discarding the liquid layer and dissolving 

the formazan crystals in 200 µL 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 absorbance of the non-

transfected-untreated cells. 
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 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 cancer cell lines 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 Section 2.1.1 for full methodology. 

As displayed in Figure 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 were 8.58 x 106 (± 0.3 x 106 ) and 9.11 x 

106 (± 0.57 x 106 ),  respectively, and overall, there was no significant difference in growth 

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

  

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 = 3). Error bars denote standard deviation from the average.  R-
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squared values represents how close the average total cell numbers are to the best-fit curve 

line, with 1 being a 100% fit. A r-squared value of 0.9901 in Figure 3.1 A confirms that 

99% of the average values fit the curve line, whereas a r-squared value of 0.994 in Figure 

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 106 to 6 x 106 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 studies (Brown, 

Short and Williams, 2018; Taddese et al., 2019; Sahuri-Arisoylu 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 results (Karpala, Doran and Bean, 2005). 

As shown in Figure 3.1, 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 phase, 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 fibronectin (Chang-Liu and Woloschak, 1997; Wenger et al., 

2004; Sambuy et al., 2005). This 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 

each cell 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 assessed here (Wenger 

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 h (Breen and Ronayne, 1994; Jaasma, Jackson and Keaveny, 2006). 
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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 24 h (Jain et al., 2012; 

Cowley et al., 2014). Although the HCT116 and HT29 cell lines used 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 steepest increase 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 

exhaustion. 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 injury (Brombin, 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 build-up of toxic metabolites (Alberts et al., 2002; Braun et al., 2011). 

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 HT29 cells appeared slightly 

larger than HCT116 cells. The larger size of the HT29 cells may indicate a longer cell 

cycle duration, hence slower proliferation rate (Ginzberg et al., 2018). Observations under 

the microscope confirmed the adherent epithelial morphology 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; ATCC, 2020b). 

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 has been transferred 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. Previous studies 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 to stimuli as passage number increases (Petitprez et 

al., 2013; Cowley et al., 2014). Unfortunately, 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.  
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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 toxicity assays, a cell titration 

assay was conducted. Each cell line was seeded into five different 96-well plates at 

various seeding densities (1000, 2000, 3000, 4000, and 5000 cells/well) per plate and 

incubated at 37ęC and 5% CO2 in a humidified incubator for 120 h. Each seeding density 

was performed in triplicates. See Section 2.6.2 for full methodology. 

As show in Figure 3.2 A ï 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 generally increased as the time in culture increased. The results 

also show that the cell lines were in their exponential growth phases by the end of the 96-

h period. 

However, during the final 24 h (time point 96 ï 120 h), outcomes varied. For the HCT116 

cell line, the cell proliferation rate and viable population declined at seeding densities of 

2000, 3000, 4000 and 5000 cells/well during this period (Figure 3.2 A). For the HT29 cell 

line, the viable cell population declined at seeding density of 4000 cells/well during the 

final 24 h (Figure 3.2 B). As shown in Figure 3.2 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 phase by the 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 culture (Figure 3.2 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 difference in cell proliferation rate and viable cell 

population between cells seeded at 1000 cells/well and the other seeding densities. 
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C. LOVO
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D. SW48
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E. SW480
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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 96-well plate format for 120 hours. 

Each of the five CRC cell lines was cultured at five different seeding densities (1000, 

2000, 3000, 4000, and 5000 cells/well) for 120 hours. Each data point represents the 

average of three biological replicates, each performed in triplicate (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 relationship between 

metabolic activity and absorbance. Metabolically active cells reduce MTT reagent to 

insoluble purple formazan dye crystals, and the intensity of the colour is directly 
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proportional to the absorbance value which directly corresponds to number of viable cells. 

It is commonly used in in vitro studies to evaluate the cytoxic efficacy of external stimuli 

such as chemotherapeutic agents (Riss et al., 2016). 

Prior to MTT-based drug toxicity experiments, a cell titration assay is carried out to 

identify a seeding 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 96-well plates in which the MTT assay is performed. Exposure of 

cancer cell lines to chemotherapeutic agents stimulates signalling pathways that inhibit 

the uncontrolled proliferation of these cells. However, other factors that can limit cell 

proliferation in vitro include the restricted surface area of the tissue culture container 

(contact inhibition) and nutrient scarcity (Alkasalias 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 that cells would 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. The results 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 below 80% confluent after 96 h in the 96-well plates at these seeding 

densities, in drug-free culture medium. However, 2000 cells/well was selected as the ideal 

seeding density to consolidate for the differences in proliferation rates between the fast-

proliferating (HCT116, HT29, and SW480) and the slow-proliferating (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 

Salford 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 a PCR-based mycoplasma 

detection test using the Lookout Mycoplasma PCR Detection Kit (Sigma-Aldrich, 

Section 2.1.2). This experiment was repeated each time new vials of frozen HCT116 and 

HT29 cell lines were thawed. 

As displayed in Figure 3.3, 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 bp in 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. 

 

 

 

Figure 3.3. Gel electrophoresis image of the mycoplasma contamination 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 of relevant bands have been labelled (bp denotes base pairs). 

 

3.3.1. Discussion 

The maintenance of contamination-free 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 serious problem in many research labs. Mycoplasmas are small bacteria, typically 

sub-micron 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 expression (Hubbell 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 control (Nikfarjam and 

Farzaneh, 2012). It is estimated that 5 ï 30% of cell lines in the world are contaminated 

with at least one species of mycoplasma (Windsor, 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 product of the bacteria 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 can be detected 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 contamination at the time of routine testing. 

The other cell lines used during the research project (LOVO, SW48, SW480 and U2OS) 

were not tested for mycoplasma as they were purchased directly from ATCC with a 

confirmed negative mycoplasma status and no mycoplasma contamination 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 sub-set of genes likely to be involved in the cellular response to 

genotoxic insult was first confirmed by reverse transcriptase PCR (RT-PCR) in the 

different CRC cell lines used in this research project. Total RNA was extracted from each 

cell line then messenger RNA was reverse transcribed into cDNA, of which 1.5 ɛg was 

used in individual PCR reactions to amplify fragments of eight genes (NEIL1, NEIL2, 

NEIL3, TRIM26, ERCC1, NTH1 and MLH1) including the endogenous reference gene, 

GAPDH. The amplified products were resolved on an agarose gel and bands 

corresponding to the selected genes were detected using a gel documentation imaging 

system (see Section 2.4.1 for full methodology). The gel electrophoresis step was 
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repeated two additional times to ensure 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 additional times using freshly cultured cells. 

As displayed in Figure 3.4, the HCT116 cell line tested positive for all genes of interest 

(GAPDH, NEIL1, NEIL2, NEIL3, TRIM26, ERCC1, NTH1 and MLH1), while the HT29 

cell line tested for all genes of interest except NEIL1 (white arrow). For the other CRC 

cell lines, LOVO cells tested positive for all genes of interest, SW48 cell line tested 

positive for all genes of interest except MLH1 (white arrow), and SW480 tested positive 

for all genes of interest. The presence of a band for the constitutively expressed 

housekeeping gene GAPDH confirms that PCR was successful (Figure 3.4, lane 2). The 

intensity of each band relative to the GAPDH band in the same cell line provided a semi-

quantitative measure for the mRNA levels of that gene within the cell line. 
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Figure 3.4. Agarose gel image of study-relevant genes in HCT116, HT29, LOVO, 

SW48 and SW480 colorectal cancer cell lines, as detected by RT-PCR. 

This image is a single representative of three biological replicates, each conducted in 

triplicate. The first lane contains the molecular size marker, HyperLadder 100 bp 
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